D-GALACTOSE AND PIPERAZINE DERIVED
BIODEGRADABLE AND BIOCOMPATIBLE POLYMERS
AND THEIR APPLICATIONS

SHUBHRA GOEL

DEPARTMENT OF MATERIALS SCIENCE AND ENGINEERING
INDIAN INSTITUTE OF TECHNOLOGY DELHI
AUGUST 2022






© Indian Institute of Technology Delhi (11TD), New Delhi, 2022



D-GALACTOSE AND PIPERAZINE DERIVED
BIODEGRADABLE AND BIOCOMPATIBLE POLYMERS
AND THEIR APPLICATIONS

by
SHUBHRA GOEL

Department of Materials Science and Engineering

Submitted

in fulfilment of the requirements of the degree of Doctor of Philosophy

to the

Indian Institute of Technology Delhi
AUGUST 2022






Dedicated to my
Grandparents
Parents
&
Bhavik






CERTIFICATE

This is to certify that the thesis entitled “D-galactose and piperazine derived biodegradable
and biocompatible polymers and their applications” being submitted by Mrs. Shubhra
Goel to the Indian Institute of Technology Delhi, New Delhi, for the award of degree of Doctor
of Philosophy is a record of bonafide research work carried out by her. Mrs. Shubhra Goel
has worked under my guidance and supervision and has fulfilled the requirements for the

submission of her thesis, which to our knowledge has reached the requisite standard.

The results contained in this thesis are original and have not been submitted, in part or full, to

any University or Institute for the award of any other degree or diploma.

31.08.2022

Prof. Josemon Jacob

Professor & Head

Department of Materials Science and Engineering
Indian Institute of Technology Delhi

Hauz Khas, New Delhi, India — 110016






ACKNOWLEDGEMENTS

The success of this research work was made possible by the encouragement, inspiration, and
support of various people. 1 would like to take this opportunity to express my gratitude to

everyone who has contributed to my memorable journey at IIT Delhi.

First and foremost, | express my deep and sincere gratitude to my research supervisor Prof.
Josemon Jacob for his invaluable supervision, support and tutelage during my research tenure.
| sincerely appreciate his approach of inculcating and encouraging efficacious and methodical
research practices. He has continuously provided his support for appropriate and timely
evaluation of results and reports and always boosted me to put in extra efforts. | am indebted

to them for what | am today.

Further, 1 would like to extend my gratitude and sincere thanks to my student research
committee members Prof. Anup K. Ghosh, Prof. N. G. Ramesh and Dr. Leena Nebhani for
their constant encouragement and perspicacious input and comments. |1 would also like to thank
Prof. Bhabani K. Satapathy, Prof. Rajesh Prasad, Dr. Sampa Saha, Dr. Bijay P. Tripathi, Dr.
Jayant Jain, Dr. Suresh Neelakanthan, Dr. Nitya Nand Goswami, Dr. Ankur Goswami, Dr. L.
N. Ramasubramanian and all other faculty members of the Department and Materials Science
and Engineering who in spite of their busy schedule have always made themselves available

for valuable discussions and support.

| am thankful to Prof. Shilpi Sharma (Department of Biochemical Engineering and
Biotechnology, IIT Delhi) and her student Mr. Shubham Dubey for the biodegradation studies
of the polymer samples. | would also like to thank Dr. Neetu Singh (Centre for Biomedical
Engineering, IIT Delhi) and her students Dr. Tejinder Kaur and Ms. Manleen Kaur for
providing their expertise, research facilities and invaluable time for the biocompatibility and

antimicrobial studies.



I owe thanks to the laboratory and office staffs Mr. Surendra Kr. Sharma, Mr. Ashok Kapoor,
Mr. Ehteshamul Islam, Mr. Jitendra Kumar, Mr. Ashish Sharma, Mr. Gyanendra Kr. Yadav,
Mr. Gajraj Singh, Mr. Subhash Chand, Ms. Shalini Arora, Mr. Narender Kumar, Mr. Amit
Kumar, Mr. Sudhir Kr. Pandey, Mr. Pramod Kale, Ms. Sunita Rani, and Ms. Aastha Sharma

for their all-possible support and cooperation.

My special thanks to Dr. Banpreet Kaur for her invaluable time and constant encouragement
throughout my research tenure. This work would not have been possible without the support
of my seniors Dr. Debanga Konwar, Dr. Swarna, Dr. Reshu Tyagi, Dr. Sabapathy Shankar, Dr.
Anindya Dutta, Dr. Agni K. Biswal, Dr. Sumbul Hafeez, Dr. Ifra Mirza, and Ms. Prajesh
Nayak. It was a pleasure to share the doctoral journey with my friends and colleagues Deepika,
Tina, Mahipal, Shikha, Debojit, Anchal, Gopal, Arnab, Aishwarya, Shaifali, Meenakshi,
Aanchal Jaisingh, Ritu, Shefali, Sumedha, Harshal, Ajit, Anubhav and Supriya. | would like to

thank them for their constant support and healthy interactions.

Words fail to express my deepest gratitude towards my friends who have been constant pillars
of support and made my PhD journey more memorable. | thank Amber, Srijita, Ujjawal,
Shivani, Mayank, Kalpana, Swati and Shuchi for their presence as a constant source of warmth

and happiness.

| would like to acknowledge the fellowship received from the Ministry of Education (MoE),
Government of India for providing me financial assistance to carry out my research work
smoothly. I am also thankful to the Indian Institute of Technology Delhi (1ITD) for providing

infrastructural facilities to complete my research work successfully.

A very special word of thanks goes to my family, culmination of this research work would have
been impossible without their unconditional love, blessings and encouragement. I am very

thankful to my grandparents Late Mr. R.K. Goel and Ms. Kanta Devi for always showering me



with their love, affection and blessings. | am thankful to my parents Mr. Anupam Goel, Ms.
Saroj Bala Goel, Mr. P.L. Gupta and Ms. Neeru Gupta for their unconditional love, whole-
hearted support and endless patience. | derive my strength and sense of confidence from them.
| thank my sisters Divya and Shivangi, and my brother Savya for always being loving and

supporting.

Biggest thanks to my loving and caring support system, my husband Mr. Bhavik Gupta, who
has always stood by me through all my travails, my absences, my fits of pique and impatience.
I thank him for his constant encouragement, support and patience during my research tenure,

especially to tolerate my endless talks related to work.

Last but not the least, | would like to thank the almighty for his countless blessings and

providing me with the strength and patience to accomplish this academic endeavour.

§oabree

(SHUBHRA GOEL)






ABSTRACT

Adsorption is the most efficient, affordable, and environmentally beneficial approach for dye
removal. Polymeric materials are developing as a new class of effective adsorbents. Natural
and synthetic glycopolymers have been extensively researched to generate diverse
architectures, including linear chain polymers and crosslinked gels. The compelling properties
of D-galactose and its ability of protection-deprotection makes it attractive towards the
synthesis of organic solvent-soluble polymers, as well as organogel and hydrogel utilizing the
same monomeric unit. Although crosslinking of hydroxyl groups using diisocyanates have

been reported earlier, its utility in hydrogel synthesis has been less explored.

Apart from glycopolymers, aliphatic polyesters, such as poly(lactic acid) (PLA), poly(e-
caprolactone) (PCL) and poly(butylene succinate) (PBS) are well established biodegradable
polyesters utilized in biomedical sector. However, these hydrophobic polyesters lack reactive
sites, limiting their biodegradability and so their use in few of the biomedical applications.
Enhancing their hydrophilicity can improve biodegradation and widen their scope for use.
Several literatures have reported on biodegradable polymers with pendant functionalities like
hydroxyl, amino, carboxyl etc., they still suffer from longer degradation time. Thus, it is
necessary to design and produce biodegradable polymers that degrade faster. Although
incorporating ionomeric moieties as pendant units to accelerate degradation has been reported,
their influence on the polymer backbone has been less explored, including cationic aliphatic
polyesters as an interesting area of current research. The unique biological and
physicochemical properties of piperazine moiety along with its stimuli-responsive pH
sensitivity and its capability to impart antibacterial properties, provides it a huge potential as a

precursor for the development of antimicrobial polyesters with enhanced biodegradability.

Therefore, this research focuses on development of biocompatible D-galactose based

crosslinked polymers exploring dye sequestration, phase-selective organogelation, and drug



release applications. Additionally, a series of biodegradable piperazine-derived polyesters and

copolyesters has been developed to overcome the degradability challenge.

In the first section, D-galactose has been utilized to synthesize acrylate-based monomer
(MAIpGal) bearing isopropylidene moieties that led to organic solvent solubility. Based on
the optimized parameters for linear polymer, the novel chemically crosslinked polymers
(OG10, OG15 and OG20) were prepared in good yields by varying the crosslinker amount as
10, 15 and 20 wt%, respectively, to evaluate the effect of crosslinker content on structural
properties. The materials were designed with the objective of toxic dye sequestration and
phase-selective organogelation from organic-aqueous solvent mixtures. The polymeric gel
marked its capability to selectively adsorb cationic dyes, like ~85% of RhB dye from a mixture
of RhB/MO from the water within 6 h. Also, OG10 was found to be a suitable polymeric
material for selective removal of organic solvents from their oil/water mixture by phase-
selective organogelation, and showed nearly 100% absorption of toluene and chloroform from

water.

In the next section, the same monomer was also utilized to develop a glutaraldehyde-free
strategy to produce the novel glycomeric hydrogels. The pendant hydroxyl groups were
condensed with different ratio of diisocyanate to produce macroporous novel crosslinked
polymers (HG5, HG2.5 and HG1) in good yields, utilizing 5, 2.5 and 1 wt% crosslinker
content respectively. The swelling and morphological studies revealed the formation of
macropores in the polymer matrix with 16-20 pum pore size and maximum swelling up to 526%
in HG1. Due to their tunable porosity and cytocompatibility with the cells, the material was
evaluated for drug load and release studies. The drug release took place through a simple
diffusion mechanism and the trend correlates well with the decreased crosslinking density,
larger pore size and thereby, comparatively faster drug release through HG1 matrix (~92% in

72 h).

Vi



In the subsequent sections of this work, aliphatic polyesters and copolyesters were synthesized
from piperazine-derived diester utilizing step polycondensation method. In the first part,
polymers were synthesized using dimethyl 2,2’-(piperazin-1,4-diyl)diacetate (M1) with a
series of alkane diols (C4 to C10) and characterized. An N-alkylation and protonation approach
were adopted to tune their crystallinity and hydrophilicity so as to enhance the biodegradability.
Significant changes in structural and thermal properties were observed after quaternization with
methyl iodide, including reduced crystallinity and improved hydrophilicity. The Tg of
polyesters varied from -19.3 to 30.4 °C, which decreased with alkyl chain length and increased
with protonation/N-alkylation. Furthermore, the hydrolytic and microbial degradation studies
were conducted to evaluate the biodegradability of the synthesized polyesters. In the second
part, the incorporation of charged units utilizing the feasible copolymerization approach was
carried out, to broaden the scope of hydrophobic polymers and achieve materials with tailored
properties. A series of synthesized copolyesters own tunable hydrophilicity and crystallinity by
charge modulation at N-atoms. Zeta potential measurements showed the pH-responsiveness of
the polyesters and copolyesters. Further, the cytocompatibility with U20S cells and
antibacterial studies were performed against E. coli and S. aureus bacterial strains, to establish

their suitability as potential antibacterial agents.
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STE geM & o YSuIdeH Tad S, T 3R qafarur 31 2P & drvert adier B
Tiferdes Il TTe YSoiRa e & U U ¥ & &0 H A iyd 81 ! 81 ¥ gaan
UiferR 3R Shiafcids ofd dfed fafdy sifdheaar Ida &+ & forg wipfd® ok Ridfew
TARHIIHR R s YA WR XY o 71 81 Sl-Tieiderst & I 107 3R UIeaRM-
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SN T8 e ¥, hol-Riaifaed SRR 3R g7 Refiel U= &1 @lel 3l ¢ | $Hb
3ffafvad, fSISTM &1 gl &1 g HA & foE IAIfSUSad fUIRTeH- feTges ufdiuex
IR BT B T g s B 1 B
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