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ABSTRACT

Polyzwitterions have attracted considerable interest in recent years due to their wide range of
applications in various fields such as drug delivery, tissue engineering, and environmental
remediation. Polyzwitterions, which contain both positively and negatively charged groups
within the same polymer chain, have emerged as a promising class of materials due to their
excellent biocompatibility, antifouling properties, and high hydrophilicity. They exhibit a
unique heterogeneous property profile combining the features of both ionic and non-ionic
polymers. Due to their overall neutral charge and high hydrophilicity, polyzwitterions are
naturally able to counter nonspecific protein adsorption, biofilm generation, and adhesion of
bacteria to surfaces. By virtue of this variation in dipole moment, several polyzwitterion
derivatives have been designed which can switch between their zwitterionic and non-
zwitterionic structures. Other special properties of polyzwitterions augment these structural
qualities such as pH sensitivity, temperature sensitivity, self-aggregation behaviour, and
adjustable overall polymer charge density. These properties make them stimuli-responsive by
design and lead to their categorization as smart adaptive polymers. Because of the electrostatic
interactions between ionic groups, polyzwitterions show significantly contrasting behaviour as
compared to non-ionic polymers. Moreover, counter-ion association and dissociation provide
these polymers more functionalities for a variety of applications. The combined effect of dipole
moment, electrostatic forces, and ability of counter-ion association and dissociation enable
polyzwitterions as ideal materials for the fixation and potential release of various anions. In
this context, polyzwitterionic gels and nanogels, which are crosslinked networks of zwitterionic
polymers, have been investigated for their ability to fix and release anions and gaseous
molecules. These materials have attracted considerable attention due to their potential
applications in controlled and sustained delivery, environmental remediation, and anti-fouling

applications.
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In the first section, a new functional polyzwitterion poly[1-(carboxymethyl)-4-
methacrylamidopyridin-1-ium] was synthesized. The zwitterionic polymer shows its
isoelectric point at a pH of 4.2, bi-directional pH responsiveness, and formation of dendritic
fractal self-aggregated structures. The free radical polymerization of the monomer (MNPA)
using AIBN as the initiator generated the polymer PMNPA which was quaternized using
bromoacetic acid to obtain the quaternized salt PMNPA-Br~. This was converted into its
zwitterionic form by titration with NaOH to its isoelectric point. Using this as a common
intermediate, a simple, direct, and scalable single-step protocol was established to introduce
various elementary anions like NO3, HSO;, HoPOZ, F~, CI7, Br~, I, CH3COO~and HCOO™
in their salt forms by reaction with the corresponding acids. With an analogous approach,
crosslinked polyzwitterionic gel PMNPAc-Z was synthesized. FESEM studies on crosslinked
polymeric hydrogels established the macroporous nature of these materials with their pore size
in the range of 10-15 um. Bi-directional swelling behaviour was observed in these hydrogels
from gel swelling kinetics and pH studies. Anion release studies in deionized water and buffer
solutions showed ~82% and ~95% cumulative release for nitrate and phosphate anions,
respectively in 72 h. Our studies suggest that multifunctional polyzwitterionic gels are
promising intermediates in the fixation and release of anions like nitrate and phosphate with
potential applications in agriculture and healthcare.

In the second section, to contribute to the objective of one of the most critical sustainable
development goals for ensuring the availability of clean water, a novel approach for
desalination of brackish/sea water using regenerative, highly porous, thermally stable
environment-friendly, and highly efficient polyzwitterionic gels (labelled PZG-1, PZG-2, PZG-
3, and PZG-4) was developed. Utilizing PZGs is a promising alternative to the traditional
processes for desalination of water, as the results from this study showed their high efficiency

for the removal of salts from wastewater even at considerably low concentrations. Moreover,
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their ease of synthesis, inexpensive and readily available raw materials, environment-friendly
product, and desalination process without employing external energy make these products
highly desirable. The synthesized PZGs were used for the removal of commonly found salts
from water by electrostatic interaction. The gels were investigated for their ability to absorb
various salts from water and were found to be very efficient for NaF, NaCl, NaBr, Nal, NaNOs3,
NaH>POs, etc. The effect of various anions and cations, crosslink density in PZGs, and
competitive absorption were systematically investigated to assess the impact of these
parameters on the absorption capacity of the gels. The maximum absorption capacity observed
was ~97% and ~89% for ["anion and K*cation, respectively. Langmuir isotherm model
suggested a monolayer absorption of the salts by the PZGs. Regeneration studies demonstrated
that the gels could be reused for more than five cycles with ~93% retention of absorption
capacity. Our approach, when extended to sea and tap water samples, showed ~87% and 89%
reduction in conductivity suggesting that polyzwitterionic gels are highly efficient and
promising materials for water desalination.

In the subsequent section cytocompatible, charged polyzwitterionic nanogels (PZNGs) that can
efficiently fix and release bicarbonate anions by a controlled and sustained mechanism were
synthesized. Three different PZNGs were synthesized using free radical polymerization with
N,N’-methylenebisacrylamide and Pluronic F-127 as crosslinker and non-ionic surfactant,
respectively. The hydrodynamic size (Dn) from DLS analysis was found to be 68 £ 6, 120 + 3,
and 97 = 9 nm for PZNG-1, PZNG-2, and PZNG-3, respectively. The fixation of HCO3 on
PZNGs was done either by direct reaction with NaHCO3z or by COz gas bubbling into a
dispersion of PZNGs, and the maximum loading efficiency was found to be ~ 87-95%.
Accelerated stability studies showed good stability for 30 days at 2-25 °C for the nanogels. The
cytocompatibility of the PZNGs from the MTT assay and live-dead test confirms their non-

toxicity, safety, and potential for various biomedical applications. The in-vitro drug release



profile revealed a sustained and controlled release pattern of HCO3 with a maximum of ~90 %
cumulative release in 168 h. The Korsemeyer-Peppas kinetic model suggests that the HCO3
anion release was regulated by diffusion of the anions and swelling of polymeric nanogels.

The final chapter is comprised of the synthesis of NO; and HS™ containing PZNGs for
controlled and sustained release of NO and H>S gaseous molecules and evaluation of their
antimicrobial potential. Nanogels containing NO; and HS™ ions as counter anions were
synthesized from PZNGs by direct reaction with aqueous NaNO; and NaSH into a dispersion
of PZNGs. The DLS data and TEM images of PZNGs show that each sample has a consistent,
spherical morphology with good dispersity. The stability studies suggest that the ideal storage
conditions for these nanogels are 2-25 °C. Also, these nanogels were found to be
cytocompatible, suggesting the potential use of these nanogels in biomedical applications. For
conversion of NO; to NO and its release from nanogels, CuSOs, CoSQO4, FeSO4, CuCl, citric
acid (CA), ascorbic acid (AA), and a combination of CA and AA were utilized. H.S release
from the nanogels was studied with HCI, CA, and AA for conversion of HS™ to H,S. The in-
vitro drug release profile revealed a sustained and controlled release pattern of NO and H.S
with a maximum of ~94-96 % cumulative release in 96 h. Furthermore, antimicrobial studies
were performed against E. coli and S. aureus bacterial strains, to establish their suitability as

potential antibacterial agents.
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