©Indian Institute of Technology Delhi(IITD), New Delhi, 2022



Development of Biopolymer based Formulations for
Haemostasis and Wound Healing under Civilian and
Combat Operations

by

Divya Tripathi
Centre for Biomedical Engineering

Submitted
In fulfilment of the requirements of degree of Doctor of Philosophy

to the

INDIAN INSTITUTE OF TECHNOLOGY, DELHI

APRIL, 2022



Dedicated to my Family



CERTIFICATE

This is to certify that the thesis entitled “Development of Biopolymer

based Formulations for Hemostasis and Wound Healing under Civilian and

Combat Operations” being submitted by Miss Divya Tripathi to the Indian

Institute of Technology, Delhi for the award of the degree of Doctor of Philosophy,

in Biomedical Engineering is a record of the original bonafide research work carried

out by her. Miss Divya Tripathi has worked under our guidance and supervision

and has fulfilled the requirement for the submission of the thesis.

The results presented in this thesis are original and has not been submitted in

partial or full, to any other university or institute for the award of any degree or

diploma.

AR, Fwr T
> i<
MAR, Sclentist ¥
a2 : i WA WU‘-‘“” -~ sdsmg DRDO)
Dr. A Tﬁﬁ‘g\.tui o of Nuclear Mele\G “&u?lll::ga Ministry of Defant;&
Scientist F  ya war. ““ mfﬁgosqmng K, Mazumdar Road, Delhi-4%

Institute ofN‘u‘(",‘lgaﬂﬂedlcme and Allied Sciences,
Defence Research and Development Organization,
Delhi-110054

Prof. Harpal Sing

Professor

Centre for Biomedical Engineering
Indian Institute of Technology, Delhi
Hauz khas, New Delhi-110016



ACKNOWLEDGEMENTS

I wish to express my special appreciation and deep sense of gratitude to my supervisors,

Professor Harpal Singh, Centre for Biomedical Engineering, Indian Institute of
Technology, Delhi and Dr. Amit Tyagi, Scientist F, Institute of Nuclear Medicine and Allied
Science, DRDO-Delhi for their invaluable guidance, encouragement and constructive
criticism during this work. Their advice on both research as well as on my career have been
priceless. I really express my heartfelt gratitude for your understanding and generosity
without which this thesis work would have been unattainable mission. It would not be
possible for me to bring this work in present form without their support. Working with them
has been a rich experience and shall always be pleasant memory. I am also grateful to faculty

members of CBME and INMAS for their constant help.

I am thankful to Indian Institute of Technology Delhi and, Institute of Nuclear Medicine
and Allied Sciences, DRDO-Delhi for providing me necessary facilities and financial aid to

carry out the research work.

I sincerely thank Dr. Abhinav Jaimini, Institute of Nuclear Medicine and Allied Sciences
(INMAS) DRDO for his guidance and concrete discussion during the gamma imaging
studies. I would like to thank to all staff in his department for their invaluable help. I am
deeply grateful to Dr. Priyanka Tyagi, Assistant Professor, GD Goenka University for her

support and help in the completion of my research work.

It is also true that this work has been impossible without the cooperation and support of my
seniors and friends. In naming them, I am likely to miss many of those contributed in
different ways. I would like to thank Dr. Lalita Mehra, Arpit Sharma, Kartikey Rastogi, Neha

Malhotra, Mohammad Annes, Priya Gupta and Dr. Shruti for helping me throughout the



work. My special thanks to all the laboratory and office staff of Centre for Biomedical
Engineering (CBME) and Institute of Nuclear Medicine and Allied Sciences for their timely

help.

My special thanks to my parents and all my family members for their love, support and faith

in me, which kept me, going through this work.

This work was never a work of an individual. It is a more a combination of ideas,
suggestions, reviews, contributions and efforts of many. I wish to express my appreciation to
all those, with whom I have worked, interacted and whose thoughts have helped me in

elaborating my knowledge and understanding the research.

Divya Tripathi



ABSTRACT

Haemorrhage is a serious medical emergency and one of the leading causes of disability and
death of the military and civilian trauma. haemostatic materials have been extensively explored
in the recent times for effective and rapid haemostasis, which includes alginate, chitosan,
gelatine, collagen, zeolite, etc. These materials have limitations like poor adhesion, inefficient
activation of wound healing factors, inflammation, and difficulty in removing the material from
the wound site. Moreover, available formulations for haemostasis and wound healing are not
stable in extreme environmental conditions like temperature and humidity therefore possess
stability and storage issues. In case of visceral injuries, the lack of proper diagnosis and
treatment remains one of the major challenges. Many formulations have demonstrated limited
translational potential due to their toxic nature. Therefore, there is a need to develop improved
formulations for visceral injuries. In the current research work, we have focused on the
development of haemostatic biopolymer coated gauzes, bioactive composite scaffolds and

treatment modalities for superficial and visceral organ injury management.

Primarily collagen and chitosan have haemostatic, tissue fix and wound healing properties, but
the poor mechanical properties limit their application. Therefore, various concentrations of
collagen (1-6%) / chitosan (1-2%) were used to develop biopolymer coated onto cotton
gauzes, with and without glycerol as a plasticizer. Glycerol treated gauzes showed desired
mechanical and adhesive property in comparison to chitosan/collagen coated gauzes alone.
Developed gauzes were characterized using Differential Scanning Calorimetry (DSC),
Thermal Gravimetric Analysis (TGA) and Fourier Transform Infrared Spectrophotometry
(FTIR) to confirm the biopolymer coating and stability. Scanning electron microscopy (SEM)
showed multilayer coating of the biopolymer on the gauzes. Surface Plasmon Resonance Assay

confirmed that chitosan exhibited more binding affinity of 65 Response units (RU) in



comparison to collagen, which showed 55 RU with erythrocytes. Decrease in the value of
plateletcrit and mean platelet volume confirmed platelet adhesion and aggregation over the
surface of polymer coated dressings. Gamma Scintigraphy studies showed 85 = 2% formulation
retention up to 12h at the wound site in comparison to 40+3% retention of the
radiopharmaceutical alone. Collagen and chitosan coated gauze showed 226+ 15s and 179+12s
haemostasis time, respectively, which was significantly less from 506 + 15s in standard cotton
gauze. Chitosan gauze showed faster wound healing in comparison to the collagen coated

gauze.

In another approach, fabrication of three-dimensional composite scaffolds was carried out by
lyophilization of variable concentrations of collagen and chitosan gel solutions. Fibrinogen and
thrombin aerosol were deposited over the surface of scaffolds to enhance haemostasis and
wound healing. Composite scaffolds were characterized using DSC, TGA, and FTIR to
ascertain the aerosol deposition and stability. SEM showed multi-layered porosity with pore
size of ~30 um and mushroom like fibril growth of aerosol. A detailed investigation by Surface
Plasmon Resonance confirmed higher binding affinity of collagen towards the human blood
platelets and erythrocytes in comparison to chitosan and was found to increase with the increase
in blood cell concentration from 480.8 to 886.4 RU for erythrocytes. Scaffolds showed higher
binding response for platelets than erythrocytes, while fibrinogen and thrombin showed no or
limited interaction. Highest blood sorption of 83 +4%was observed in case of aerosol deposited
scaffolds. Aerosol deposited scaffolds showed minimum clotting time of 20 + 3s and bleeding
time of 38 + 4s, which was significantly lower compared to the scaffolds without aerosol
treatment. Fibrinogen and thrombin aerosol deposited composite scaffolds with 2:1
concentration of chitosan/collagen showed complete wound contraction by day 14, while 50%

was observed in case of the control group. /n vivo studies revealed that chitosan had a crucial



role in the inflammatory phase, while collagen played an important role in the proliferation and

maturation phase.

For the management of visceral injuries, we have validated the animal models for evaluation
of developed formulation for acid induced and radiation induced injury generally involved in
civilian/combat conditions. The first model was acid induced injury; evaluation of the injury
was done using non-invasive method that is Fluorodeoxyglucose (FDG) uptake by Positron
Emission Tomography Scan (PET). Group 1 animals (Control group) showed only 20+3 % of
FDG accumulation which is due to minimal or no inflammation in the lungs. On the other hand,
lungs of second group animals showed significantly increased ~ 69+3% FDG uptake which is
probably due to severe inflammation and no significant change in the FDG uptake was
observed till 21 days. In the third group of animals, FDG uptake was significantly decreased
from ~ 69+3%to ~ 35+3% within 21 days. Decrease in the inflammation after the collagen
peptide treatment confirms, that collagen peptide plays the vital role in reducing the
inflammation and helps in healing of the pulmonary tissue. The second animal model was
radiation induced lung injury which was developed in small animal model by controlled
radiation exposure with specificity and accuracy. Overcoming all the restrictions, a device was
designed for organ specific radiation induced injury with accuracy in small animal models.
Novel features of the device include, organ specific radiation exposure, transparent design
allows better visualization and control, uniformity in dose delivery from animal to animal.
Comparison between the irradiated organs with the non-irradiated organs gave the
conformation about the accuracy and efficiency of the device. Developed animal models were
used for the analysis of therapeutic effect of collagen peptide at different time interval using
various routes of administration. The present study demonstrates the radio therapeutic
behaviour of collagen peptide when administered via different routes (oral and nebulizer), in

the lungs of irradiated rodent model. To reveal the efficacy of our formulation in inhibiting



radiation induced pneumonitis and fibrosis, a variety of assays were performed. Biochemical
parameters TNF-a, IL-6, CRP and ferric antioxidant levels showed the visceral wound healing
effect of collagen peptide. Pre-treated Group-3(oral treatment) and Group-4(nebulizer
treatment) showed declined concentration of IL-6 that was 0.49 +0.2 ng/ml and 0.38 +0.3
ng/ml respectively. The concentration of ferric antioxidants in the radiation control group
(Group-5) was very high with the value of 312.02+100u/M, lowest concentration of 54.55+300
u/M was observed in Group-4(treatment via nebulization). The concentration of C-reactive
protein was highest in the Group-5 with the concentration of 89.57+10 p/ml while lowest was
observed in Group-4 with concentration of 74.64+5uw/ml. On the other hand, histological
studies reveal anti-inflammatory potential of collagen peptide. Present studies helped in both
diagnoses and treatment of visceral injuries. The entire data generated during the current study
collectively explained that collagen peptide has significant potential of minimizing radiation

induced lung fibrosis and pneumonitis.
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