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Abstract

This thesis entitled "Development of Novel Nano and Nano-porous Materials Based
Therapeutic Strategy for Effective Management of Hemostasis" presents the synthesis,
characterization, and applications of nano and nano-porous materials in hemostasis. The
research focuses on developing and using these materials to accelerate hemostatic performance

as an alternative to currently available agents.

Chapter 1: This chapter provides a comprehensive overview of the bleeding, its causes, and
the critical need for effective hemostatic agents. Bleeding, a common yet potentially life-
threatening, can arise from various conditions, including military and civilian trauma and
surgical procedures. This chapter discusses the natural hemostasis process of the body and the
mechanisms involved in controlling bleeding. Furthermore, it reviews the discoveries of
hemostatic materials, highlighting traditional methods and the importance of advanced
materials designed to enhance hemostasis. Historically and in recent medical practice, a
significant focus has been placed on various materials to control bleeding. These materials
range from conventional bandages and surgical sutures to more sophisticated solutions such as
synthetic polymers, biopolymers, and nano-based materials. The chapter discusses these
materials' properties, advantages, and limitations, emphasizing the ongoing challenges in
achieving optimal hemostasis. This chapter sets the background for the subsequent exploration
of novel nano and nano-porous materials, including Metal-organic frameworks (MOFs) and
metal nanoparticles. This chapter establishes the foundation for the research presented in this

thesis, which aims to develop innovative strategies for effective hemostasis management.

Chapter 2: This chapter presents the experimental methods and characterization techniques
used in the thesis, focusing on the synthesis and characterization of nano and nano-porous
materials. This includes a detailed description of the various analytical techniques used to
evaluate synthesized material. It details the sample preparation and the measurement protocols
that were used for the characterization tools like Powder X-ray Diffraction (XRD), BET
Analysis, Fourier Transform Infrared Spectroscopy (FTIR), Thermogravimetric Analysis
(TGA), Dynamic Light Scattering and Zeta Potential (DLS & Zeta), UV-Visible Spectroscopy,
Fluorescence Spectroscopy, Transmission Electron Microscopy (TEM), and Scanning Electron
Microscopy (SEM). In addition to this, the chapter highlights the procedures that have been
used for the common biological experiments conducted in this thesis. The experiments that

were specific to the chapters have been detailed there. The biological studies described here



are the protein-material interaction studies, cellular toxicity studies, hemolysis studies, ex-vivo
hemostatic studies in static and dynamic conditions. In-vivo studies and non-invasive in-vivo
imaging techniques supported these biological experiments. Non-invasive imaging includes
radiolabelling, serum stability, blood kinetics, and bio-distribution, supported by SPECT

imaging.

Chapter 3: Haemorrhage remains a significant challenge in many medical emergencies. The
coagulation cascade involves a complex series of reactions in the body to form blood clots,
preventing excessive bleeding. Adequate and rapid hemostasis is critical to avoid excessive
blood loss and improve patient outcomes. Various hemostatic agents are used in clinics to
enhance the innate hemostatic capability of the body; however, the effort to find better agents
continues. The main component of the coagulation cascade involves the participation of certain
metals (Ca**, Mg?', Zn**) and amino acids (Glycine, Lysine, and L-glutamic acid), which play
a significant role in tightly controlling it. In this hypothesis, we propose to prepare amino acid-
based bio-compatible metal-organic frameworks (AA-Bio-MOFs), where we intend to
combine the endogenous amino acid as organic linkers and the biocompatible metal as nodes,
creating a well-defined structure. We expect these Bio-MOFs to be better hemostatic agents
than traditional hemostatic materials due to their synergistic effect on the coagulation cascade
and the significant reduction in their toxicity. Therefore, integrating amino acids and metal ions
within a bio-compatible metal-organic framework (BioMOF) could potentially add a new

paradigm to the field of hemostasis.

Chapter 4: Building upon the hypothesis presented in Chapter 3, this chapter focuses on the
experimental testing and validation of our proposed concepts. Hemostatic agents must play a
key role in managing severe bleeding conditions during trauma or on the battlefield. We can
design materials that enhance the innate hemostatic capability using natural ligands and
bioactive metals. This work entails the synthesis of amino acid-based MOF using L-Aspartic
acid as an organic ligand and calcium as a metal node, and parametric optimization was
performed using the Box-Behnken experimental design. Out of the total experimental runs
obtained, the one with the highest reaction yield was evaluated. It was observed that despite
the low porosity and surface area, the impact of the synthesized Ca-MOF on the hemostatic
property was very high. A hemolysis ratio < 1.55% induces erythrocyte absorption and
aggregation activates the intrinsic coagulation pathway, and accelerates blood coagulation as

assessed using TEG. The evaluated Ca-MOF shows the shortest clotting time (39 = 0.2 s) and
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lowest blood loss (0.14 + 0.2 g) in the rat-tail amputation model compared to the control and
commercially available hemostatic drug tranexamic acid. The in-vivo toxicity studies in blood
over a 30-day period suggest no significant changes in the animal groups that received
synthesized MOFs compared to the control group. With the enhanced coagulation capacity and
associated biocompatibility, the developed calcium-aspartate bio-MOF could act as a safe and
effective hemostatic agent and provide a unique concept of using synthetic porous materials to

manage excessive bleeding.

Chapter 5: In Chapter 4, we observed that the material tested, despite possessing lower surface
area, pore size, and pore volume, demonstrated superior hemostatic performance. We
concluded that this effect may be attributed to the physical properties of the metal-organic
frameworks (MOFs) and the individual components, including the metal and ligands known to
impact hemostasis. Considering this, we decided to investigate using MOFs with higher surface
area, pore size, and pore volume to assess their potential impact on hemostatic performance.
Therefore, in Chapter 5, we explore using highly porous MOFs for managing bleeding. Metal-
organic frameworks are increasingly recognized for their potential in drug delivery due to their
unique properties, such as high surface area, tunable pore size, and biocompatibility. This study
uses cobalt-metal organic frameworks (Co-MOFs) to load Tranexamic acid, a well-established
hemostatic drug, in clinics. The highly porous Co-MOFs were synthesized under optimized
conditions using design expert software and characterized using various physicochemical
characterization techniques. The loading of Tranexamic acid into the Co-MOFs was achieved
via the diffusion method. Drug loading was validated under ideal conditions by using the
software Material Studio. Biocompatibility and interaction studies with different clotting
proteins present in blood were conducted using in-vitro clotting assays and an in-vivo animal
model. Results revealed high surface properties in the synthesized Co-MOFs, with a well-
defined crystalline structure. The Co-MOFs exhibited a loading capacity of 43% (w/w) for
Tranexamic acid, with a mixed-order kinetics drug release profile over 24 h. In-vitro clotting
assays demonstrated that Co-MOF@Tranexamic acid significantly improved clotting
compared to native Tranexamic acid alone and control groups. In-vivo studies using a rat tail
amputation model showed Co-MOF@Tranexamic acid achieving hemostasis within 8 seconds,
outperforming Tranexamic acid alone. Additionally, in-vivo toxicity testing in blood for 30
days showed no change in animal groups that received Co-MOFs compared to the control

group. This work highlights the potential of Co-MOFs as carriers for hemostatic drugs, offering
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enhanced efficacy in achieving rapid and controlled haemostasis, which is particularly valuable

in trauma settings.

Chapter 6: This chapter presents the proposal for using surface-modified gold nanoparticles as
an injectable hemostat. External hemostatic agents are crucial in stabilizing an impaired process
during pathological conditions. The idea is to stabilize the in vivo system as soon as possible.
This study uses a class I hemostatic drug, tranexamic acid, as a reducing and capping agent for
synthesizing the gold nanoparticles (Tr-AuNPs). Being the synthetic analog of lysine and a
biologically inspired alkylamine molecule, the chemistry can be fine-tuned for stable material,
simultaneously targeting the intrinsic and extrinsic hemostatic pathway, making it promising
for hemostatic applications. The Tr-AuNPs of hydrodynamic diameter ~ 46nm were
synthesized and evaluated physio-chemically using various analytical techniques wherein they
showed hemocompatibility and increased thrombus weight compared to the native drug. The
decrease in prothrombin time (PT) and International normalized ratio (INR) supported by the
dynamic thromboelastography (TEG) study indicates the prepared nanoconjugates potential in
reducing time for attaining hemostasis as compared to the native tranexamic acid drug. At a
9ug/ml concentration, Tr-AuNPs had a procoagulant effect, shown by decreased reaction time
(R) and coagulation time (K) with improved a angle and MA. There was a significant increase
in the rate of coagulation in-vivo by Tr-AuNPs, i.e., (52 sec) compared to the native tranexamic
acid (360 sec). Radiolabelling studies ascertained the in vivo biocompatibility (non-invasive
distribution, residence, clearance, and stability) of the Tr-AuNPs. The short-term toxicity
studies were conducted to establish a proof of concept for the biomedical application of the
material. The results highlighted the use of biologically alkyl amine molecules as capping
reducing agents for the synthesis of nanoparticles, which have shown a synergistic effect on
the coagulation cascade while holding the potential for also acting as potential theranostic

agents.

Chapter 7: This chapter presents the conclusions drawn from the comprehensive studies
conducted in chapters 4 to 6, along with outlining the future scope of the work. This research
has explored the use of different nano and nano-porous materials for managing hemostasis,
focusing on their synthesis, characterization, and efficacy in preclinical studies. The findings
from chapters 4 to 6 collectively demonstrate the potential of these materials in promoting
hemostasis. These results underscore the significance of nano and nano-porous materials in

improving hemostatic interventions in trauma settings. Moving forward, further research
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should concentrate on transitioning from preclinical studies to clinical trials, which is a critical
next step for adopting these materials in trauma. This transition will require addressing several
key considerations, including regulatory requirements, which involve ensuring compliance
with regulatory standards for medical devices and pharmaceuticals. Scalability of production
is essential to meet the demand for these materials in clinical settings, requiring optimization
of synthesis methods and production processes, and cost-effectiveness is crucial for the
widespread adoption of these materials, necessitating efficient production methods and

competitive pricing strategies.
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