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Abstract

Uncontrolled haemorrhage remains a critical challenge in wartime and civilian trauma care
emergencies, necessitating the development of effective haemostatic materials to reduce
rebleeding during patient transportation. The unmet clinical need has led to exploring drug
loaded haemostat dressings, providing mechanical haemostasis and drug delivery to the
bleeding site to stabilize clots. It is desirable to employ sustainable biomaterials for fabrication
of the patches. This thesis specify that such biomaterials were successfully produced and
evaluated in different forms: nanofiber sheets, freeze-dried sponges etc. Simultaneously, oyster
shell waste presents an emerging ecological concern. Also, this research explores the
development of novel haemostatic biomaterials by repurposing oyster shell waste as a
functional component in bleeding control applications. Various formulations were investigated,
including: calcium-enriched chitosan nanofibers derived from Magallana cuttackensis shells
marine shell waste nanofiber (MSWNF); dual-drug loaded polyvinyl alcohol/chitosan
nanofibers incorporating tranexamic acid and ethamsylate (PVA/CS/TXA-E); chitosan sponges
reinforced with oyster shell powder (PVA/CS/IMSW-0); and haemostatic films combining

polyvinyl alcohol, chitosan, and oyster shell powder.

Comprehensive characterization using XRD, EDX, XPS, Raman spectroscopy, FTIR, and
SEM confirmed the presence of calcium compounds (CaO, Ca(OH)., CaCOs) from the marine
shell waste. Calcined MSW at 1200°C (MSW-T) showed a large zone of inhibition surrounded
it and had an excellent antibacterial activity against Staphylococcus Aureus. In vitro assays
demonstrated significant improvements in haemostatic performance across all formulations,
with reductions in clotting time (CT), prothrombin time (PT), activated partial thromboplastin
time (aPTT), and plasma recalcification time (PRT). The in vitro clotting time (CT) under
(PVA/CS/TXA-E) and MSWNF nanofibers were 230 + 11 s and 168 + 4 s, which, along with
other parameters- prothrombin times (27 + 0.4 s and 22 + 0.6 s), and plasma recalcification
time (76 + 4s and 47 + 1 s), indicated enhancement in hemostasis performance by MSWNF
over (PVA/CSITXA-E). The PVA/CS/TXA-E nanofiber patches comprised fiber strands with a
347+22 nm average diameter and showed a swelling ratio of 459%. The nanofiber possessed
intermittent hydrophilicity (water contact angle 32). Drug release through the nanofiber
followed a non-Fickian diffusion model. Dual-drug loaded nanofibers showed a decrease in
the clotting time by 24%, while activated partial thromboplastin time (aPTT), Prothrombin time
(PT), and Platelet recalcination time (PRT) decreased by 6%, 20% & 15% over the single-drug
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loaded nanofibers. The PVA/CS/MSW-O sponge demonstrated superior performance in

controlling both oozing and pressurized bleeding.

In vivo studies using rabbit models verified enhanced haemostatic efficacy, with MSWNF
showing a 22% improvement in haemorrhage control. After evaluation in the rabbit incision
model, the bleeding time of the control group (274 + 6 s) was longer than (PVA/CS/TXA-E)
(97 + 8 s) or MSWNF (75 + 5 s). Blood o0ozing until haemostasis was 0.380 g, 0.354 g, and
0.121 g under control gauge, (PVA/CS/TXA-E), and MSWNF, respectively, demonstrating
enhancement in haemostasis performance by MSWNF. Histopathological examination
confirmed biocompatibility and wound healing progression, evidenced by epithelialization,
capillary formation, and granulation tissue development after 7 days of scaffold application.
Gene expression analysis in RT-PCR revealed upregulation of key wound healing markers
(VEGF-A, PDGF, IGF-1).

These findings demonstrate that natural biomaterials can be effectively employed to enhance
haemostatic efficacy. Calcium-based compounds extracted from marine waste products
substantially boost the ability of different biomaterial formulations to stop bleeding, offering
promising, sustainable, and cost-effective alternatives for managing severe haemorrhage while
addressing ecological concerns associated with oyster shell waste. The novel utilization of
Magallana Cuttackensis shells, a specific marine ecological waste material, as a high-value
functional biomaterial for biogenic calcium represents a significant and innovative contribution
that effectively bridges the fields of biomaterials science, hemostasis management, and

sustainable bioeconomy.

Keywords: Marine ecological hazard, Bioeconomy, nanofiber, haemostasis, biomaterial, Drug

release, in-vivo.
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Chapter 1
INTRODUCTION



1. Introduction

Post-traumatic bleeding represents the second prominent cause of death from trauma injuries,
following cardiac arrest, and is responsible for approximately 15% of trauma-related fatalities.
In a healthy human body, blood volume remains constant and accounts for about 7-8% of total
body weight. 20% blood loss experiences initial symptoms like dizziness and decreased urine
output emerge. These are early signs of improper circulation. When blood loss escalates to
40% within a short period, life-threatening conditions rapidly develop and immediate medical
intervention is needed. The body's natural haemostatic response to minor wounds is a complex,
multi-stage process that includes vasoconstriction, platelet thrombosis and secondary
haemostasis to seal wound surfaces and prevent excessive blood loss. Understanding these
bodily responses is essential for developing useful approaches in trauma management and

haemorrhage control to reduce the mortality risks associated with traumatic blood loss.

f—b Clotting Factors j

Prothrombin s Thrombin

Fibrin
(insoluble)
Broken Activated Fibrin Blood
vessel platelet strands clot

Figure 1.1 The general mechanism of blood clotting.

Haemostasis is a complex physiological process initiated by blood vessel rupture, involving
multiple intricate mechanisms to stop bleeding. When injury occurs, vasoconstriction first
reduces blood flow, while haemostatic agents like thromboxane A2 promote local arterial
constriction. Platelets are activated by thrombin and adenosine diphosphate (ADP), while

exposed subendothelial collagen causes platelet adhesion. During primary haemostasis,
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activated platelets release chemicals (ADP, TXA2) to attract more platelets and form clots.
Meanwhile, blood coagulation occurs through internal and external mechanisms that combine
to turn dissolved fibrinogen into solid fibrin threads, creating a stronger clot in the presence of

calcium ion.

Thus, it is critical to produce haemostatic scaffolds that are convenient, safe, and effective.
Current haemostasis research investigates various active bleeding-control agents that fall into
four main categories namely natural polymers, synthetic polymers, inorganic materials, and
metal-based compounds. These materials are designed into various innovative forms to treat
bleeding and wound healing requirements, such as nanofibers, gels, sponges, and nanoparticles.
The versatility of dressing materials extends beyond traditional wound management, finding
significant applications in specialized medical interventions such as surgical procedure and
traumatic injury.

It is important to understand haemorrhage and haemostasis before exploring haemostatic
agents.

1.1 Haemorrhage

Haemorrhage following traumatic injuries is a significant reason of fatalities in both civilian
and battlefield environments. It also remains the leading cause of death in cases of postpartum
haemorrhage (PPH) and major road accidents. Postpartum haemorrhage is the prime cause of
maternal death in both developed and developing countries, accounting for approximately 30%
of all global maternal deaths [1]. Most countries in sub-Saharan Africa and Southern Asia have
maternal mortality rates exceeding 1,000 women per 100,000 live births. According to more
recent data from organizations like the World Health Organization (WHO) and UNICEF
(2023), global maternal mortality is approximately 800 women per day, which translates to
about one death every 2 minute worldwide [2]. The majority of PPH-related deaths occur
within 4 hour following delivery, indicating inadequate management of the third stage of
labour, with bleeding exceeding 1000 ml in early PPH.

Road traffic accidents represent the primary cause of mortality for among people aged 15 - 29
years. [3]. According to the report "Road Accidents in India,” 150,000 people died and 380,000
were injured during 2021-22. All states and union territories of India reported a total of 461,312
accidents from 2022 to 2023, claiming 168,491 lives and causing injuries to 443,366 persons
[4]. The death toll is projected to exceed 250,000 in 2025, as estimated by Singh S.K. [5]. A

primary factor contributing to fatalities in traffic accidents is the failure to get victims to
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appropriate medical facilities quickly enough, coupled with substantial blood loss at the time

of the accident.

1.2. Haemostasis

Haemostasis is the physiological process that maintains blood within blood vessels, minimizes
excessive bleeding, and stops blood flow from damaged vessels by creating a haemostatic plug.
This process is accelerated by local vasoconstriction, primary haemostasis, secondary

haemostasis, and coagulation.
When an injury occurs, the process unfolds as follows:

1.2.1. Local vasoconstriction
Vascular spasms brought on by injury or damage to blood vessels result in vasoconstriction.

This process initiates the cessation of blood flow. This response is localized to the site of injury
and can persist for up to thirty minutes. The vasoconstriction is primarily mediated by
endothelin-1, a powerful vasoconstrictor produced by the injured endothelium. Simultaneously,
the damaged endothelium releases several components such as sub-endothelial collagen, von
Willebrand factor (vWF), adenosine triphosphate (ATP) and various inflammatory mediators.
Von Willebrand Factor (VWF) is not only released by the damaged endothelium but is also
synthesized by megakaryocytes and stored in platelet a-granules. The inflammatory mediators
attract macrophages to the site of injury. Exposed collagen fibers adhere to the damaged
endothelium of the injured blood vessel. The increased thrombogenicity of the extracellular
matrix (ECM) is particularly important as it promotes both platelet adhesion and aggregation,

which are crucial steps in the formation of a haemostatic plug.

1.2.2. Primary haemostasis
Primary haemostasis is the initial phase of blood clotting that occurs immediately after blood

vessel injury. It begins with vasoconstriction, where damaged blood vessels narrow to reduce
blood flow. The injury exposes collagen fibers, which trigger a three-step platelet response i.e,
adhesion, activation, and aggregation. Platelets first adhere to the exposed collagen, then
become activated, changing shape and releasing chemicals. This activation attracts more
platelets, which aggregate at the injury site. The culmination of this process is the formation of
a platelet plug, effectively sealing the damaged area and completing primary haemostasis.
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1.2.2.1. Platelet formation
Human platelets, also known as thrombocytes, are small biconvex disc-shaped structures

measuring 2-3 um in diameter. These cellular fragments are present in healthy individuals at a
concentration of 150-450 x 10"9/L in whole blood, approximately ten times less frequent than
red blood cells. Platelets are primarily produced by megakaryocytes in the bone marrow, with
a healthy adult generating about 10711 platelets daily. They have an average lifespan of 8-9
days before being destroyed by phagocytosis in the spleen and liver. In circulation, about 70%
of platelets are mobile while the remainder are stored in the spleen. Interestingly, rheological
forces from red blood cells push platelets towards vessel walls, creating a 3-5fold platelet
enrichment at the vessel boundary. This positioning allows platelets to continually monitor the
vascular wall for damage. Abnormal platelet counts can lead to thrombocytopenia (count below
150,000/uL) that can cause inadequate clotting and increased bleeding risk, while
thrombocythemia (count above 600,000/uL) may increase the risk of thrombotic events such

as stroke or myocardial infarction.
1.2.2.2. Platelet reorganization and attachment to areas of vascular damage

In ordinary state the total life span of platelets is uneventful so there are some transient stimuli
evoke an explosive response as a result turning a powerful haemostatic agent within a matter
of second at a stage of vascular injury. The dramatic interface is made possible through a
number of interactions between the receptor aligned over the platelets and the extracellular

ligands at the site of vascular injury.
1.2.2.3. Platelet accumulate at the site of injury to form haemostatic plug

Platelets build up at the wound site to create a mesh that seals it off. The platelets become spiky
instead of spherical, and they release chemicals and proteins that trap other platelets and

clotting proteins in the expanding plug that develops into a blood clot.
1.2.2.4. Platelet activation

Platelets can be activated by a wide range of events. Moreover, stimulation of the biomaterial
surface might activate platelet cells. Following degranulation, adhered platelets release
cytoplasmic granules containing ADP, platelet activation factors, and serotonin. A key
physiological agonist called ADP is kept in the dense bodies of platelets and is crucial for
maintaining proper thrombosis and hemostasis. As soon as the platelets adhere to the wounded

area, they become activated and take on the shape of a pseudopodal, which triggers the
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release of Gpllbllla, a collagen receptor on their surface membrane [6]. A critical stage in
platelet aggregation and endothelium adhesion is the Gpllibllla complex, which is arranged by
the calcium-dependent interaction of Gpllb and Gpllla. Concurrently, platelets often produce
and release thromboxane A2 (TXA2), which promotes platelet aggregation and
vasoconstriction. Furthermore, to facilitate platelet aggregation, Gplibllla integrins and P-
selectin migrate from the a-granule membrane to the platelet membrane. These receptors also

have the potential to serve as a catalytic surface and speed up the hemostasis process.

Following platelet activation, the Gpllbllla receptor (50-100/platelets) attaches to VWF or Fib,
initiating platelet aggregation. Pseudopods extend from each stimulated platelet, forming
clumps and becoming aggregated. The production of thrombin through the hemostasis process
amplifies these activations even further. A main platelet plug is promoted by platelet
aggregation. The ADP receptor interacts with the P2Y1 and P2Y 12 ADP receptor family, which
may be found on platelets and contribute to aggregation. P2Y 1 receptors have a role in inducing
the first platelet aggregation and shape alterations. P2Y12 is a crucial mediator for blood
clotting at the same time. In order to finish the aggregation process, P2Y 12 dramatically rises

in response to ADP. Fibrin development should eventually stabilize by the formation of platelet
plug [7].

1.2.3. Secondary haemostasis

The secondary haemostasis phase involves the formation of fibrin clots at the location of initial

haemostatic plug, including intrinsic pathway, extrinsic pathway and common pathway.
1.2.3.1. Intrinsic pathway

The intrinsic pathway is initiated by the activation of factor XII after tissue injury. These
activations are facilitated by two proteins namely high-molecular-weight prekallikrein and
kininogen. The transformation of factor XI into factor Xla is catalysed by factor Xlla. Factor
Xla catalyses the transformation of factor IX into factor 1Xa by the presence of calcium ions.
Factor 1Xa forms a complex (factor 1Xa—factor VIII complex) with factor VIl and calcium is
needed to maintain stability and preserve the membrane-binding domains on these proteins.
Factor Xa becomes activated when factor X binds to the factor I)Xa—factor V111 complex. Factor
Xa and factor V join together on membrane surfaces to create a complex in the presence of
calcium ion. Reacting with the factor Xa—factor V complex, prothrombin transforms into

thrombin, that breaks down fibrinogen into fibrin monomer. Then the fibrin monomer
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polymerize to form long fibres. Subsequently, factor Xllla promotes more bonding between

the polymer and stabilizing the newly formed clot.

The activated partial thromboplastin time is a straightforward laboratory test that can be used
to measure the intrinsic blood coagulation activity. Using citrate buffer, blood plasma is
collected and anticoagulated. It is impossible to form a fibrin clot in these circumstances. The
plasma is mixed with a negatively charged substance, kaolin. Factor XIlI is activated by Kaolin
into factor Xlla, an enzyme, which activates factor XI. Insufficient calcium ions prevent the
process from continuing to activate further since they are necessary for activating factor 1X.
After adding calcium ions and a phospholipid preparation, the clot formation time was
recorded. Depending on the chemical composition utilized, activated partial thromboplastin
time is 25 to 50 sec. The test plasma clotting times are compared to normal plasma clotting
times. A prolonged partial thromboplastin time indicates delayed clotting, which can be caused
by a pharmacological inhibitor of blood coagulation or a deficit in the action of one or more

blood-clotting components.
1.2.3.2. Extrinsic pathway

The extrinsic pathway of blood coagulation is initiated by tissue factor. Although tissue factor
is present in many body cells, it is especially prevalent in the brain, lungs, placenta and
abundant to the extracellular membrane of injured tissue. Factor X is activated more easily
when tissue factor and factor VIl work together as cofactors. On the other hand, factor VII has
the ability to activate factor X, which can then activate factor X. After activation, prothrombin
is converted to thrombin by factor X, a step that requires factor V. Fibrinogen is converted into
fibrin by the thrombin. All elements of the extrinsic pathway are also elements of the intrinsic

pathway, with the exception of factor VII.

The prothrombin time (PT) test is a straightforward test that may be used in the lab to measure
the activity of extrinsic blood clotting pathway. Tissue factor-rich animal tissues are used to
obtain tissue extract, also known as tissue thromboplastin. After anticoagulating plasma with
citrate buffer, phospholipid, calcium, and thromboplastin are added at the same time, allowing
the plasma to clot. The prothrombin time, which is the amount of time until clot formation, is
typically 10 to 12 seconds. In real-world applications, test plasma clotting times are contrasted
with normal plasma clotting times. Prolonged prothrombin time, which is a measure of delayed

clotting, can be caused by a pharmacological inhibitor of the extrinsic blood clotting pathway.
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1.2.3.3. Common pathway

The common pathway represents the ultimate route of blood coagulation. Calcium ions in the
blood cause clotting according to this mechanism. Factor VII and Factor XII cannot be
activated without calcium ions. Additionally, they contribute to the activation of both factor X
and factor 1X. When factor XI1 (FXI1) is triggered by contact with foreign surface, the common
route gets started. After that, this FXII triggers FXI, which triggers FIX. Prothrombin is then
activated by FX, which is activated by FIX. FVIla then changes prothrombin into thrombin,

and thrombin changes fibrinogen into fibrin. After then, the fibrin polymerizes to create a clot.

Coagulation Pathway

Intrinsic Pathway Extrinsic Pathway
TF
Ca++ viia e v
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Figure 1. 2 The role of Ca*™ and fibrinolysis in blood coagulation pathway.
1.2.4. Tertiary haemostasis

The tertiary haemostasis system operates alongside the blood clotting cascade as a regulatory
mechanism to control clot size. This system involves an enzyme-driven process called
fibrinolysis, where plasmin breaks down fibrin clots into smaller fragments known as fibrin
degradation products (FDPs). The plasmin enzyme comes from plasminogen that was bound
to fibrin and produced in the liver. This breakdown reaction is facilitated by tissue plasminogen
activator (tPA) or urokinase plasminogen activator (u-PA) from the endothelium of blood
vessels. The secretion of tPA is triggered by various factors including blocked blood flow,
thrombin presence, adrenaline, vasopressin, and intense physical activity. Following clot
formation, plasminogen transforms into plasmin, which is an enzyme that degrades the fibrin

structures within the clot, eventually breaking it apart and restoring proper blood flow through
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the injured or obstructed vessels. Simultaneously, when platelets become activated, they
contract the actin and myosin protein fibers within their cellular structure, causing the blood

clot to shrink in size [8].
1.3. Clot retraction and fibrinolysis

Clot retraction is the process in which the clot shrinks and draws the wound edges closer
together. During clot retraction, actin and myosin in the platelets of the platelet plug contract.
The fibrinogen-connected platelet web starts to retract and condense as these proteins tighten.
As a result, the associated fibrin retracts and condenses the blood clot. Therefore, by pulling
the injured ends of the blood vessel, clot retraction reduces the size of the cut. Both epithelial
and fibroblast cells proliferate within and around the clot. Meanwhile, the body begins the

process of tissue repair and regeneration to fully heal the injured blood vessel.

After the injured blood vessel has healed, the clot is no longer needed. Fibrinolysis is the
process by which the clot is broken down and removed, primarily through the action of an
enzyme called plasmin. Plasmin is the active form of plasminogen. Plasminogen is synthesized
and released by the liver and is converted to plasmin by tissue plasminogen activator (tPA).
tPA is produced in endothelial cells. The process of clot breakdown is sparked by tPA, which
significantly speeds up its enzymatic function to convert plasminogen to plasmin in the

presence of fibrin. Fibrin starts its own breakdown by activating tPA.

Hemostasis maintains the balance between clot formation and clot dissolution. Disruption of
this balance can lead to bleeding disorders or thrombotic disorders, where blood clots form
inappropriately within blood vessels. Though achieving rapid haemostasis is long recognized
as a crucial step in disease management, this objective has still remained a critical challenge.
Haemorrhage is also of prime importance during several surgical procedures including
laparoscopic surgeries, where internal haemorrhage raises concerns for post-operative
complications. In addition, menorrhagia is another syndrome associated with huge amount of
blood loss. All these clinical conditions have driven extensive interest in the development of
biomaterials and tissue sealants for haemorrhage control. An ideal haemostatic system should
provide rapid control of bleeding, be infection-resistant, have no cytotoxicity, not produce any
inflammation-triggering degradation products or thromboembolic complications and not

adversely affect the wound healing cascade [9], [10].

Thus, haemostatic dressing becomes very beneficial to stop bleeding and reach a hospital

within golden hours [11]. The well-known idea of the "golden hours™ holds that reducing the
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amount of time between an accident and receiving decisive care is crucial for improving the
prognosis of trauma patients. The data were not backed up by any proven proof. The
haemostatic material should have rapid haemostasis capability with a significant antimicrobial
effect meant for use during the prehospitalization period. Rapid haemostasis is accomplished
by constricting blood vessels, accelerating the formation of clotting factors, activating platelets,

and shortening the coagulation cascade reaction [12].

1.4. Haemostatic materials

Currently, haemostatic materials are made from natural polymers, synthetic polymers,

inorganic and metal-containing materials.

1.4.1. Natural polymers

Polysaccharides and collagens are the most extensively used natural polymeric haemostatic
compounds. These are histocompatibility, naturally degradable, non-irritating, non-
immunogenic, and non-haemolytic. Polysaccharides are monosaccharide-based biomaterials
with significant haemostatic potential. Glycans like chitosan, cellulose, alginate and hyaluronic
acid offer exceptional wound healing properties due to biodegradability, biocompatibility, and
tissue-mimicking structures [13], [14]. Their inherent characteristics enable superior blood
coagulation and minimal immune response, positioning them as promising advanced medical

biomaterials for haemostatic interventions.

Chitosan has developed as a versatile biomaterial by its non-immunogenicity, antimicrobial
characteristics, exceptional biocompatibility, and biodegradability [15]. Its haemostatic
capabilities collectively promote blood coagulation through three mechanisms. The first
mechanism involves red blood cell (RBC) aggregation, where the positively charged
glucosamine in chitosan attracts negatively charged RBCs, inducing agglutination and
facilitating coagulation cascade [16]. The second mechanism focuses on platelet stimulation,
platelet adhesion and aggregation by chitosan effectiveness and enhancing the expression of
the GPIIb/llla complex on platelet surfaces [17]. The third haemostatic effect of chitosan
relates to its molecular weight (Mw) and degree of deacetylation (DDA) [18]. Research
indicates that chitosan nanofibers typically have an Mw of 8.6-247 kDa and a DDA of 75-88%
[19].

Several FDA-approved chitosan dressing such as HemCon® Bandage, utilizing freeze-dried
chitosan, achieves haemostasis within 2 minutes through compression and intrinsic properties.

Its stiffness makes it difficult to apply to deep wounds, and it must be removed within 48 hours.
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Celox®, composed of chitosan particles, improves the rigidity of HemCon® Bandage and
offers improved haemostatic effects. TraumaStat®, created from chitosan, silicon dioxide, and
polyethylene, offers a greater surface area, improved wound contact, and increased flexibility,
making it appropriate for various types of wounds.

Cellulose is a remarkable natural polymer derived from plants and bacteria. It possesses non-
cytotoxicity, biocompatibility, biodegradability, and high absorption capacity. Cellulose
physically compresses bleeding sites and contains carboxyl functional groups that bind with
Fe3* ions of hemoglobin, forming brown gels that seal capillary ends [20]. Additionally, it can
activate platelets, accelerating the haemostasis process [21]. By combining cellulose with
inorganic materials like kaolin and halloysite nanoclay, scientists have developed advanced
nanocomposite materials with superior blood clotting performance. For instance, Ca?* cross-
linked nano fibrillated cellulose/kaolin hydrogels efficiently trigger thrombin generation, while
halloysite nanocomposite fibers demonstrate enhanced clotting activity [22]. Oxidized
cellulose (OC) represents another significant advancement, improving biosolubility and tissue
compatibility. Its negatively charged surface interacts with thrombin, facilitating haemostasis

through physical adsorption and physiological mechanisms [23].

Hyaluronic acid (HA) is a naturally occurring acidic mucopolysaccharide well known for its
exceptional biocompatibility within the human body [24]. Due to rich in hydroxyl groups, it
enables remarkable water absorption and hydrogen bonding that helps concentrate platelets
and coagulation factors at wound sites [25]. It actively participates in inflammatory responses
by mediating the release of cytokines like TNF-a, IL-13, and IL-8. Moreover, HA facilitates
fibroblast invasion and proliferation, thereby promoting tissue regeneration and wound closure
[26]. HA-tyrosine (HA-Tyr) hydrogels have demonstrated improved haemostasis and increased
cell adhesion capabilities [27]. Bagheri et al. specifically investigated phenolic hydroxy HA

(HA-Ph) hydrogels, examining their impact on cell adhesion and proliferation properties [28].

Alginate has absorption capabilities and ability to concentrate platelets and coagulation factors.
Rong et al. have developed microspheres consist of brown seaweed and thrombin that provide
promising results in haemorrhage treatment. Thrombin-loaded alginate-calcium microspheres
(TACMs) have proven particularly effective in managing blunt trauma and arterial bleeding
with specific ratios like G/M = 0.38 [29].

Collagen stimulates platelet activation and ADP and TXAZ2, that lead to irreversible platelet

aggregation [30], [31]. The adverse effects include allergic reactions, demonstrates poor
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adhesion, and resists easy degradation. To address these challenges, researchers have converted
collagen into gelatin by partial hydrolysis [32]. Park et al. conducted a comparative study using
Hemoblast®, and Floseal® in a porcine liver haemorrhage model with superior bleeding
reduction capabilities [33]. Wang et al. developed functionalized gelatin sponges using

gold/silver clusters to enhance antibacterial properties [34].

1.4.2. Synthetic polymers

Synthetic Polymers also used as haemostatic material for their easy synthesis and fabrication
compared to natural polymers. Poly(ethylene glycol) (PEG) demonstrates tissue adhesion and
is used as a drug carrier in controlled release form [35], [36]. PEG-based hydrogels can
concentrate platelets and coagulation factors around wound sites, making them particularly
suitable for haemostatic closure of traumatic organ injuries [37]. PEG and acrylic acid can
participate in esterification reactions, producing poly(ethylene glycol) diacrylate (PEGDA)
[38]. This hydrogel can be rapidly formed through a photoinitiator and ultraviolet (UV) light

at room temperature and used for quick wound closure.

Polyurethane (PU) foams can effectively induce coagulation cascades and platelet aggregation
[39]. A notable example is NasoPore®, a PU-based foam that demonstrated improved
hemostasis and received positive patient feedback in clinical trials, particularly in nasal

caulking following endoscopic sinus surgery [40].

Poly(vinyl alcohol) (PVA)-based hemostatic sponges offer exceptional hydrophilic and
liquid-absorbing properties, coupled with strong biocompatibility and chemical stability [41].
Kim et al. promoted mucosal healing by using PVA-based nanocellulose sponges in a rabbit

model with nasal mucosal defects [42].

Similarly, Deineka et al. utilized nanofiber mats composed of poly(ethylene oxide) (PEO) and
chitosan in a rat liver injury model, that reduced bleeding time with improved degradability
and tissue repair [43]. Cheng et al. developed PCL/collagen fibers using phage incorporation
and electrostatic spinning, demonstrating excellent antimicrobial effects and rapid hemostasis
in rabbit injury models [44].

However, most synthetic polymers fundamentally lack the biological activity to promote blood
clotting. They primarily serve as cross-linking agents for haemostatic materials. By combining
synthetic polymers with natural polymers, scientists aim to create materials that integrate the

strengths for haemostatic medical treatments.
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1.4.3. Inorganic materials and metal-containing materials

Inorganic materials have become novel haemostatic agents. Zeolites and kaolin are notable
examples of materials that accelerate blood coagulation. These haemostats are derived from
natural minerals and have several strong benefits in haemorrhage. They are abundant,
inexpensive, porous, very absorbent, and carry minimal risk of blood-transmitted diseases, but

most are not biodegradable and require disposal after application.

Zeolites are a crystalline microporous minerals composed of [SiO4]4 and [AlO4]> structural
units. These materials improved the clotting process by drawing water from blood and
concentrating blood cells, platelets, and coagulation factors at injury sites. QuikClot, the first-
generation product, demonstrated rapid water absorption and haemostatic properties but was
characterized by an undesirable exothermic reaction that limited in vivo application.
Recognizing this limitation, researchers developed QuikClot ACS (Advanced Clotting
Sponge), a second-generation haemostat that generates less heat and provides more effective
haemostasis. For instance, Yu and colleagues pioneered a groundbreaking approach by creating
a zeolite-infused cotton T-shirt capable of achieving rapid haemostasis [45]. This development
holds particular promise for emergency scenarios where conventional first aid resources may
be limited, potentially saving lives in critical situations by providing an immediate haemostatic

intervention.

Kaolin binds to Factor XII and starts the blood clotting process, which activates Factor XI and
forms a clot in intrinsic pathway. The commercial products of kaolin are promoted as QuikClot
Combat Gauze™, QuikClot Combat Gauze XL, QuikClot Combat Gauze TraumaPad, and
QuikClot® Interventional™, Kheirabadi et al. assessed the effectiveness of QuikClot Combat
Gauze™ in pig model of arterial bleeding and found it to be the primary treatment for severe

hemorrhage in combat situations [46].

1.4.4 Biomaterial sustainability

In recent years, materials derived from renewable sources have opened new possibilities for
creating innovative and sustainable approaches. The sustainability of biomaterials centres on
creating and utilizing substances sourced from renewable biological origins as alternatives to
conventional materials, while reducing their environmental footprint. This area presents a
significant, intricate challenge that spans social and technical domains, necessitating
comprehensive evaluation from ecological, social, and technological perspectives. Various
biomass and waste materials, including collagen-like biopolymers, are being utilized to create
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biocompatible nanocomposite materials. Catalina and colleagues focused on recovering bio-
collagen from abattoir waste and converting leather waste into valuable products [47]. Hapkin's
research team examined the mechanical properties and biochemical characteristics of silk-
based hydrogels derived from silk fibroin proteins for applications in nerve tissue repair [48].
Jan and their group developed an environmentally friendly and adaptable method using
crosslinked polysaccharide hydrogels as frameworks for silica formation [49]. These silica-
peptide hydrogels exhibited strong mechanical strength, demonstrated good biocompatibility,
and facilitated cellular attachment and multiplication for tissue engineering scaffold purposes.
Scaling up the cost-effective and environmentally sustainable production of bio-based
materials from natural sources represents a current challenge. Materials derived from biomass
and waste offer diverse applications across adsorption processes, energy conversion
technologies, and biomedical fields.

Table 1. 1 The Composition, advantages and disadvantages of some of the commonly-
employed commercial haemostatic agents.

Year Haemostatic Composition Advantage/Disadvantage
Agent
1940 | Gelfoam®][50] Gelatin based For haemostasis in tubeless percutaneous
Thrombin. nephrolithotomy. There is a risk of nerve

compression due to excessive swelling.
Gelatin is derived from animal source, so

there is a risk of antigenicity.

1949 | Superglue®[51] | Cyanoacrylates Surgical adhesives for tympanic
membrane repair in battle field, wound

adhesive.

1960 | Surgicel®[52] Oxidised cellulose | Control surgical bleeding during partial

nephrectomy. Concerning for abscess.

1970 | Avitene®, Microfibrillar Strong adhesion to the injured tissues as
Halistat®, Collagen based. form of fine fiber and sponge. Activate
Instat®[53] the intrinsic pathway of coagulation

cascade. Promotes platelet clumping and
protein release to create fibrin, leading
to blood clotting. Exothermic
polymerization reaction, slow

degradation rate, toxicity and increased
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tissue inflammations.

1998 | Tisseel®, Bovine thrombin Improving skin graft survival and
Hemaseel®[54] | and fibrin sealant | adhesion in the grafting of soldiers with

several burn injuries.

1998 | Dermabond® 2-Octyl- A good adhesive with antimicrobial
Cyanoacrylate properties.

1999 | Floseal®[55] Flowable bovine It is absorbable and tolerated in invasive
based gelatin surgery. Applied focally at the target site
matrices with of bleeding to provide fast, effective
human derived bleeding control. Rare reports of abscess
thrombin granules. | formation or granuloma formation.

2000 | Avitene Composed of non- | Readymade sponge enhances platelet
Ultrafoam woven web aggregation and the release of proteins to
Collagen material as well as | form fibrin. Active, absorbable collagen

sponge with hemostat helps accelerate clot formation.
thrombin. Soft and pliable. No soaking necessary

2002 | Quickclot®[56] | Gauge Absorb water molecules inside the blood,
impregnated with | leaving bigger platelets and clotting
Zeolite. factor molecules. Exhibit exothermic

reaction to produce tissue damage.

2002 | HemCon®I[57] Chitosan based Function by causing blood vessel
haemostatic agent | constriction and quickly binding to red

blood cells, platelets, and clotting factors.
Also, it can absorb fluid to the wound site
by aggregating clotting factor, making a
gel like matrix over the wounds.

2003 | Crosseal® Human fibrinogen | Utilized for topical delivery of
with thrombin antibiotics, chemotherapies and

analgesics.

2005 | Surgiflo® Flowable porcine | Used in laproscopic surgery to control

based-gelatin

matrices with

oozing and prevent bleeding.
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human derived

thrombin.

2007 | Evithrom®[51] | Human thrombin Used to arrest oozing blood and minor
bleeding from capillaries and small
venules is accessible but control of
bleeding by standard surgical techniques
is ineffective.

2008 | Recothrom® Recombinant A topical thrombin indicated to aid

human thrombin hemostasis whenever oozing blood and
minor bleeding from capillaries and small
venules.

2014 | Quickclot Gauge Keolin activates factor XII and assists in
Combat impregnated with | the initiation of the coagulation cascade
Gauge[58] keolin. that promote blood clotting.

2017 | Hemoblast™[59] | Powdered surgical | Effective on moderate bleeding including

hemostat consist of
highly purified
porcine collagen
with bovine
chondroitin sulfate
and human pooled
plasma derived

thrombin.

pooling and flowing bleeding. May be
risk of allergic-anaphylactoid reaction
and thromboembolic events.
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Chapter 2
LITERATURE REVIEW



2. Literature Review
Wounds are a leading cause of fatalities, particularly in military conflicts, traumatic injuries,

surgical procedures, and disaster accidents. The primary concern is haemorrhage that is closely
tied to the body's haemostasis process. In India alone, over 1.4 million fatal accidents were
reported in 2021-2022, with an extensive bleeding leading to hypovolemic shock [1]. Delayed
medical intervention following traumatic injuries significantly increases mortality rates, with
approximately 80% of total deaths attributed to prolonged blood loss [2]. Research indicates
that rapid haemorrhage control within the initial minutes after injury could potentially reduce
mortality by 20-30%, highlighting the critical importance of immediate medical response and
blood loss management. Excessive bleeding can prolong surgical times, delay wound healing,
and increase infection risk. Uncontrolled haemorrhage from traumatic injuries is a major cause
of death, especially for those under 45 [3]. Prompt control of bleeding through compression,
tourniquets, and haemostatic agents are needed. Effective haemostatic dressings require a
multifaceted design approach, focusing on rapid blood clotting, ease of application, bacterial
infection prevention, and high biocompatibility. The primary challenge lies in developing
advanced wound management materials that can swiftly control bleeding while minimizing
the risk of bacterial resistance. Therefore, innovative haemostatic dressing must prioritize

immediate blood loss intervention without compromising long-term clinical complication.

2.1. Material structural properties
Surface topography plays a crucial role in biomaterial-blood interactions, fundamentally

influencing protein adsorption, platelet adhesion, and blood coagulation through complex
surface characteristics. The intricate interplay between surface properties like charge density,
molecular weight, roughness, and porosity determines the hemocompatibility of material.
Anionic surfaces adsorb less protein, while cationic surfaces activate complement systems,
with flexible molecules more readily attaching to cell membranes. Rougher surfaces,
particularly those under 2 micrometres, enhance platelet attachment, whereas smooth surfaces
have minimal impact. The nanoscale and microscale topographical features critically govern
protein adsorption and biological responses, suggesting that future biomaterial research must

focus on understanding protein interactions at these microscopic levels.

2.1.1. Chitosan Based Systems
Derived from chitin through alkaline deacetylation, chitosan is a versatile biopolymer

characterized by its unique molecular structure connecting N-acetyl-D-glucosamine and D-
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glucosamine units [4]. Chitosan possesses valuable biomedical properties including
biocompatibility, biodegradability, and multiple biological activities such as antimicrobial [5],

antioxidant [6], and antitumor capabilities [7].

Chitosan exhibits haemostatic capabilities through its unique electrostatic interactions with
blood elements, facilitating effective wound healing processes. By attracting negatively
charged blood cells and facilitating platelet activation, chitosan demonstrates remarkable
capabilities in sealing wound surfaces. The positive charge of chitosan initiates an intricate
blood clotting cascade by attracting negatively charged red blood cells and stimulating platelets
to activate [8]. This intricate electrostatic interaction enables effective haemostasis, with
potential applications in various medical procedures including endoscopic sinus surgery,
parenchymal bleeding management, and urinary extravasation treatment [9], [10].

Research reveals that haemostatic capabilities of chitosan are intricately linked to its molecular
weight (Mw) and degree of deacetylation (DDA) [11]. Broad-range chitosan with molecular
weight between 8.6-275 kDa and degree of deacetylation 35-85% demonstrates superior
whole blood aggregation compared to uniform molecular variants. Optimal haemostatic
performance is observed with chitosan having Mw of 50-247 kDa and DDA of 75-88%,
effectively interacting with erythrocytes, platelets, and plasma proteins. Complete
deacetylation with low molecular weight inhibits aggregation, suggesting a delicate balance in
molecular characteristics. Interestingly, yang et al. showed that low DDA (64.4-71.8%) and
higher Mw (380-2240 kDa) as more efficient in initiating haemostasis but coagulation factors

might not be activated by them [12].

The physiological state of chitosan greatly affects its haemostatic process. Solid-state chitosan
absorbs platelets without erythrocyte aggregation, while acetic acid solutions can cause
erythrocyte deformation and aggregation [13]. The binding process depends on interactions
between positively charged chitosan molecules and negatively charged blood platelets.
Numerous chitosan and its derivatives have been studied as blood-clotting materials, including

hydrogels, films, powders, membranes, scaffolds, and sponges for wound treatment.

2.1.1.1. Physically modified chitosan-based haemostatic scaffold
The limited storage stability and biosafety concerns of blood clotting factors (BCF) have

historically constrained their pre-hospital applications. Integrating BCF such as thrombin [14],
fibrin, and fibrinogen with chitosan presents an innovative strategy to enhance haemostatic

performance [15]. Lan et al. demonstrated that chitosan-based materials enriched with gelatin
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exhibit remarkable efficacy, characterized by significantly reduced clotting time and minimized
blood loss, particularly in managing pressured and oozing bleeding without requiring external
compression. Their studies showed better haemostatic effects compared to chitosan and gelatin

sponge alone in rabbit ear and liver injury models [16].

Chen et al. created trilayer nanofibrous membranes of chitosan and PVA with nano-bioglass
that had haemostatic properties. These membranes also showed effective biological properties
in encouraging fibroblast cell growth and increasing the expression of genes related to healing
growth factors. Animal studies using rat full-thickness skin wounds and mouse diabetic wounds

demonstrated their significant effectiveness in enhancing recovery [17].

Atmospheric pressure plasma offers an innovative approach to surface modification without
altering material structure, with Ar/O2 and non-thermal nitrogen gas plasma treatments
effectively enhancing surface properties of chitosan. These modifications improve red blood

cell absorption through enhanced electrostatic interactions [18], [19].

Innovative surface treatments, such as marine mussel-derived catechol-coating and
polydopamine coating, demonstrate remarkable hemostatic potential. These advanced
chitosan-based materials create self-sealing membranes through rapid protein complexation,
showing promising results in diabetic rat models and potential applications for hemophilia
patients [20], [21].

Chan et al. developed chitosan-based gauze with polySTAT, a polymer modified with fibrin-
binding peptides, to improve blood clotting and resist increasing arterial pressure [22]. This
approach shows better clot stability than Celox® rapid and improves survival in rabbit femoral
artery models. Similarly, Ouyang et al. fabricated tilapia peptide with chitosan microspheres to
develop a composite sponge with improved biostability, broadening its potential applications

in wound dressings [23].

2.1.1.2. Chemically modified chitosan-based haemostatic scaffold
In wound management, chitosan has developed innovative haemostatic derivatives by its

hydroxyl and amino groups. Upon contact with blood it transforms into a three-dimensional
gel that accelerates coagulation. Liu et al. developed a polysulfone membrane material grafted
with sulfonated hydroxypropyl chitosan via a Schiff-base reaction, designed for hemodialysis
with anticoagulant properties similar to heparin [24]. Chen et al. formulated N-acetyl chitosan

with different alkane chain by sodium boron tetra hydride (NaBH4) and latter freeze drying

23| Page



[25]. The acceleration of coagulation by N-acetyl chitosan may be associated with its effect
on erythrocytes but is not favourable for the activation of coagulation factors or platelet
adhesion. Wang et al. further developed N-acetyl chitosan nanofibers with diameters of 175-
240 nm capable of highest surface area, contact angle, and blood absorption compared to
chitosan nanofibers. These nanofibers induced the adherence, aggregation, and activation of
platelets, but this process was not initiated by the flux of intracellular Ca?*. By strategically
modifying chitosan through N-alkylation and incorporating graphene oxide, researchers have
engineered a biomaterial that rapidly transforms liquid blood into gel, effectively controlling
bleeding across injury severities [26]. Hydrophobically synthesized chitosan by Dowling et al.
that extends beyond traditional wound dressings, offering solutions for challenging truncal
region bleeding in critical organs like the liver, kidneys, and spleen, without requiring external
compression [27]. Saporito et al. developed sponge-like dressings based on chitosan and
glycosaminoglycan loaded with tranexamic acid that demonstrated both hemostatic and
proliferative properties. These dressings showed promise in controlling bleeding and
promoting healing in wounds as well as in abdominal surgery [28], [29]. These advanced
biomaterials combine insights from materials science, biochemistry, and medical engineering
to create targeted haemostatic treatments that improve wound care by addressing multiple

needs at once.

2.1.1.3. Chitosan-based composite haemostatic scaffold

Chitosan-based composite materials have received considerable interest for blood-clotting uses
because of their beneficial characteristics, including excellent water absorption,
biocompatibility, safety, and biodegradability. Shi et al. explored combining carboxymethyl
chitosan, sodium alginate, and collagen. When chitosan is crosslinked with alginate and
collagen, it creates microspheres with many tiny pores. The extensive surface area of
microsphere enhances blood clotting by absorbing water from blood, concentrating clotting

factors, and facilitating the conversion of fibrinogen to fibrin [30].

When chitosan nanoparticles are combined with gelatin and carrageenan, they demonstrate
impressive porosity and ability to generate thrombin and absorb blood, making them effective
for coagulation. Zhang et al. developed chitosan nanoparticles with a specific peptide sequence
glycine-arginine-glycine-aspartic acid-serine (GRGDS) to enhance blood clotting activity
when administered intravenously for internal bleeding treatment [31].
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To enhance the hemostatic efficiency, zinc alginate (ZnAlg) was added to chitosan to make
porous CS@ZnAlg microspheres on the surface by successive steps of micro-emulsion,
polyelectrolyte adhesion, and thermally induced phase separation [32] [33]. For instance,
researchers developed a haemostatic kit incorporating light-activated chitosan hydrogel and
calcium alginate, that demonstrates strong tissue adhesion and accelerated clotting through
platelet aggregation triggered by calcium ions. This composite achieves complete hemostasis

in just 3 min, compared to 10 min for traditional chitosan gauze and CELOX [34].

To achieve complete blood clotting in diabetic rats, Karahaliloglu et al. created a
nano/microbilayer haemostatic dressing with a porous sublayer made of chitosan, bacterial
cellulose (BC) as the basement, and active agents in the coagulation cascade like vitamin K,
protamine sulphate, and kaolin as a filler. The upper layer is made of silk fibroin and
phosphatidylcholine blend. This enhanced blood clotting by reducing both clotting time and
blood loss through electrostatic interactions of red blood cell and platelets [35]. Wang et al.
combined calcium, chitosan with materials like alginate, cellulose, silk and Bletilla striata
polysaccharide has been shown to enhance blood clotting by reducing both clotting time and

blood loss due to calcium release from microsphere [36].

2.1.2. Cellulose Derivatives
Cellulose is a remarkable natural polymer derived from plants and bacteria. It has non-

cytotoxicity, biocompatibility, biodegradability, and high absorption capacity. It provides
various medical uses, including blood-clotting agents, wound coverings, tissue engineering,
and medication delivery. The cellulose contains carboxyl functional groups that compresses
bleeding sites and bind with Fe3* ions of hemoglobin, forming brown gels which seal capillary

ends. Additionally, it can activate platelets and accelerating the haemostasis process.

Basu et al. have investigated haemostatic property of nanofibrillated cellulose (NFC) hydrogel
as base cross linked with Ca?*, kaolin and collagen for advanced wound care and made a
conclusion all of them efficiently trigger thrombin generation [37]. Oxidized cellulose (OC)
represents another significant advancement, improving biosolubility and tissue compatibility
due to oxidation of hydroxyl groups to carboxyl groups. Its negatively charged surface interacts
with thrombin, facilitating haemostasis through physical adsorption and physiological
mechanisms. The carboxyl group content plays a crucial role in its haemostatic effectiveness,
enabling rapid platelet attraction and blood concentration. The OC-based commercial
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haemostatic product Surgicel® is utilized to control minor arterial bleeding during surgical

procedures.

2.1.3. Advanced alginate formulations
Alginate is a remarkable biomaterial characterized by its exceptional absorption capabilities

through cross-linking with metal ions, particularly calcium and ability to concentrate platelets
and coagulation factors. In diabetic foot ulcer models, alginate oligomers can combine with
calcium to generate gels that accelerate the clotting process. Algosteril ®, the alginate based
commercial product has been approved clinically for wound care dressing. Hi et al. developed
polycaprolactone alginate composite fibers crosslinked with nano silver, showing enhanced

antimicrobial properties alongside haemostatic function [38].

For instance, Xuan et al. have developed microspheres derived from brown seaweed and loaded
with thrombin in haemorrhage treatment. Thrombin-loaded alginate-calcium microspheres
(TACMs) have proven particularly effective in managing blunt trauma and arterial bleeding as
an embolic agent [39].

2.1.4. Synthetic polymer
Synthetic Polymers have a significant attention as haemostatic material due to their ease of

synthesis and fabrication compared to natural polymers. Poly(ethylene glycol) (PEG) showed
excellent tissue-binding properties and used as controlled medication release. Its applications
extend to enzyme immobilization, and inhibit bleeding by creating physical barriers. PEG-
based hydrogels take up water and gather platelets and clotting factors at injury sites to control
bleeding in damaged organs. For instance, PEG and acrylic acid can undergo esterification

reactions, resulting in poly(ethylene glycol) diacrylate (PEGDA) for quick wound closure [40].

Poly(vinyl alcohol) (PVA)-based haemostatic sponges offer exceptional hydrophilic and
liquid-absorbing properties, coupled with strong biocompatibility and chemical stability. These
sponges swell upon water absorption, enabling localized compression and physical
haemostasis. Kim et al. enhanced tissue regeneration using PVA-based nanocellulose sponges

in a rabbit nasal tissue defect model [41].

Similarly, Deineka et al. utilized nanofiber mats composed of poly(ethylene oxide) (PEO) and
chitosan in a rat liver injury model, achieving significantly reduced bleeding time with

improved degradability and tissue repair [42]. Cheng et al. developed PCL/collagen fibers

26| Page



using phage incorporation and electrostatic spinning, demonstrating excellent antimicrobial

effects and rapid haemostasis in rabbit injury models [43].

By combining synthetic polymers with bioactive natural polymers, researchers seek to develop

materials that integrate the strengths and haemostatic properties.

2.1.5. Inorganic and metal loaded haemostatic scaffold
Modern haemostatic biomaterials demand multifunctional capabilities encompassing blood

clotting, antimicrobial activity, and tissue regeneration. Blending chitosan with components
like calcium, zinc, silica and silver nanoparticles creates highly porous composites with

superior blood absorption and antimicrobial properties.

Quick Clot®, Combat Gauge™ (Z-medica corporation) composed of kaolin clay, zeolite, and
bioactive glass demonstrate remarkable capabilities in enhancing blood clotting mechanisms
[44]. These materials improve haemostatic effectiveness through enhanced water absorption,
procoagulant activation, and concentrated blood component interactions. Zeolite, a porous
crystalline aluminosilicate, particularly stands out with its ability to absorb water, concentrate
platelets, and activate coagulation factors. The strategic incorporation of calcium-based
zeolites has shown efficient prothrombin activation while minimizing thromboembolic events
by Shang et al. [45]. Li et al. created a strongly bonded and flexible porous zeolite-cotton

hybrid blood-clotting agent to prevent zeolite particles from entering the patient's body [46].

Calcium (Ca2" plays a crucial role in physiological coagulation, activating Factor X and
facilitating prothrombin complex formation [47], [48]. Silver (Ag*) ions provide potent
antimicrobial properties [49], while zinc (Zn?*) serves as an effective platelet modulator [50].
Copper (Cu?*) ions contribute to antimicrobial defence and cellular response stimulation. These
metal ions can be strategically integrated into chitosan, cellulose, and other polymer matrices
to enhance haemostatic performance, improve mechanical properties, and reduce infection
risks. The precipitation of metal ions on biomaterial surfaces can accelerate platelet activation,

shorten haemostasis time, and create more effective wound management solutions.

2.1.6. Drug loaded haemostatic scaffold
The pharmacological augmentation of haemostatic biomaterials through anti-fibrinolytic and

clot-strengthening drugs remains significantly underexplored. Several anti-fibrinolytic agents,
including tranexamic acid (TXA), aprotinin, and aminocaproic acid, have been commonly

utilized during trauma surgery, demonstrating reduced transfusion requirements and improved
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patient survival rates. Aprotinin has raised toxicity apprehensions, while aminocaproic acid
has exhibited potential negative impacts on wound healing processes. Conversely, tranexamic

acid has demonstrated promising effects on wound healing and therapeutic potential.

Benoni et al. indicates that intravenous TXA reaches minimum therapeutic plasma levels
approximately 3 hours after administration [51]. While there are concerns about possible blood
clot formation and blockage of blood vessels (thromboembolism), meta-analyses of clinical
data suggest overall safety. Notably, direct topical application emerges as a preferred approach
for managing severe bleeding conditions, particularly in surgical procedures like total knee

arthroplasty.

Ethamsylate enhances platelet adhesion and restores capillary resistance, while TXA
simultaneously inhibits plasmin formation. This dual-action approach addresses multiple
aspects of the blood clotting process. Baser et al. provided compelling evidence in paediatric
cardiac surgery [52]. Their study revealed that the simultaneous activation of platelets and
plasma-initiated blood coagulation through the overlapping enzymatic interactions of
ethamsylate and TXA yields superior results. Specifically, the combined treatment proved more

effective in reducing postoperative blood loss compared to TXA administration alone.

2.2. Fabrication of haemostatic patches
The right choice of the material formulation is as important to the efficacy of haemostatic

materials as chemically active. Common types of haemostatic materials include nanofibers,

hydrogels, and sponges.

2.2.1. Nanofibers
Nanofibers possess a distinctive surface area that enables exceptional adsorption and surface

activity properties. These interwoven materials are characterized by significantly small lattice
and film pore sizes, high porosity, and superior surface adsorption capabilities. Researchers
classify nanofibers based on spinning methods namely electrostatic spinning [53], solution

blowing, and centrifugal spinning techniques [54].

Electrospinning is the most common nanofiber production method because it is easy to perform
and widely applicable across different fields. This innovative approach utilizes high-voltage
electric field conditions to generate electrostatic force that enables the extrusion of polymer

solution from a syringe needle [55]. Under these conditions, surface tension is overcome,

28| Page



allowing the creation of a charged polymer jet that stretches and forms continuous ultra-fine

fibers collected at the receiving end.

Multiple research studies have demonstrated the remarkable potential of nanofibers in
biomedical applications. For instance, Biranje et al. successfully created chitosan nanofibrous
membranes by electrospinning chitosan/polyvinyl alcohol (CH/PVA) blends in aqueous
solutions under 20-25 kV electric field [56]. Using CH/PVA mass ratios from 10/90 to 40/60,
they produced uniform nanofibers with diameters ranging from 80-300 nm, where lower
chitosan concentrations yielded finer fibers (~100 nm) with spindle-like structures, while

higher concentrations produced thicker fibers (~300 nm with bead-like formations Figure 2. 1.

Additionaly, Sardou et al. developed PCL/gelatin nanofibers containing 1% w/v lawsone that
effectively enhanced fibroblast attachment and growth [57]. Likewise, Ahmed et al. created
chitosan/PVA/ZnO nanofibers that showed powerful antioxidant effects in diabetic wound
models, effectively inhibiting local inflammation and supporting wound healing [58].
Daristotle et al. further explored the haemostatic potential of nanofibers by preparing poly
lactic glycolic acid (PLGA), poly ethylene glycol (PEG), and silicon di oxide (SiOy)
nanoparticle mixtures that demonstrated significant haemostatic effects to porcine liver wound
models [59].
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Figure 2. 1 SEM micrographs of chitosan/Poly vinyl alcohol nanofibrous membranes
demonstrate a progressive reduction in fiber diameter as the chitosan content decreases within
the blend composition: (a) CS/PVA ratio of 50/50, (b) CS/PVA ratio of 40/60, (c) CS/PVA ratio
of 30/70, (d) CS/PVA ratio of 20/80, and (e) CS/PVA ratio of 10/90. Reproduced with
permission from Biranjee et al (56).

2.2.2. Hydrogels

Hydrogels are sophisticated macromolecular structures featuring a three-dimensional network
with hydrophilic and hydrophobic side chains, capable of absorbing and retaining substantial
water quantities through their cross-linked configuration. In wound healing and haemostasis,
this form of materials reduced clotting time increasing local platelet and clotting factor
concentration. Their unique structural properties enable effective tissue adhesion, maintaining

wound site moisture to halt bleeding and accelerate healing.
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Yu et al. created the NB—-CMC composite by using amide bonds to attach O-nitrobenzyl alcohol
(NB) units to the structure of water-soluble carboxymethyl chitosan (CMC) [60]. This has
outstanding coagulation and blood cell adhesion properties and can be employed to produce
great haemostatic effects both in vitro and in vivo. Bohm et al. added cyclized succinate groups
to a tetra-PEG hydrogel [61]. According to experimental findings, the tetra-PEG hydrogel
demonstrated substantial haemostatic effects on a pig spleen haemorrhage model and could

tolerate pressures of <294 + 27 mmHg.

2.2.3. Sponges

Sponges provide dense porous structure to absorb wound moisture, strategically increasing
platelet and clotting factor concentration. Under these conditions, platelets stick together and
clump, creating a blood clot that effectively stops bleeding. The negative effects of gelatin
sponges include breaking apart when exposed to blood in large wounds due to damage fragile
blood cells and platelets. Researchers have developed advanced sponge technologies by using
freeze-drying to create lyophilized, porous structures. Composite sponges containing modified
chitosan enhances blood clotting by interacting with blood cell surface. The sponges combined
with silica form a porous composite that can swell and compress the local wound area through

water absorption [62].

Goncharuk et al. created porous poly(vinyl formal) (PVF) sponges by combining poly(vinyl
alcohol) (PVA) with formaldehyde through a freeze-drying method [63]. In the mouse tail break
model, the haemostatic effectiveness of the PVF sponge was 92.7% greater than that of

Celoxin®.

2.3. In-vivo model study

Achieving effective haemostasis in challenging medical scenarios like battlefield injuries,
accidents, or surgical interventions is often complicated by the presence of friable tissues and
coagulopathy. Traditional methods such as applying additional sutures can potentially worsen
bleeding instead of controlling it. To address these critical situations, topical haemostatic agents
have been developed specifically for emergency prehospital and post-surgical bleeding
management to control haemorrhage. To evaluate the effectiveness of various haemostatic
agents, researchers applied the topical haemostatic agent with moderate digital pressure.
Wounded animals treated with standard surgical gauze served as the control group, allowing

for a comparative assessment of the haemostatic agents against a baseline intervention. The
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efficacy of haemostatic agent in in-vivo animal experimental study was conducted through

rat-tail bleeding model and liver bleeding study.

Ziheng et al. developed an innovative adhesive hydrogel by combining polyethylene glycol,
alginic acid extracted from brown algae, tannic acid, and an iron solution [64]. To evaluate its
biocompatibility, they applied the hydrogel to rats' dorsal skin, creating 1 cm incisions. The
results confirmed the biocompatible properties, with no significant fibrosis observed. The
researchers further tested the haemostatic performance of hydrogel by applying it to rat tail
bleeding wounds and rabbit injured livers. The mean blood loss for injured livers was 30 + 27

mg whereas the rat tail bleeding showed a significantly lower blood loss of 2.77 + 1.74 mg.

In a comparative study, X.K. Ouyang et al. developed innovative freeze-dried porous
microspheres composed of sodium alginate, cellulose nanocrystals, and polylysine [65]. Their
comprehensive haemostatic evaluation involved tail bleeding, hepatic haemorrhage, and
femoral artery haemorrhage models of mouse. The research revealed promising hemostatic
performance across these models in figure 2.2. For tail bleeding, they observed a bleeding
volume of approximately 43 mg and a haemostasis time of 81 sec. The liver bleeding model
demonstrated more efficient results, with a bleeding volume of 13 mg and a haemostasis time
of 36 sec. It was showed a bleeding volume of 1607 mg and a haemostasis time of 71 sec in
femoral artery haemorrhage.

A bilayered foam was designed and prepared by S. Indrakumar et al. with silk fibroin, chitosan
and silica nano particles [66]. The time to stop bleeding was determined by puncturing the
major femoral artery of rat. The clotting time was reported of 31+4s and minimal blood loss

with no occurrence of rebleeding.

Younas et al. innovatively developed a multifunctional microneedle patch utilizing chitosan
and fucoidan as the base, and loaded with lidocaine hydrochloride monohydrate, thrombin,
and moxifloxacin at the needle tips [67]. The microneedle patch demonstrated a coagulation

time of 208 + 2 sec on full-thickness excisional wounds in mice.

Q. Xu et al. developed a hemostatic patch (PCMC/CCS) with a two-layer structure, composed
of partly carboxymethylated cotton (PCMC) and catechol-grafted chitosan (CCS). [68]. The
patch formed blood clots in 42 sec for liver bleeding and 72 sec in a femoral artery model of

mice.
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Figure 2. 2 ‘The bleeding volume and hemostasis time of control group (without hemostatic
treatment), blue crown (commercial CS powder), and PSLMs (SA/CNC self-assembly with
the antibacterial polymer g-polylysine) in the mouse tail bleeding model (a), liver bleeding
model (c), and femoral artery bleeding model (¢), and bleeding volume and hemostasis time
for censoring hemostasis (b), liver rupture hemostasis (d), and femoral artery hemostasis (f).’
Reproduced with permission from Ouyang et al (65).

A hydrophilic anti-adhesive chitosan/graphene oxide composite sponge was developed by F.
Du et al [69]. The blood-clotting effectiveness was evaluated using rat models with liver
puncture wounds and femoral artery injuries. The sponge successfully stopped bleeding within
32 sec for the liver wound and 66 sec for the femoral artery injury, with blood loss measured
at 0.20 g and 1.03 g, respectively. Additionally, the researchers reported that the sponge could

be safely peeled off from the wound without causing rebleeding.
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L.W. Chan et al. investigated the haemostatic potential of PolySTAT/chitosan gauzes using a
rat femoral artery injury model [70]. Their research explored on mechanical stabilization of

red blood cell aggregates through fibrin cross-linking to gauze surfaces.

G. Patil et al. developed a haemostatic solution by synthesizing a chitosan-gelatin xerogel [71].
In a rat model with femoral artery injury, the xerogel achieved blood clotting in 2.5 min, which
was quicker than Celox (3.3 min) and regular gauze (4.6 min). In another study, V. Deineka et
al. reported that a chitosan electrospun membrane successfully stopped bleeding in 84.53 +

4.88 sec in a rat liver bleeding model [72].

2.4. Definition of the problem and rationale of study

Recent innovations in tissue engineering are transforming haemostatic technologies, enabling
more sophisticated and adaptable solutions for healthcare applications. Advanced
manufacturing techniques like 3D printing and electrospinning are revolutionizing haemostatic
material development by allowing precise customization of size, shape, structure, and internal

porosity.

Advanced technologies provide superior material properties, enabling the precise and
controlled delivery of medications, proteins, and blood coagulation factors. By enabling
sophisticated structural design and precise manipulation of chemical components, researchers
can now create haemostats with morphological precision and functionality. Nanomaterials have
grown much attention in tissue engineering and wound healing. Their high surface area and
porous structure provide exceptional capacity for adsorbing red blood cells, cellular
components, and clotting factors in the haemostasis process. These innovations offer more
effective platelet activation, better adhesion, and improved coagulation processes in wound

healing treatments [73].

Electrospinning is a fabrication technique distinguished by process simplicity and material
customization capabilities. By utilizing an external electric field, this method generates
continuous fibers ranging from sub-micrometer to nanometer dimensions. The nanofiber offers
high surface-to-volume ratios, microscopic pore sizes, high porosity. These unique properties
enable nanofibres to create optimal wound healing environments by maintaining moisture,
promoting cell adhesion, and facilitating proliferation [74]. The electrospinning technology
permits the smooth integration of medications and coagulation agents for precise therapeutic
applications. The technology creates smooth wound surfaces with little scarring, showing great

promise for skin repair, wound healing, and quick blood clotting [75]. However, high-voltage
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requirements pose challenges with surgical instruments and electronic devices in traditional
electrospinning. To address these limitations, researchers have developed gas-blowing
spinning—an electricity-free alternative that uses high-speed gas streams to generate and
deposit nanofibres rapidly [76]. This novel method delivers quicker fiber placement, greater
ease of use, and better integration with surgical environments [77]. Despite significant
advances, future research needs to concentrate on creating suitable solvents and processing
methods to improve nanofiber stability while maintaining biocompatibility and
biodegradability.

3D printing technology has emerged an approach in tissue engineering and to create patient-
specific medical implants, products, and equipment in biomedical applications. These
advanced hemostats integrate proteins, blood cells, clotting factors, and creating highly
effective for sealing wounds. The porous structure of 3D-printed materials provides exceptional
cell compatibility, facilitating strong platelet and red blood cell attachment critical for efficient
hemostasis. Polysaccharide-based hemostats produced through 3D printing offer remarkable
versatility in functionalization, enabling rapid incorporation of properties like antibacterial and
antioxidant capabilities. The physical and chemical precision of 3D printing allows for the
creation of materials with optimized strength, adhesive stability, and structural integrity,
capable of managing excessive bleeding across diverse medical scenarios. This technology
enables the design of hemostatic materials with size, shape, and internal porosity, offering
strategic advantages for wound healing. By maintaining an appropriate environment and
preventing thrombosis lysis, 3D-printed hemostats can effectively manage bleeding with

minimize complications.

Future research should focus on innovative 3D structures that integrate advanced optical
biosensors and responsive materials, enabling the hemostatic material to monitor wound
conditions and dynamically release therapeutic agents. The final objective is to develop an
advanced three-dimensional hemostatic device that could decrease hospital costs, reduce
bleeding, and improve wound healing. While pursuing these technological advancements,
researchers must also consider the economic feasibility to ensure these innovative hemostatic

solutions can be practically implemented in clinical settings.

The development of hemostatic agents from natural resources presents a highly promising
approach to addressing bleeding control in resource-limited settings. By combining chitosan

derived from seafood industry waste with naturally abundant clay minerals like kaolin and
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bentonite, a dual-mechanism hemostatic agent emerges with significant advantages. This
hybrid approach synergistically leverages both the positive charge of chitosan to attract blood
components and the negative charge of clay minerals to activate the coagulation cascade. The
manufacturing process remains straightforward, utilizing basic techniques like acid dissolution,
freeze-drying, air-drying, and nanofiber preparation methods. This strategy not only transforms
waste materials into valuable medical products but also provides a sustainable, cost-effective

solution for emergency hemorrhage control with minimal infrastructure.
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3. Scope of the work and Objectives of the thesis

3.1 Scope of the work
Numerous studies have been conducted on the development of an ideal haemostatic material.
Research in haemostatic materials has extensively focused on chitosan-based formulations due
to its inherent blood-clotting properties. The critical aspect identified through the literature

survey is the issue of rebleeding, which is vital for achieving sustained haemostasis.

Calcium plays a pivotal role in the blood clotting pathway, as it is essential for activating critical
factors in the haemostatic process. During bleeding, the urgent and immediate availability of
calcium in suitable form at the wound site is crucial. However, the naturally available calcium
in the body may prove insufficient to meet the urgent demand, especially in cases of excessive

blood loss.

Haemostatic materials with varying hydrophilic/hydrophobic properties present distinct
challenges: hydrophobic materials exhibit insufficient wound residence time for effective
clotting, while hydrophilic materials may promote bacterial growth due to prolonged adhesion,

highlighting the need for balanced material properties.

This current research aims to develop advanced chitosan-based haemostatic materials through
innovative approaches, focusing on several key objectives including design optimization of
electrospun nanofiber structures with enhanced structural integrity and controlled drug release
properties. The study integrates novel components such as tranexamic acid, ethamsylate, and
calcium-rich marine shell powder, while addressing critical performance aspects like
rebleeding prevention through improved structural design, optimized calcium/drug release at
wound sites, and balanced hydrophilic/hydrophobic properties for optimal wound retention and
antimicrobial effectiveness. Through comprehensive evaluation involving in-vitro haemostatic
parameters, in-vivo animal studies, analysis of clotting time, histopathological observations,
biocompatibility testing, and healing potential assessment, the current study seeks to bridge
existing gaps in haemostatic material development by combining innovative material design

with thorough performance validation under biological conditions.
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3.2 Objectives of the thesis
The objective of the thesis has been framed to reflect the synergistic approach

established through experimental results. Instead of evaluating drug- loaded patches and
biogenic- calcium- based patches as separate strategies, findings demonstrate that the most

effective system is the combined formulation integrating both mechanisms.
Thus, the objectives are:

1. To develop hemostatic scaffolds using natural polymers, pharmacological agents
(TXA and Ethamsylate), and biogenic calcium (MSW-T) derived from marine shell

waste.

2. To compare the hemostatic, mechanical, and biological performance of drug- loaded,

biogenic- calcium- loaded, and combined hybrid scaffolds.
3. To identify the optimal scaffold configuration—demonstrated to be the MSWNF

nanofiber—which integrates drug delivery with Ca?*'- mediated hemostatic and

regenerative enhancement.
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Formulation acronyms:

The “control nanofiber” (CNF) is composed of PVA, CS, Tranexamic acid and ethamsylate by

electrospinning process whereas ‘MSWNF’ was composed of PVA, CS, Tranexamic acid and

ethamsylate with calcined marine shell waste at 1200°C by electrospinning process.

S0 or MSW-O

Marine shell waste dried and crushed at
100°C. Both are same.

S1200 or MSW-T

Marine shell waste particles, calcined
and crushed at 1200°C. Both are same.

AD1 Air dried film using poly vinyl alcohol,
chitosan by solvent casting method.

AD2 Air dried film using poly vinyl alcohol,
chitosan and marine shell waste at
100°C by solvent casting method.

FD1 Freeze dried sponge consist of PVA and

chitosan by lyophilisation techniques.

FD2 or (PVA/CS/IMSW-O)

Freeze dried sponge consist of PVA and
chitosan and MSW at 100°C by

lyophilisation techniques.

CNF or PVA/CS/TXA-E

Control nano fiber was composed of
PVA,CS, Tranexamic acid and
ethamsylate by electrospinning process.

Both are same.

MSWNF or PVA/CS/ITXA-E/IMSW-T

Nano fiber was composed of PVA,CS,
Tranexamic acid and ethamsylate with
calcined marine shell waste at 1200°C
by electrospinning process. Both are

Same.




4. Materials and Methods: Synthesis and Characterization
In this chapter, details of the haemostatic scaffold fabrication, descriptions of materials and

methods as well as characterization of the patches have been discussed.

4.1. Materials
Poly vinyl alcohol (PVA) 98% hydrolised with (M.W. 89,000-98,000) was obtained from

Sigma-Aldirch, USA. Chitosan (CS, with a molecular weight range of approximately 190-310
kDa and a deacetylation degree of 75-85%) was procured from Sigma-Aldirch, USA. Marine
shell waste (MSW) was collected from the exoskeleton of Magallana cuttackensis, a species
of the Ostreidae family, from Sundarbans delta, West Bengal, India. For the extraction of
calcium carbonate particles from MSW, sodium hydroxide (>97% assay) and glacial acetic
acid (>99.5% assay) were obtained from Thermo Fisher Scientific India Pvt. Ltd, Mumbai,
India. Blood coagulation reagents, Liquicelin-E and Uniplastin, were sourced from Tulip
Diagnostics (P) Ltd., Goa, India. An anticoagulant, 3.8% sodium citrate solution, was acquired
from Clinichem Enterprises, Kolkata, India. For spectrophotometric analysis, Ninhydrin (MW

178.14, spectrophotometric grade) was obtained from Spectrochem Pvt. Ltd., Mumbai, India.

OH

n

Poly vinyl alcohol Chitosan Etamsylate Tranexamic acid

Figure 4. 1 Chemical components used for fabrication of nanofibers depicted by
molecular structures of the components.

4.2. Extraction of calcium compound from Marine Shell waste

Extraction of calcium compound was performed as per the scheme shown in Figure 4.2(a).
Initially, MSW was thoroughly cleaned with plain water followed by boiled water to remove
debris. The shells were then treated with a 10% sodium hydroxide solution, followed by 1%
glacial acetic acid to maintain appropriate acidity/alkalinity. After rinsing with deionized water,
the shells were dried at 100°C in a hot air furnace for 3-4 h and then crushed to obtain particles
(MSW-O) depicted in Figure 4.2(b). The crushed marine shell waste (MSW) particles were
subjected to calcination at three different temperatures (800, 1000, and 1200°C) for 2 h in a
muffle furnace (SICCO, Kolkata, India), with a heating rate of 5°C per minute. Among the
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calcined samples, MSW-T demonstrated the largest zone of inhibition, indicating superior
antimicrobial activity compared to other temperatures (Figure 5.A.5). Furthermore, MSW-T
showed the most significant reduction in coagulation time when compared to all extracted and
calcined MSW samples (Figure 5.A.6). Therefore, 1200°C was selected as the optimal
calcination temperature, and the resulting product was designated as MSW-T (Figure 4.2(c))

for use in membrane fabrication.

Removal of Debris 10% NaOH 1% CH:COOH
using boiled water - treatment Acid treatment
lMaiutaiu pH7
Heat treatment at .
D t 100°C
1200°C For 2 h - Crushing - F(lggl-i ?111 (MSW-0) - Washing with water
(MSW-T)
(b) (©)

Figure 4. 2 Processing of marine shell waste represented by (a) procedural scheme
adopted for extraction, (b) physical appearances of marine shell waste and (c) physical
appearance of calcined marine shell waste powder

4.3. Fabrication of haemostatic patches from various natural resources chitosan (CS)
and marine shell waste (MSW)

4.3.1. Fabrication of haemostatic flim and sponges

The fabrication of haemostatic patches was accomplished through two distinct drying
techniques: air drying and freeze drying methods. These processes utilized chitosan and marine
shell waste as sustainable, naturally-derived raw materials. Chitosan, known for its
biocompatibility and haemostatic properties, was combined with processed marine shell waste
to create composite patches. The air drying method involved controlled ambient temperature
dehydration, while the freeze drying technique employed sublimation under vacuum conditions
to remove moisture. Both approaches aimed to preserve the structural integrity and biological
activity of the natural components while creating effective haemostatic materials for medical

applications.
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4.3.1.1. Fabrication of haemostatic flim by air drying method
12% PVA (98% hydrolised, 89-98 KDa molecular weight Sigma-Aldrich, USA) and 3% CS

(medium molecular weight, Sigma-Aldrich, USA) were prepared in deionized water and mixed
in a 20:80 ratio for preparation of the film. This mixture was homogenized in Ultrasonic Probe
Sonicator, (PCI Analytics, Thane, India) for 10 minutes and poured into a glass Petri dish and

air dried at 37°C for 3 days to get film by using a simple solvent casting method. This film was

named as AD1. Another type of film AD2 was
prepared by mixing MSW-O powder
(5mg/mL) in PVA/CS solution. The pictorial
images of the flims are shown in the Figure.
4.3.

b 2
Figure 4. 3 The pictorial images of
airdried films

4.3.1.2. Preparation of haemostatic sponge by freeze drying method
To prepare the haemostatic sponges, chitosan (CS) was dissolved in 1% acetic acid and stirred

at 800 rpm for 24 h. Similarly, a 12% (w/v) PVA solution was developed by solubilising PVA
in deionized water under vigorous agitation (400 rpm) at 80°C for 8 h. To prepare control
sponges (PVA/CS) 20% of CS solution (3% wi/v in 1% acetic acid) was mixed with 80% of
PVA solution (12% wi/v). For the oyster shell incorporated chitosan sponges (PVA/CS/MSW-
0), oyster shell (MSW-0O) powder (5mg/mL) was added to the mixture consisting of 80%
polyvinyl alcohol (PVA, 12% w/v) and 20% chitosan (CS, 3% wi/v dissolved in 1% acetic acid).
The mixture was continuously agitated at 500 rpm for 24 h. Both the solution was stored at -
20°C for 24 h and subsequently lyophilized at -50°C for 8 h (depicted in Figure.4.4 & 4.5).
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Figure 4. 5 Physical appearances of (a) PVA-chitosan sponge (PVA/CS) and (b) PVA-
chitosan OS derived Ca mineral composite sponges (PVA/CS/MSW-O).

4.3.2. Fabrication of nanofibers
The fabrication of haemostatic nanofibers was accomplished through the electrospinning

technique, which utilizes high voltage to create ultrafine fibers from polymer solutions. This
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process incorporated chitosan as the primary biocompatible polymer matrix, known for its
natural haemostatic and antimicrobial properties. The nanofiber composition was further
enhanced with antihemorragic drugs, specifically tranexamic acid and ethamsylate, which
serve as potent bleeding control agents. Tranexamic acid functions by inhibiting fibrinolysis
and stabilizing blood clots, while ethamsylate helps reduce capillary bleeding and improve
platelet adhesion. Additionally, calcined marine shell waste was integrated into the formulation,
providing calcium carbonate content that can promote coagulation and serve as a sustainable,
cost-effective reinforcing agent. This combination of natural polymers, therapeutic agents, and
processed marine waste created a multifunctional nanofiber system designed for rapid bleeding

control and wound management applications.

4.3.2.1. Fabrication of haemostatic nanofiber by electrospinning method
The preparation of nanofiber membranes involved three distinct formulations, all utilizing

chitosan (CS) and polyvinyl alcohol (PVA) as base polymers placed in the electrospinning
machine (E-spin Nanotech, Kanpur, India) using copper plate or aluminium foil as the collector
depicted in Figure.4.6, 4.7 & 4.8. The solutions were prepared by dissolving CS in acetic acid
and PVA in distilled water or deionized water, with same PVA:CS ratios (8:2) depending on

the formulation.

Figure 4. 6 Electrospinning Machine used for nanofiber fabrication (E-spin Nanotech,
Kanpur, India)
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Figure 4. 7 Schematic outline of Electrospinning Setup

Various therapeutic agents were incorporated, including tranexamic acid (TXA, 30mg/mL),
ethamsylate (E, 30mg/mL), and calcined marine shell waste (MSW-T, 5mg/mL). The
electrospinning process was conducted under similar conditions across all formulations: feed
rates of 0.4-0.5 mL/h, collector distance of 12 cm, and applied voltage ranging from 20-27 KV.
Solutions were loaded into 24G syringes and electrospun onto aluminium foil-covered
collectors. The resulting nanofiber membranes were carefully peeled off and stored in vacuum
desiccator or dust-free polyethylene bags at room temperature for further use. Electrospinning

was performed repeatedly to get membranes of a final thickness of 0.2 mm.
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Figure 4. 8 Preparation of nanofiber membranes by utilizing chitosan (CS) and

polyvinyl alcohol (PVA) as base polymers with tranexamic acid, ethamsylate and marine
shell waste.
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4.4.  Characterization

4.4.1. Vibrational Spectroscopy

An infrared spectrum represents a fingerprint of a sample with absorption peaks which
correspond to the frequencies of vibrations between the bonds of the atoms making up the
material. Because each different material is a unique combination of atoms, no two compounds
yield the exact identical infrared spectrum. The chemical characterization was performed
following standard procedures [1] [2]. Briefly the functional group analysis of the developed
scaffold was performed by using an attenuated total reflection (ATR) mode Fourier transform
infrared spectrophotometer (IRAffinity-1S, SHIMADZU, Japan) with a resolution of 4 cm-1.,
Theall spectrum was documented over 4000-400 cm-! as an average of 32 scans.

Further examination of surface functional groups was performed by Raman spectroscopy
(alpha 300 Access WITEC, Germany) at an excitation wavelength of 784 nm and class 3B laser
power of 1 Mw. Spectra were acquired at 50 s integration time with 10 number of
accumulations. Post processing of data was done with the help of Control S1X software with
6.0.5.115 version.

4.4.2. X-ray diffraction analysis
X-ray Diffraction analysis was used to define the structure and composition of the synthesized

powder (MSW-0O) and MSW-T from MSW using an X-ray diffractometer (Malvern
PANalytical Empyrean Series 111 model). The instrument operated with Cu Ka. radiation (A =
1.540 A) at 40 keV and 40 mA, scanning from 10° to 90° 20 with a 0.02° step size. Diffraction
peaks were collected using a data collector and subsequently analysed using High Score Plus

Interpretation software.

4.4.3. Energy dispersive X-ray analysis
Elemental analysis of synthesized and calcined marine shell waste (MSW) powder was

performed by using Gemini SEM 360 ZEISS microscope equipped with EDX-APEX
microprobe software. The spectrum was acquired at an acceleration voltage of 15kV EHT and
a current of 1.5nA.

4.4.4. X-ray photoelectron Spectroscopy of MSW-T powder
The chemical composition of the MSW-T powder sample was obtained by utilize the X-ray

photoelectron spectroscopy method. The XPS spectra were measured at room temperature on
the PHI 5700/660 spectrometer (Physical Electronics Inc., Eden Prairie, MN, USA) with used
to monochromatized Al Ko radiation (ho = 1486.6 eV). The survey spectra and the high
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resolution Cu2p, Cls and O1s core lines were measured with the energy step resolution of
0.400 eV and 0.100eV, respectively. In order to neutralize the surface positive charge effect,
the flood gun was used. The position of the C1s peak at 285 eV was chosen as the reference.
Deconvolution CI2p, Sr3d, Mg1s, Nals, Ca2p, C1s and O1s core lines as well as the atomic

and weight concentration calculation were obtained by MultiPak software (ver. 9.8.0.19).

4.4.5. Scanning electron microscopy of scaffold
The scaffolds (freeze-dried sponges and electrospin nanofiber) underwent scanning electron

microscopy (SEM) analysis using Gemini SEM 360 ZEISS microscope at an acceleration
voltage of 5 kV. Sample preparation followed a standard protocol involving alcohol
degradation and gold sputter coating (approx. 2.5 nm thickness of coating) [3] . ZEISS Smart
SEM software was used to measure inter-porosity distances and pore size distributions from
the SEM images. The fiber diameter was calculated at 50 different portions of the nanofiber by
Image J® software [4].

4.4.6. Mechanical Properties
Uniaxial compression tests were performed of PVA/CS and PVA/CS/IMSW-O sponges

(monoliths of 10 mm diameter and 8 mm height) using a 250N load cell attached to a universal

testing machine (Tinius Olsen 5KS, UK) at a compression rate of 1 mm/min.

Stress-strain curves of the membranes (CNS, MSWNF) were obtained under tensile loading
and used for calculating the elastic modulus (E), ultimate strength (UTS) and percentage of
elongation (EB) using a 25 N load cell attached to a universal testing machine (Tinius Olsen
5KS, UK). Specimens (n=4) of dimension 20 mm x 10 mm x 0.05 mm (LxWxH) were used
for testing. The crosshead speed was kept at 0.1 mm/min. The compressive stress and the strain

data were calculated by a horizon software attached to the machine.

4.4.7. Swelling and degradation of the patches
All the nanofiber patches were cut into specified dimension of 10 mmx>10 mm, immersed into

phosphate buffered saline (PBS) at room temperature, and observed for 48 h. Each specimen
was removed from the PBS at different times, the surface was gently soaked using filter paper,
and weight was taken. The swelling ratio of the electrospun patches was measured using

equation (1).

- - WW - Wd
Swelling ratio= T (1)
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Where Wy, and Wq are wet weight and dry weight of the scaffolds. The results are reported

based on average of five measurements.

The degradation of patches in PBS was studied by continuing incubation upto 4 days after
completion of swelling was observed followed by intermittent observations every 5™ day were
taken for the next 20 day. After gentle soaking with filter paper, the patches were dried in a
furnace for 10 min at 40°C to remove interfacial water molecules, and finally, the weight of the
patches was taken. The procedure was performed in triplicate and mass remaining was

calculated by equation (2).

wW.
Remaining Mass %= lW > x100--———— (2)

Wi=initial weight, Ws= weight after swelling

4.4.8. Contact angle
This angle is a guide of the wettability of a solid surface. A smaller contact angle proposes that

the material is water lovable and high-energy surface qualities. But a higher contact angle
indicates that the material is water repellent and low-energy surface characteristics. The contact
angle of the films was measured by SURFECTENS 4.5 surface tensiometer (OEG GmbH,
Germany). 10 pl deionized pure water was disposed on the samples via the sessile drop method

and pictures were captured. The images were characterized through Image J software.

4.4.9. In vitro haemostatic performance

4.49.1. Assessment of whole blood clotting time (WBCT)
In vitro coagulation tests, i.e., whole blood clotting time (WBCT), was conducted to evaluate

the hemostatic properties of air dried, freeze dried and nanofiber patches. WBCT was estimated
by adding an anticoagulant (3.8% sodium citrate) to rabbit blood, following literature [5]. 10
mg of patches were weighed and taken into Eppendorf tubes and placed in a water bath at 37°C
for 15 min. 340 ul of rabbit blood was added into the Eppendorf tube along with 20 ul 0.2 M
CacCl,. Eppendorf tubes were inclined towards opposite horizontal positions by a 180° rotation.
This procedure was continued till the blood/sample aggregate formed completely and the time
was recorded by noted stop watch (EISCO Mechanical Stopwatch, India). WBCT was recorded
from the time at the blood addition to the endpoint of coagulation. The control was measured

without addition of any patch.
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4.4.9.2. Activated partial thromboplastin time (aPTT), Prothrombin time (PT)
and Platelet Recalcination Time (PRT)

Fresh rabbit blood was collected and mixed with 3.8% sodium citrate solution at a volumetric
ratio of 1.5 ml of anticoagulant to 8.5 ml of blood. The platelet-poor plasma (PPP) was
developed by centrifuging the anticoagulated whole blood at a rate of 3000 rpm for 5 min. The
test solution was prepared by dispersing 10 mg of patches in 1 ml of normal saline at 37 °C. To
evaluate the activated partial thromboplastin time (aPTT), 50 uLL. PPP and 50 uL aPTT reagents
were added with 10 pL test solution and incubated at 37 °C for 3 min. Finally, 50 uL of 0.025
mol/L CaCl, was combined to this mixture. The aPTT time was recorded as time taken to
coagulate under stirring with a fine needle. Solution without any test solution was considered
a control. For the Prothrombin time (PT) assay, 10 uL test solution was mixed to 50 uL. PPP
and incubated at 37 °C for 3 min and subsequently mixed with 100 uL of PT reagent. The
mixture was agitated until coagulation and PT(s) was recorded. For the measurement of PRT,
freshly prepared 300 pL of PPP was incubated at 37 °C with 3 mg patch for 3 min. The plasma
recalcification was performed using 30 puL of 0.5 M CaCl,. Fibrin thread formation in PPP was
observed subsequently. PRT was calculated from the time of re-calcification to the fibrin thread

formation.

4.49.3. Platelet adhesion
The interaction between these fabricated haemostat patches and blood platelets was studied at

room temperature by taking rabbit blood obtained from animal research centre, West Bengal
University of Animal and Fishery Sciences, West Bengal, India. At first, platelet-rich plasma
(PRP) was prepared by centrifugation (100 g for 10 min) of anticoagulant-added blood at 4 °C.
The patches (10 mmx10 mm) were washed with the help of deionized water followed by 1X
PBS solution. Then, patches were kept in a cell culture well plate with the help of O-rings. 650
ul of PRP sample was gently dropped on the surface of patches. These patches were incubated
for 60 min at 37 °C. The patches were cleaned with 1X PBS to remove plasma protein and
non-adhered platelets. After cleaning, the patches were fixed with 2.5% glutaraldehyde (2 h)
and then slowly dehydrated using 50%, 60%, 70%, 80%, 90%, and 100% v/v aqueous ethanol.
The patches were then dried in a hot air oven at 40 °C for 10 min. The platelet adherence on

patches was analysed by SEM.

4.4.10. Estimation of hemocompatibility of patch by haemolysis studies
In-vitro hemocompatibility of these fabricated patches was studied by taking rabbit blood as

per the procedure from the literature [6]. The collected blood was mixed with 3.8% (w/v)

sodium citrate solution at 10:1 to prevent coagulation. In the next step, the anticoagulant-added
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blood is diluted with normal saline in a ratio of 4:5. The positive control was prepared by taking
0.2 ml of diluted blood in 10 ml of 0.1% Na>COs solution and a negative control was
formulated by taking 0.2 ml diluted blood in 10 ml of normal saline solution. These positive
and negative control sample solutions were incubated at 37 °C for 60 min. The patches were
dispersed in 10ml saline solution and preserved in an incubator at 37 °C for 30 min. 0.2 ml of
diluted blood was taken on each patch, added to the saline solution, and incubated for 60 min
at 37°C. All the test tubes were centrifuged at 2100 rpm for 5 min, and the supernatant fluid
was carefully moved to a cuvette for optical density measurement in a UV spectrophotometer
at 545 nm.

The percentage of haemolysis was calculated from the following equation (3)

. oD -0D ;
% of hemolysis= —— (&) " ~—(Negative) 90— ——— 3
-D(Positive) - o-D(Negative)

4.4.11. Cell Cytotoxicity tests by MTT Assay
Cell metabolic activity was performed using MTT solution (EZ Count MTT assay Kit, Abcam,

USA) on Human Adult Dermal Fibroblasts (HADF, CL005) cells. HADF cells were cultured
in Hi-glucose Dulbecco’s modified Eagle’s medium (DMEM) with 10% fetal bovine serum
and 1% w/v antibiotic solution at 37 °C in a humidified (95%) incubator with 5% CO- level for
24 h. The culture was maintained at 80-90% confluency. The fabricated patches were added to
DMEM containing 10% fetal bovine serum. After incubation at 37 °C for 48 h, the solutions
were filtered through a microporous patch (0.22 um) to eliminate bacteria and the undissolved
part of the sample. This filtered solution was taken in the culture plates where the HADF cells
were seeded. This test was performed in 5% CO. environment at 37°C in 96 well plate at a
density of 10* cells per well. The control was prepared by taking HADF cells in DMEM
containing 10% FBS. After 24 h, the cultured control and test well medium was replaced with
DMEM solution, and the patch added DMEM solution, respectively. After 3 days of culture,
10 pl MTT solution was added to the cell-laden well plate and preserved for 4 h inside the
incubator. On addition of MTT, formazan crystal was formed, the amount of formazan crystal
formation is directly proportional to the active cell metabolism, indicating cell viability[7]. The
crystals were solubilized in DMSO, and the absorbance of each solution was determined using
a multi-plate reader (Thermo Scientific Multiskan GO UV-vis spectrophotometric microplate
Spectrophotometer, Finland) at 570 nm. These absorbance values were subsequently used to
calculate percentage cell viability by equation (4). Measurements were performed in triplicate.

Treated-Blank

Percentage of cell viability= X
g y Control-Blank




DAPI staining was done to visualize and measure the number of cells on the nanofiber
membranes as well as freeze drying scaffold. HADF cells (1x10¢) were seeded onto the surface
of CNF and MSWNF nanofibers and cultured for three days in standard high-glucose DMEM.
Membranes were fixed for 15 min with 4% paraformaldehyde (PFA), then incubated for 5 min
with DAPI dye. Following rinsing with PBS, images of the scaffolds were taken at 10x
magnification using a Nikon eclipse Ti U inverted fluorescence microscope in Japan. Cell

numbers were quantified by ImageJ software after capturing images from 10 fields of interest.

4.4.12. Cell Migration assay
This experiment was performed by taking HADF cells in 60 mm Patri dishes, and 80% cell

confluency was confirmed initially. A two-dimensional longitudinal cut was made in the
confluent zone of cell by the tip of a 200 ul pipette. The debris was removed to smooth the
edge of the scratch by washing the cells once with 1 ml of the growth medium and then replace
with 5 ml of test solution of hemostatic patches. Close to the scratch, a definite marking was
taken as a reference point. The dishes were kept in the tissue culture incubator at 37°C for 24
h. After the incubation period, the dish was put under a phase-contrast microscope, the

reference point was justified, and the photographs were taken.

4.4.13. Drug release study
Invitro TXA and E release from PVA/CS/TXA, PVA/CS/E and PVA/CS/TXA-E patches were

determined using a Franz diffusion cell. 4 cm? patches (100 mg) were taken and mounted on
the upper container. In the receiver chamber, 10 ml PBS solution was stirred continuously (@75
rpm) at 37 £ 1 °C. Aliquots (1 ml) were withdrawn at different time points and replaced with
an equal amount of PBS each time. The withdrawn solution was diluted with 10 ml PBS
solution. For tranexamic acid release, a diluted solution of 1 ml was reacted with 1% ninhydrin
reagent (1 ml) for 2 h at 100°C. The optical density (OD) of resultant solution was measured in
a UV/vis spectrophotometer at 575 nm [8], [9]. The drug released per cm? for each time point
(30's, 1 min, 2 min, 5 min,10 min, 20 min, 30 min, 1 h, 3 h, 5 h) was calculated.

For Ethamsylate release, patches were placed in 30 ml 0.1 N HCI solution at continuous stir
mode/condition @75 rpm [10]. 1 ml fresh 0.1 N HCI solution was added to make up the
volume. The study was conducted in triplicate. OD was measured using at 309 nm.

Prior method development and validation was carried out in the range. The regression equation

of cumulative drug release was plotted against time and analyzed by different models.
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4.4.14. Antibacterial study
The antimicrobial activity of the calcined powder, CNF and MSWNF were assessed using the

disk diffusion method, following Kerby-Bauer protocol. Luria Bertani agar plates were made
under sterile conditions and inoculated with Staphylococcus aureus (MTCC-740) and
Escherichia coli (MTCC-1687) bacteria. A fresh bacterial culture with a concentration of 108
CFU/mL was evenly distributed across agar plates using a sterile spreader. The medium,
consisting of agar and Luria-Bertani broth, was prepared and poured into petri dishes. Cut into
uniform round pieces (6mm diameter) sponges were incubated alongside the bacterial culture
plates for 24 h. The loading was accomplished by weighing the MSW powders and suspended
in sterilized 2% w/v acetic acid solution in distilled water at 5 mg/mL, vortexing to obtained
uniform slurry, and aliquoting 50 uL of the suspension onto the disks. A separate arrangement
was completed for CNF and MSWNF. CNF and MSWNF cut into equal sizes of 6 mm diameter
were placed on the agar surface. The positive control used was 1% w/v penicillin, streptomycin,
and amphotericin B solution, and the negative control used was 0.2 um filter paper stored in
Eppendorf tubes at 4°C. The agar plates were then incubated at 37°C for 24 h. After the
incubation period, antibacterial activity was determined by measuring the clear zone of

inhibition (ZOI) around each disk using ImageJ software.

4.4.15. RT-PCR Analysis
Quantitative reverse transcription polymerase chain reaction (RT-PCR) was performed to

assess the expression levels of vascular endothelial growth factor A (VEGF-A), platelet-derived
growth factor (PDGF), and interleukin growth factor 1 (IGF-1) gene in HADF cells cultured
on different scaffolds, using glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as an
internal control. HADF cells were collected from the scaffold surface and Total RNA was
extracted using the Trizol method and quantified via Nanodrop. cDNA was synthesized using a
reverse transcription kit (Applied Biosystems, USA) and diluted for PCR. Reactions were
performed in 20 uL volumes containing SYBR Green PCR Master Mix, cDNA template,
specific primers, and nuclease-free water. PCR conditions included initial denaturation (95°C,
10 min), followed by 40 cycles of denaturation (95°C, 15 s), annealing (58°C, 30 s), and
extension (72°C, 30 s). Melting curve analysis verified product specificity. Relative gene
expression was calculated using the AACT (relative gene expression fold change) method,
normalized to GAPDH.
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4.4.16. Haemostatic studies with scaffolds in rabbit injury model
Haemostatic studies with electrospun nanofiber and composite freeze dried sponge were done

in rabbit injury model (Total 20 rabbits). A rabbit skin insertion model (14 rabbits) was
employed to evaluate the haemostatic efficacy of dual drug loaded scaffold along with CNF
and MSWNF. A rabbit femoral artery injury model (6 rabbits) was prepared to examine the
efficacy of freeze dried sponge. These both studies adhered to the guidelines for ‘Principles of
Laboratory Animal Care’ and was conducted under the approval of the “Institutional Animal
Ethical Committee (IAEC) at West Bengal University of Animal and Fishery Sciences
(WBUAFS), West Bengal, India (protocol number 763/G0/Re/SL/03/CPCSEA/21/2021-22)”.

Fourteen New Zealand White Rabbits (Oryctologus cuniculus), weighing 1.5-1.8 kg of either
sex, were anesthetized with intramuscular injections of xylazine hydrochloride (5 mg/kg;
Xylaxin, Indian Immunological, India) and ketamine hydrochloride (30 mg/kg; Ketalar,
Parke-Davis, India) 15 min before the in vivo experiment. Two animals participated in each
group (n=2). The loin region of each animal was prepared for aseptic surgery. A 3-5 mm deep
skin incision was made, and bleeding from a superficial vein was induced using a Lister
surgical blade. Bleeding from the skin and subcutaneous fascia was observed for 15 s.
Following this, membranes (PVA/CS, PVA/CS/TXA, PVAICS/E, PVA/CS/TXA-E and AbGel)
were applied with gentle pressure, and the bleeding time was documented by a digital
stopwatch (EISCO Mechanical Stopwatch, India) in figure 4.9. Gauge bandages were used as
a control. Bleeding was checked at several time intervals. If a membrane was displaced by
blood flow, a new sample was applied to the incision site. Bleeding was controlled by
membrane application with gentle pressure. Another skin incision experimental procedure was
done for CNF and MSWNF nanofibers in figure 4.10.
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Figure 4. 9 In-vivo assessment of hemostasis performance of dual drug loaded nanofiber
studied in skin incision model.
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Figure 4. 10 In-vivo rabbit skin incision model for evaluation of marine shell waste
nanofiber performance as hemostaic agent depicted by surgical procedure.

These applied membranes were further treated as described in the in vitro platelet adhesion

protocol. They were washed with 1X PBS, fixed with 2.5% glutaraldehyde for 2 h, and then
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slowly dehydrated using an ethanol gradient. The platelet-adhered nanofibers were then

analysed by SEM to assess the morphology of the activated platelets on the membranes.

The femoral artery was severed in the rabbit model and the prepared composite sponges
(PVAI/CS and PVA/CS/IMSW-0) were then immediately applied in the wounded area and kept
under pressure (n=2). Assessments were made of mean arterial pressure (MAP), time to
haemostasis, total amount of blood loss, survival rates, and survival length. For MAP, an
oscillometric equipment was used to monitor mean arterial pressure by placing the cuff above
the injury area in femoral artery and exclude possibilities of hypovolemic shock, which may
sometimes accompany a surgical bleeding procedure and alter the normal clotting response.
Rectal temperature was continuously monitored through procedure using a digital
thermometer. The MAP and temperature were monitored to control experimental
variables and obtain physiologically relevant data for accurately determining that the
outcomes are due to the haemostatic material, and not for other underlying physiological
changes. The sponges were placed to the injury site and were changed every 30 s until the
bleeding stopped. No additional surgical interventions, such as fluid resuscitation, were
permitted during the experimental setup. Total blood loss was measured by computing the

difference in the dressing weight before and after the experiment.

Figure 4. 11 In vivo rabbit femoral artery bleeding model for evaluation of freeze dried
PVA/CS/MSW-O sponge.

4.4.17. Histopathology
Histopathology was performed on skin samples from the membrane application site after
bleeding was stopped to evaluate microstructural changes in the ruptured blood capillaries. The

lesioned skin section was cut with scissors to obtain tissue specimens containing the entire
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wounded area after 7 days from application. The specimens were preserved in 10% formalin
solution for 24 h to prevent damage. Skin samples were then mounted in paraffin blocks (5x5
mm?) and stained with Hematoxylin and Eosin (H&E) on glass slides. Images were captured

using a bright field microscope (Nikon eclipse Ti U, Japan) at 20x magnification.

4.4.18. Statistical analysis
The experiments were done in triplicate unless specified and data are reported as mean +

standard deviation. Statistical significance was made by one-way ANOVA with Tukey’s post
hoc test. Analyses were conducted using Origin Pro 2022 software, with statistical significance
established at p < 0.05, wherever relevant, p-values are also reported.”
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Chapter 5
RESULTS AND DISCUSSION



5. Results and Discussion
This chapter is divided into different sections as listed below.

A. Extraction of calcium carbonate from marine shell waste and its physical characterization.

B. Physical and mechanical characterization of different forms of haemostatic scaffold
prepared by using MSW extract.

C. Biological characterization and in-vitro blood clotting parameters of different forms of
haemostatic scaffold.

D. In Vivo characterization of freeze dried and electrospun nanofiber of haemostatic scaffold.

E. Comprehensive report of the comparative performances of scaffolds.
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5.A. Extraction of calcium carbonate from marine shell waste and its physical
characterization.

Marine Shell Waste (MSW) is calcium rich material, originated in the harbour of Sundarbans
Delta, West Bengal, India locally named as “KAKLUS”. It was formed as layer-by-layer
depositions of hard scale. It was identified by the Zoological Survey of India, Prani Bigyan

Bhavan under Ministry of Environment, Forest and Climate change, Government of India.

Species Name Family Specimens Reg. No.
Magallana Ostreidae 1 (Voll.-X) M37430
Cuttackensis (R.B
Newton & E. A
Smith, 1912)

5.A.1. FTIR Spectroscopy analysis

The FTIR spectra displaying the functional group present in synthesized (S0) and calcined
specimen of marine oyster shell (S800, S1000, S1200) are shown in Figure. 5.A.1. As we can
see in SO spectra, Ca-O was observed at 709 cm in plane bending (v1), the peak 872 cm
revealed the presence of C-O out plane bending (v2) and prominent peak 1405 cm-! exposed
the existence of asymmetric stretching vibration (v3) mode of COs2 in the calcite form [1],
[2], [3]. Similar pattern was observed in the case of calcined powders. For S800, S1000 and
S1200, Ca-O peak was found at 710, 712, 699 cm and the peak at 866, 857, 853 cm! was
observed for C-O band. In the case of calcined powder some new peaks were found at 3636,
3641, and 3642 cmt which was absent in SO. These peaks signify to the stretching mode of
O-H present in the calcined powder samples which assigned to the -OH of portlandite phase
[4],[5]. Particularly, the O-H bond may be related to a low concentration of Ca(OH); having a
sharp band of 3641-3642 cm™1, that was possibly formed on the S1000 and S1200 samples,
because of its hygroscopic property. This revealed that the mixed pattern of calcite (CaCOs)
and Ca(OH), was observed for the sample calcinated at 1000°C and 1200°C. Therefore, it can
be concluded that phase changes occurred due to temperature elevation. Besides the
characteristics of overlapped peaks around 1078, 1782, 2352, 2518, 2856, 2922 cm! are also
shown in higher calcinated powder sample. These peaks and assignments are given in Table
5A.1
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Figure 5.A. 1 FTIR spectra of extracted (S0) and calcinated (S800, S1000, S1200)

marine shell waste powder.

Table 5.A.1. FTIR peaks and assignment of extracted and calcined marine shell waste.

SO(MSW-O)  S800

709

872

1092

1403

1795

2509

3400-3600

710

866

1064

1401

1795

2508

2875

2915

3636

S1000
712

857

1081

1455,1469

1782

2525

2863

2912

3641

S1200 (MSW-T) Assignment

699

853

1078

1447,1468

1782

2518

2856

2922

3642

In plane bending

of CO3?

Out plane bending of
CO3?

Vibration frequency
for calcite
Asymmetric
stretching vibration
of CO3?

C=0 stretching mode
of CO3?

C-O asymmetric
stretching modes of
COz*

CH asymmetric
stretching vibration
C-O symmetric
stretching modes of
COz?~

O-H bond

65| Page



5.A.2 Energy Dispersive X-ray study of calcined MSW powder
EDX analysis was used for determining the elemental composition of MSW-O and calcined

MSW-T. The results showed that MSW-O sample consisted of 28 wt% Ca, 49.5 wt% O, and
22.5 wt% C, indicating calcium carbonate as major component. MSW-T samples showed 47.5
wt% of Ca and 51.5 wt% of O respectively, providing low or no evidence of C suggesting the
presence of calcium oxide or calcium hydroxide as principal component. Table 5.A.2 shows
atomic % and weight % of synthesized and calcined marine shell waste. Also, MSW-O sample
contained 12.7, 33, and 61.7 atomic % of Ca, C and O, whereas MSW-T had 26.7 and 72.4
atomic % of Ca, O, respectively. Thus, due to calcination, the calcium content increased. Based
on the result in EDX peak intensities, the ratio of O/Ca and C/Ca were measured. The ratio of
O/Ca were 1.93, 1.08 in MSW-0O, MSW-T respectively and the ratio of C/Ca for MSW-O was
0.80. The predominant phase in MSW-T after calcination is likely to be calcium oxide (CaO),
which aligns with the findings reported by J.H. Huh and colleagues [6].

Table 5.A.2. Elemental analysis of extracted and calcined marine shell waste.

Element MSW-O MSW-T

Weight% Atomic% Weight% Atomic%
CK 22.5 33 ----
OK 49.2 61.7 51.5 72.4
CaK 25.4 12.7 47.5 26.7
PK 16.4 10.7 ----
Mg K 1.1 1

5.A.3. X-Ray Diffractogram Analysis
To further confirm the phases of MSW, the crystal structure and phase identification was

performed by XRD and the diffractogram is shown in the Figure 5.A.2. MSW-O showed
diffraction peaks at 23, 29, 36, 39, 43 and 49° corresponding to (012) (104), (110), (113), (202),
and (116) planes of hexagonal phase of CaCO3 (JCPDS Card No 47-1743) [7]. The observed
diffraction peak for calcined MSW-T at 26 = 28, 31 and 53° were attributed to (111), (114) and
(110) plane of CaO (JCPDS Card No. 017-0912) [8]. XRD pattern also showed some peak at
17 and 34° which are corresponding to (001) and (011) plane referred to the presence of
Ca(OH)2 (JCPDS Card No 01-84-1264) [9]. Two additional peaks at 29 and 47° exhibited to
(111) and (011) orientation plane due to the presence of CaCOs. The primary phase in the

calcined coral matched with CaO and Ca(OH), demonstrating the successful calcination-
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induced conversion of CaCOsto CaO and Ca(OH). [10]. XRD also revealed the presence of

the MgO phase, which may be attributed as trace element in the marine skeleton.

Calcination changed the crystallographic parameter of MSW. The average crystallite size of

MSW-O and MSW-T were calculated using Debye-Scherrer’s formula from the equation 4 [11]

0.94A
D=

The average crystallite size (D) was calculated using the Scherrer equation, where 0.94

represents the Scherrer constant, A is the CuKa radiation wavelength, 3 denotes the full width

at half maximum (FWHM) in radians, and 6 is the peak position. For the hexagonal structures

of MSW-0 and MSW-T, the lattice parameters "a" and "c" were determined using equation 5.
1 _4(h2+hk+k2)+ I?

— " — s 5
d 3a’ ¢

In which dy « 1 is the interplanar distance and h,k,l are the Millar indices. The positioning

parameter (u) of MSW-O and MSW-T are estimated by equation 6.

Further equation 7 was used to estimate the bond length (1).

a2
I:J§+(——u) X € corerereneean, 7

Moreover equation 8 was used to calculate the volume (V) of the unit cell of MSW-0 and MSW-
T.

A=0.866X A% X Corrvrerrrererernnn. 8
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Figure 5.A.2. XRD Characterization of extracted (MSW-O) and calcined marine shell
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Figure 5.A.3. Raman spectra of extracted (MSW-O) and calcined marine shell waste

(MSW-T)

68| Page



Calcination changed the crystallographic parameter of MSW-O. MSW-O's crystalline size and
volume were reduced after calcination, resulting in higher surface area-to-volume ratios, as
summarized in Table 5.A.3. The small grain size of calcined MSW-T is expected to have higher
surface activity and dissolution to elicit superoxide-mediated antibacterial and anti-
hemorrhagic activity.

Table 5.A.3 Structural and crystallographic parameters of extracted and calcined marine shell
waste.

Sample a c cla Average Positional  Bond Volume

crystalline Parameters length (V)

size (nm)  (u) (d)
MSW-O 4.98 17.06 342 180 0.26 3.04 367.76
MSW-T 3.59 4.89 1.37  94.47 0.43 2.52 54.49

5.A.4. Study of Raman Spectroscopy
Raman analysis is a useful method for identifying oxide species. The Figure. 5.A.3 displays

the Raman spectra of synthesized and calcined MSW. It was observed that MSW-O spectra
contained signals at 157, 286, 714, 1089 cm, representing presence of calcite [12]. The wave
number at 157 cm! corresponds raman spectra of pure CaCOs. The Raman peaks at 714 and
1089 cm-1were ascribed to the out-of-plane bending (v2) and stretching (v1) internal vibration
modes of CaCOs respectively [13]. In MSW-T new peaks were found at 211 cm and 356 cm-
L which can be attributed to oxide. Also, it was observed that the intensity of 356 cm! peak
was gradually increased and peak at 286 cm™ was decreased in the calcinated sample. The
strong Raman signal in MSW-T likely results from its elevated ratio of Ca content. The raman

peaks and assignment are given in Table 5.A.4.

Table 5.A.4 Raman spectra of Calcinated powder

SO S800 S1000 S1200 Assignment
157 159 155 159 CaCOg

211 211 CaOo
286 286 296 286 Ca(OH):
367 362 358 365 Ca(OH):
553 557 557 Calcite
714 720 707 704 CaCOs(v2)
1089 1091 1087 1089 CaCOgz(v1)
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5.A.5. X-Ray photoelectron spectroscopy analysis
XPS characterization of calcined MSW-T was performed to confirm the presence of calcium

oxide. High resolution XPS spectra showed that MSW-T surface chemistry was consistent with
the published values for calcium oxide based on binding energies as shown in the survey
spectra, Figure. 5.A.4 [14]. The curve parameters, such as the position of peak and the FHWM
of each element were used for curve fitting. Curve fitting was carried out for C-1s, Ca-2p, Cl-

2p, Mg-1s, Na-1s, O-1s and Sr-3d spectra set and are presented in the same figure.
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Figure 5.A.4 X- ray photo- electron- spectroscopy (XPS) of marine shell waster extracted and calcined
at 1200°C powder (MSW- T) represented by survey spectra of MSW- T powder material and typical
curve fitting conducted for Nals, C1s, Ca2p, O1s, Mgls, ClI2p, Sr. 3d high resolution XPS spectrum

XPS analysis of the C 1s peak revealed four distinct chemical states of carbon on the sample
surface. The spectrum was deconvoluted into components at binding energies of 283.52,
285.09, 288.59, and 289.88 eV. These peaks were attributed to carbon in alkyl chains, C-C and
C-H bonds, O-C-O groups, and O-C=0 groups, respectively. The lowest binding energy
component (283.52 eV) suggested the presence of reduced carbon species, while the highest
(289.88 eV) indicated highly oxidized carbon, potentially associated with calcite near the
surface [15]. Four Ca 2p peak doublets (i.e., Ca-1, Ca-2, Ca-3 and Ca-4) associated with Ca-
incorporated chemical powder materials were defined and fitted to the spectra. It presented
two characteristic peaks (Ca-1 and Ca-2) at approximately 345.8ev and 347.24 eV (near to
347.4eV) which correspond to Ca 2p3/2 (Ca in the form of CaCO3) and Ca 2p1/2 (Ca(OH),),
respectively [16]. Using the average of binding energy data from relevant studies, it was
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assumed that Ca-3 (B.E 349.4eV) and Ca-4 350.9 eV (near to 350.80eV), was present in the
form of CaO. O-1s spectra of MSW-T show the presence of three Gaussian components[17].
Two split peaks of Ols at 528.9 ¢V and 531.69 eV represented asymmetric oxygen states
consigned to the lattice oxygen and hydroxyl groups adsorbed on crystalline MSW-T powder
from atmospheric moisture respectively [18]. They are attributed to the carbonate (CO3)?- (B.E.
531.63 eV), to Ca-O (B.E. 529.94 eV), and to hydroxyl group on sample surface (B.E. 528.90
eV). The XPS analysis results, consistent with the XRD and FTIR findings, revealed a peak
indicative of calcium oxide on the surface of MSW-T.

5.A.6. Evaluation of pH, Hydrodynamic diameter and Zeta potential
The effect of calcination temperature on SO was investigated and the results for hydrodynamic

particle size in Phosphate Buffer Solution (PBS) measured by Dynamic light scattering particle
size distribution analysis (DLS). The hydrodynamic particle size of SO, S800, S1000, S1200
were 1.0095 +0.287, 1.6673 +0.189, 2.6553 +0.62, 4.509 +£1.141 um respectively. Due to
calcination SO sample exhibited crystal growth and as a result higher particle size obtained in
S800, S1000, S1200 samples [19]. Higher hydrodynamic particle size indicates that when
particles are dispersed in PBS then form an agglomeration and form clusters of greater size
[20].

The variation of zeta potential of SO with higher calcination temperature (S1200) had presented
large value indicating -15.3 +1.44 to -28.1 +12.555 respectively. For particles calcinated at
800°C and 1000°C, the zeta potential was observed to be -16.8333 +1.636 and -22.7367 £1.614.
Higher zeta potential indicating their greater stability in aqueous solutions suggests that the
microparticles repelled each other and affected the adsorption or interaction of polar or
nonpolar reacting substance depending upon the net surface charges suspended on the surface
of the powder sample. A high zeta potential (positive/negative) have the tendency of adsorption
rather than agglomeration instantly shows higher ionic concentration (Ca++ and HCO3-) of
CaCOz in PBS [21], [22], [23]. The effect of calcination temperature on pH, Hydrodynamic
Diameter, zeta potential and electrophoric mobility of all samples are shown in the Table.5.A.5.

71|Page



Table 5.A.5 The effect of calcination temperature on pH, Hydrodynamic

potential and electrophoric mobility of marine shell waste.

Diameter, zeta

& sample
pH

9.12
9.18
9.06
S800 10.76
10.52
10.46
S1000 11.59
11.80
11.28
S1200 1251
12.21
12.46

Average pH

Nel
—
\®]
H

0.138

10.58+
0.366

11.557
+0.60

12.39+
0.371

Hydrodynamic
Diameter(nm)

o o
o ©
© ©
N ©

>

1.143
1.584
1.748
1.67

2.964
2471
2.531
4.498
4.02

5.009

Hydrodynamic

Average

[EY
o
o
©
ol

+0.287

1.6673

+0.189

2.6553
+0.62

4.509
+1.141

Diameter (um)

Zeta potential

Zeta

Average
potential

1
-5
r w

-16.833
+1.636

-22.736
+1.614

-28.1
+12.555

Electrophoretic

Average

-1.193
+0.109

-1.283
+0.109

-1.766
+0.127

-2.186
+0.977

5.A.7. Antibacterial evaluation
Figure. 5.A.5 presents digital photographs of SO, S800, S1000, S1200 showing zones of

inhibition against Staphylococcus. Aureus contained in a culture plate. Both the SO and heat-

treated powder at 800°C had less zone of inhibition. However, a large zone of inhibition

surrounded the thermally treated powder at 1000 and 1200 °C, indicating that S1200 had an

excellent antimicrobial activity at the highest treatment temperature showed in Table. 5.A.6.

Therefore, 1200 °C was chosen as a treatment temperature for powder extracted from oyster

shell in preparing bio composites in this study. There was no significant zone of inhibition

shown against gram negative bacteria Pseudomonas. Aeruginosa.
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Table 5.A.6 Zone of inhibition against Staphylococcus. Aureus of extracted and calcined
marine shell waste.

Sample Zone of Inhibition (ZOl) Average (mm)
SO 10.75, 18.848, 15.2, 21.736 16.63+4.111
S800 14.288, 13.528, 19.76, 21.584 17.29+3.45
S1000 16.72, 18.392, 20.672, 16.112 17.974+1.76
S1200 22.496, 15.808, 13.984, 22.648 18.734+3.89
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Figure 5.A.5 Antibacterial activity and zone of inhibition of extracted and calcined
marine shell waste against Staphylococcus Aureus.

5.A.8. In-vitro blood coagulation study

Whole blood was taken from New Zealand white rabbits (Oryctologus Cuniculus) in collection
tube coated with sodium citrate. 1.5ml blood was collected and 0.25M CaCl, was mixed to
recalcification of blood. 5mg of different powder sample (SO, S800, S1000, S1200) was added
to 670ul of rabbit blood and control was taken without powder material. Clotting time (CT)
was determined by inversion of tube in every 30 sec and time point which no blood flow was

considered as final clotting time for powdered material.

Figure. 5.A.6 shows the visual representation of blood clotting with 5mg different calcined
powder (S0, S800, S1000, S1200). Blood clotting S1200 powder demonstrated full clotting
within 117 + 4.8 s, followed by S1000 at 126 + 7.2 s, S800 showing 130 + 7.2 s and SO exhibited
at 164 + 6.6 s with respect to 275 + 4.2 s for without powder as a positive control represented
in the Table.5.A.7. Compared with SO, all S800, S1000 and S1200 samples exhibited
significant decrease in coagulation time. Calcium ion itself interacts with the platelet activation

and aggregation with the simulation of the intrinsic and extrinsic clotting factor pathways.
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Table 5.A.7 Clotting time of extracted and calcined marine shell waste.

Sample Clotting Time
With out powder 2754 s
5mg SO 164+6 s
5mg S800 130+£3 s
5mg S1000 126+7 s
5mg S1200 11744 s

$800 $1000 $1200

|
O s
W -

— —

Figure 5.A. 6 The visual representation of blood clotting of extracted and calcined

marine shell waste.

Major Observations

Mixed pattern of calcite and Ca(OH). assigned peak was observed in 1000°C and
1200°C

Temperature elevation phase changes occurred CaCO3 = CaO +Ca(OH).. Due to
calcination, calcium content was increased and carbon is almost disappeared from
EDX peak intensities.

From XRD crystallographic parameter of MSW changed. Decreased crystalline
diameter (180 to 94.47 nm), Decreased bond length (3.04 to 2.52), Decreased volume
(367.76 to 54.49).

Strong raman signal in MSW-T results from its elevated ratio of Ca content.

A large zone of inhibition surrounded the MSW-T(1200°C), indicate an excellent
anti-microbial activity than others.

Compared to all extracted and calcined MSW, MSW-T exhibited significant decrease

in coagulation time.
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5.B. Physical and mechanical characterization of different forms of haemostatic scaffold
prepared by using MSW extract.

After comprehensive evaluation of air-dried, freeze-dried, and electrospun nanofiber
formulations, the drug eluting nanofiber with calcined marine shell waste emerged as the

superior haemostatic agent based on multiple performance criteria.

5.B.1. Preparation of electrospun nanofiber by changing parameter
Electrospinning represents an effective technique for creating high quality biopolymer

nanofibers, including chitosan. These chitosan nanofibers exhibit biodegradability,
biocompatibility, antimicrobial properties, and platelet aggregation making them valuable for
haemorrage and wound healing applications. The electrospinning parameters such as solution
concentration, applied electric voltage, syringe orifice diameter, temperature, humidity, and
flow rate, play a crucial role in determining the nanofiber diameter, morphology, and
mechanical properties. In this experiment we worked for smooth, beedless, efficient nanofiber
fabrication. Chitosan molecules carry a positive charge in solution, especially under acidic
condition that increases the surface tension. The high surface tension and viscosity of chitosan
at moderate concentration can lead to a large number bead formation instead of continuous
nanofiber. It has rigid structure and forms strong intramolecular hydrogen bonds that leads to
less chain entanglement. Electrospinning pure chitosan does not produce nanofibers due to its
high molecular weight, limited solubility, and elevated viscosity, which cause bead formation
instead of continuous fibers. The strong hydrogen bonding and high viscosity prevent adequate
chain entanglement and molecular movement. Blending chitosan with PVA overcomes these
limitations by improving solution viscoelasticity, enabling the formation of uniform, bead-free
nanofibers. To overcome these challenges, poly vinyl alcohol is added with chitosan to improve
electrospinnability showed in Table 5.B.1. For this we formulated different ratio of PVA and
chitosan polymer in trial-and-error method.

Table 5.B. 1 Electrospinning parameter and respective fiber diameter of different types of poly
vinyl alcohol and chitosan formulation.

Applied

Material Viscosity POIymer Distance Flow electric Temp _Flber
Sample PVA:CS (CP) concentration (cm) rate - iooe (°C) diameter
: (9/200mL) (mi/hr) (kV‘)J (nm)
PVA:CS
1 (100:0) 1557 12 10-12 1 16-18 27 100-364
PVA:CS 0.4-
2 (90:10) 1326 11 10-12 0.6 16-20 32 150417
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sample Material
PVA:CS
PVA:CS
(80:20)
PVA:CS
(70:30)
PVA:CS
(60:40)
PVA:CS
(50:50)
PVA:CS
(0:100)
PVA:CS
(80:20)+
30mg/m
L TXA
PVA:CS
(80:20)+
30mg/m

LE
PVA:CS
(80:20)+
10 30mg/ml
txa+30m
g/ml E
PVA:CS
(80:20)+
30mg/ml
txa+30m

g/mi
E+5mg/

ml
MSW-T

11

Viscosity
(CP)

1056
906
812
724

243

1068

1084

1012

658

Polymer

concentration
(9/100mL)

10

9

8

9.3

11.7

Distance

(cm)

10-12
10-12
10-12
10-12

10-12

10-12

10-12

10-12

10-12

Flow
rate
(ml/hr)

0.4-
0.6

0.7
0.5
0.4

0.4-1

0.4

0.4

0.4

0.5

Applied

electric

voltage
(kV)

16-20
18-24
20-27
20-27

20-30

18-20

18-20

18-20

22-27

Temp
(°C)

32
37
38-40
37-42

37-42

32-34

32-34

32-34

37-41

Fiber
diameter
(nm)

147+12

163+34

Beeded
180+17
Beeded
286+63
Not
produce

247+12

250+17

347+22

152+6

When PVA/CS/Drug/MSW-T fibers were produced, both pore size and fiber diameter showed
slight decreases. Pore size refers to the empty spaces that exist between adjacent fibers. During

fabrication of MSW-T containing fibers, aggregation occurred at the needle tip. Outlet diameter

of needle slightly was decreased by aggregation. The fibre with smaller diameter has larger

density and small pore size[24]

5.B.2. Study of vibrational spectroscopy
Figure. 5.B.1(a) depicts the light brown and reddish colours of the air dried PVA/CS (AD1)

and PVA/CS/MSW-0O (AD?2) films, respectively, to the unaided eye. Calcium crosslinked with

hydroxyl group of CS and PVA produced an acetal reaction forming a molecule of H-O-H and
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a novel polymer with an O-C-O bond. The reaction is homogeneous; therefore, chitosan is
uniformly distributed in the composite film to prevent high CaCOs; agglomeration. Raman
spectroscopy of the AD1 and AD?2 films are shown in the Figure.5.B.1(b). In the spectra of
PVA powder, the stretching vibration of the C-O group had a peak at 1082 cm™* and the C-C
group had a stretching band of 860 cm-L. The spectra of CS exhibited a resonance band at 1114
cm® representing the saccharide structure and at 1085 cm-! showed the asymmetric stretching
vibration of C-O-C glycosidic linkage. The peak of the O-H bond is lower due to involved in
the crosslinking reaction. We also observed the Raman peaks of OS powder at 712 and 1090
cm® assigned respectively to the out-of-plane bending (v2) and stretching (v1) internal
vibration mode of CaCO3z[25]. The Raman spectra of AD1 showed an absorption band of 787,
854, 1025, and 1083 cm indicating the overlap between CS and PVA. Also, the AD2 film
showed the inclusion of OS powder in PVA/CS film.

(a) (b) 900

AD2
800

M/\'\.\W—-——A.Ql-“\
700+
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600+

500+ PVA

Raman Intensity(a.u)

500 1000 1500 2000

Wave number t:m'1

Figure 5.B. 1 Study of air dried film by a. Pictorial image b. Raman spectrum.

The physical properties of the freeze dried PVA-chitosan (PVA/CS) and PVA-chitosan-OS
(PVAICS/MSW-0) sponges represented in Table 5.B.2.

Table 5.B. 2 Physical properties of biogenic marine shell waste derived calcium carbonate —
chitosan sponges

Samples Colour Nature Density(g/cc) Porosity Pore size
(%)

PVA/CS Yellow Brittle 0.1517 3948 12.43+1.7

PVA/CS/IMSW-O Brownish Spongy 0.1245 44+11 5.67+1.3

Sponge PVA/CS exhibited larger pore sizes but the overall pore density was lower.
Consequently, the void fraction was reduced, resulting in a higher density compared to the
PVA/CS/IMSW-O sponge, which was characterized by greater number of smaller pores,
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increased porosity and lower density. Further, PVA/CS/MSW-O were found to be brownish in
colour than PVA/CS, which may be due to Maillard-type self-reaction in chitosan in the
presence of calcium ions. This can be prevented by greater pH control towards processing or
use of functionalized chitosan preventing access of free amino groups to reducing sugar groups.

Fourier Transform Infrared Spectroscopy (FTIR) analysis confirmed the successful
incorporation of CaCOz into the PVA/CS freeze-dried sponge (Figure.5.B.2). The FTIR
spectra of the PVA/CS sponge revealed characteristic peaks related to its saccharide structure
at 1085 cm! (C-O deformation vibration), amide bands at 1647, 1543, and 1315 cm
(corresponding to Amide I, I1, and I11, respectively), a methylene group peak at 2947 cm-1, and
a broad hydroxyl group peak at 3345 cmt. The weaker amide I, Il and Il vibrations may be
contributed by the N—H bending (in-plane), C—N or C-C stretching of the residual acetamide (-
NHCOCHs-) groups from the acetylated parent compound, chitin. The PVA/CS/IMSW-O
sponge retained all these characteristic peaks with slight diffraction and exhibited additional
peaks indicative of CaCOs incorporation. Peaks related to Ca-O in-plane bending (v1) was
observed at 709 cm, C-O out-plane bending (v2) at 840 cm, and asymmetric stretching
vibration (v3) of CO32 in calcite at 1416 cmL. [26] These results comprehensively confirm the
presence of both PVA/CS components and the successful integration of CaCOs in the

composite sponge, validating the intended composition of the freeze-dried hemostatic material.

| PVA/CS/MSW-0O PVA/CS]
et
=)
=
=
= 1416
=
= 200 —
= 1146 840 709
=
L
=
=
b 2937 1647
3345 1240
1085 675
150 T T T T T T 1
4000 3500 3000 2500 2000 1500 1000 500

Wave number(cm™)

Figure 5.B. 2 FTIR spectra of marine shell waste derived powder incorporated in freeze
dried hemostatic sponge.
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Figure 5.B. 4 FTIR spectra of calcined marine shell waste with drug loaded nanofiber.

Fourier Transform Infrared Spectroscopy (FTIR) analysis confirmed the successful
incorporation of active pharmaceutical ingredients (Tranexamic Acid and Ethamsylate) into
PVA/CS nanocomposite fibers and MSW-T particles into MSWNF nanofibers, as demonstrated
in Figure 5.B.3 & 5.B.4. The pure chitosan (CS) spectrum exhibited characteristic peaks
associated with its saccharide structure at 888 and 1019 cm-! [27], while strong absorption
peaks at 1374, 1542, and 1654 cm! corresponded to the amide bands (amide I11, amide I1, and
amide | respectively), along with a broad hydroxyl peak at 3317 cm and C-H stretching
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vibrations at 2868 cm-1. The PVA spectrum revealed characteristic vibrations of hydroxyl and
acetate groups, specifically showing a broad O-H stretching band at 3296 cm, C-H
asymmetric stretching of alkyl groups at 2923 cm-1, and distinctive bands at 1084 and 1533 cm
-1 attributed to acetyl groups and symmetric deformation of the —NHs* group. The TXA
spectrum displayed characteristic peaks at 1450 cmt (methylene), 1532 cm! (carbonyl), and
2858 cm-! (C-H stretching) [28], while ethamsylate showed characteristic peaks at 3750 cm!
(aromatic O-H) and 1022 cm-? (sulfonyl). In the dual drug-loaded PVA/CS/TXA-E (CNF)
nanofibers, the presence of both drugs was confirmed by their respective characteristic peaks
(ethamsylate: 1147 cmt, 3742 cm; TXA: 1398 cmt, 2939 cm), along with polymer matrix
peaks (827, 1076, 1536, 1644 cm-?, and 3300 cm-?) [29]. The absence of new peaks indicating
ester, amide, N-glucosamine, or sulfonamide formation, coupled with peak broadening at
specific wavelengths, suggested that the drugs were incorporated through hydrogen bonding
interactions rather than chemical bond formation. Furthermore, MSWNF nanofibers showed
characteristic peaks for Ca-O and -OH functional groups, corresponding to CaO and Ca(OH).,
with C=0 peaks at 2864 and 1469 cm, and -OH peaks at 841 and 3638 cm-t, which were
notably absent in CNF, confirming successful incorporation of MSW-T particles into the
MSWNF nanofiber structure [30].
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Figure 5.B. 5 Raman spectra of drug loaded nanofiber.
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Figure 5.B. 6 Raman spectra of freeze dried sponge.

Raman spectroscopic analysis provided complementary evidence for the successful
incorporation of components in PVA/CS/TXA-E and freeze-dried sponge showed in
figure.5.B.5 and 5.B.6. The PVA powder exhibited characteristic peaks at 1082 cm (C-O
stretching) and 860 cm-! (C-C stretching bands), while chitosan showed distinctive resonance
bands at 1114 cm (saccharide structure) and 1085 cm® (asymmetric stretching of C-O-C
glycosidic linkage). The successful incorporation of drugs was confirmed through specific
peaks for TXA (1022, 1169, 1469 cm) and Ethamsylate (873, 916, 1082, 1155 cm1). In the
case of OS-containing composites, characteristic peaks at 712 and 1090 cm* were observed,
corresponding to the out-of-plane bending (v2) and stretching (v1) internal vibration modes of
CaCO:s [25]. The freeze-dried PVA/CS (FD1) film showed characteristic absorption bands at
787, 854, 1025, and 1083 cm-L, indicating successful blending of CS and PVA, while the
PVA/CS/IMSW-O (FD2) film spectrum further confirmed the incorporation of OS powder
through the presence of distinctive CaCOs peaks alongside the polymer matrix bands. The

reduced intensity of O-H bond peaks suggested their involvement in crosslinking reactions.
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5.B.3 Mechanical characterization
The mechanical properties of various nanocomposite systems demonstrated significant

variations based on their composition and structural characteristics. A suitable material for
hemostasis is produced by combining reduced strength and a higher Young's modulus in
nanofibers, making them flexible enough to contour wounds but rigid enough for structure.
This balance minimizes bleeding by providing a scaffold for clot formation while allowing
natural healing. In the air-dried films containing OS (AD2) exhibited superior mechanical
performance in figure.5.B.7 with an ultimate tensile strength (UTS) of 11.6 MPa compared to
AD1 (6.4 MPa), and notably higher elongation at break (180% versus 40%). This enhanced
elasticity and strength in AD2 was attributed to the incorporation of calcium ions into the
PVA/CS matrix, creating a more compact and fracture-resistant structure. This result
corroborated with the findings of other researchers. Chitosan exhibits high wetting ability but
poor mechanical properties and hence to improve the mechanical properties of the film, CS
was mixed with PVA which was a water-soluble polymer with good mechanical properties and
biocompatibility [31].
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Figure 5.B. 7 Stress-strain graph of air dried film [image acquisition before (a&b) and
after (c) measurement]

The PVAI/CS nanofibers showed composition-dependent mechanical behaviours in figure
5.B.8, where increased chitosan content led to higher brittleness. PC11 mats demonstrated UTS
and elongation at break values of 4.2 MPa and 13.5% respectively, while PC32 nanofibers
showed 3.78 MPa and 25%. The incorporation of TXA modified these properties, yielding
values of 5.2 MPa and 11.4% for PC11T, and 4.64 MPa and 28% for PC32T nanofibers, with
an 11% increase in UTS and 48% decrease in elongation upon higher CS content. Literature
also suggests that tensile strength (4.2 to 6.5 MPa) increases and elongation of break decreases
when CS incorporation increases [32]. The strength also corresponds to the tissue sealants used

for bleeding control [33].
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Figure 5.B. 8 Tensile stress-strain behaviour of tranexamic acid incorporated nanofiber
with different ratio of polymer composition (PVA/CS:1/1) and (PVA/CS:3/2).

In the case of MSWNF, compared to CNF (UTS: 5.14 MPa, elongation: 11.54%, Young's
modulus: 44.54 MPa), it showed an 18% increase in strength and 46% decrease in strain,
achieving values of 6.11 MPa, 6.14%, and 99.51 MPa for ultimate stress, elongation at break,
and Young's modulus respectively in the figure 5.B.9(a). This enhancement was attributed to
calcium oxide incorporation and improved inter-fiber bonding. This aligns with Sambudi et
al.'s findings that calcium carbonate inclusion stiffened PVA/CS fiber networks [34]. However,
the smooth nature of MSWNF indicated that CaO polymer matrix formed a homogenious
composite. Mechanical analysis showed that MSWNF possesses higher stiffness and lower
swelling than CNF due to Ca?*"- mediated ionic crosslinking with chitosan’s amino groups.
While this increases rigidity and dimensional stability, it also results in reduced elongation at

break.
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Figure 5.B. 9 Mechanical behaviours characterization by (a) stress-strain curve of
marine shell waste nanofiber (b) compression stress-strain of freeze dried sponge.
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The compression stress-strain characteristics (figure. 5.B.9b) revealed nonlinear behaviour in
both PVA/CS and PVA/CS/IMSW-O sponges, with initial elastic regions followed by sharp
stress increases at higher strains (50% for PVA/CS and 75% for PVA/CS/MSW-O).
PVA/CS/MSW-O demonstrated greater initial deformation capacity and enhanced energy
absorption due to its higher porosity and softer initial structure, while PVA/CS showed earlier
strain hardening due to its denser structure. These mechanical properties align well with the
requirements for hemostatic applications, providing suitable strength and flexibility for wound

contouring while maintaining structural integrity for effective clot formation.

PVA/CS/IMSW-O exhibited greater initial deformation than PVA/CS before stiffening, while
PVA/CS demonstrated earlier strain hardening. Compared to PVA/CS, PVA/CS/IMSW-O
underwent significant compression before densification. The onset of densification in the
PVA/CS sponge showed less total deformation capacity, likely due to its denser structure. In
contrast, the PVA/CS/MSW-O sponge possessed greater initial porosity with more void space.
Its softer initial structure made it more flexible, resulting in lower initial stiffness and enhanced
energy absorption capacity. A moderate range of mechanical strengths was previously seenin a
number of chitosan composites, such as chitosan-hydroxyapatite-collagen scaffolds (0.06
MPa), alginate/chitosan sponges (0.0043 MPa), and chitosan-collagen sponges (0.013 MPa)
[35], [36]. In order to stop blood loss quickly, Patil et al. also found that xerogel composites
comprising calcium and silica nanoparticles in chitosan and gelatine have a compressive
strength of 2.5 MPa with 89% strain at break [37].

5.B.4 Swelling and degradation study
The swelling and degradation characteristics of various nanocomposite systems demonstrated

composition-dependent behaviour crucial for hemostatic applications. In the air dried flim,
AD1 showed maximum swelling of 94% after 20 min, while AD2 exhibited higher swelling
(107%) after 60 min, with AD1 showing faster degradation compared to AD2. Swelling and
degradation results are demonstrated in figure 5.B.10. This difference was attributed to
calcium's crosslinking effect in AD2's PVA/CS matrix, which restricted faster matrix
breakdown.
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Figure 5.B. 10 Swelling and Degradation study of air dried film.

The PVAJ/CS sponges demonstrated in figure 5.B.11 significantly higher swelling capacities,
with PVA/CS and PVA/CS/MSW-O reaching 293 + 5% and 257 + 5% respectively after 20
minutes, followed by stabilized degradation with remaining mass percentages of 80.76% and
78.57% after 24 h. PVA/CS demonstrated a higher swelling capability compared to
PVA/CS/IMSW-0O. Among the two formulations, PVA/CS initially absorbed phosphate buffer
solution (PBS) solution more rapidly, while PVA/CS/IMSW-O showed reduced swelling
capability due to calcium crosslinking. Swelling is a critical parameter in hemostasis, as it fast
absorbs blood and exudates, and subsequently provides a humid environment conducive to cell

growth and tissue formation.

(a) (b)
300+
—— PVA/CS 100 ——PVA/CS
250 — PVA/CS/MSW-O | - ——PVA/CS/MSW-0O
_E’J 95 | o
T = .
£ o
5 Rk
¢ S
EJJ a\c 85 o 0 20 W 4 W 6
=]
80 I
I
0 7 20 -3 20
T T T T T T T 1 75 T T T T T T T 1
0 200 400 600 800 1000 1200 1400 1600 0 200 400 600 800 1000 1200 1400 1600
Time (min) Time (min)

Figure 5.B. 11 Physical characterization of freeze dried sponge by (a) swelling capacity
and (b) degradation rate

In the nanofiber systems, PVA/CS matrices loaded with TXA showed varying swelling
behaviours, with PC32 exhibiting a swelling ratio of 433% compared to PC11l's 410%,
attributed to the varying hydrophilic PVA content in the figure 5.B.12a. The dual drug-loaded
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PVA/CS nanofibers demonstrated rapid swelling in phosphate buffer-saline, achieving
saturation within 10 minutes with approximately 500% water absorption while maintaining
structural integrity. TXA and E loaded PVA/CS nanofibers showed rapid swelling in phosphate
buffer-saline and a saturation swelling ratio of 459% for PVA/CS/TXA, 409% for
PVA/CS/ITXA-E, 393% for PVA/CS/E, and 366% for PVA/CS was achieved after 10 min of
incubation. All the matrices underwent around 500 % water absorption without any structural
disintegration. Except, E-loaded nanofibers which showed the least swelling degree was not
significantly different amongst the other groups (P value > 0.001). An appreciable swelling is
expected from hydrophilic hemostatic patches so that blood components are absorbed onto the
surface of the matrix and activate the coagulation cascade. PVA-chitosan based matrices
applied for hemostasis applications usually have swelling in the range of 400-800% for
adequate performance [38], [39]. The degradation profiles after 25 days showed figure 5.B.12b
varying mass losses: PVA/CS (47 + 5%), PVAICS/ITXA (47 + 4%), PVA/CS/E (69 + 5%), and
PVA/CS/TXA-E (58 + 3%). Previous literature studies have attempted to optimize degradation
rate of hemostat nanofibers to these levels[40] [41]. A balance between degradation rate and
efficiency is crucial for topical hemostatic scaffold. Overly rapid degradation raises the
possibility of rebleeding, while impaired degradation can interfere with organ regeneration and
prolong chronic inflammation phase [42]. It can be suggested that the PVA/CS/TXA-E
nanofibers possess the nanofiber diameter, hydrophilicity, morphology, swelling and
degradation properties values close to the values reported for satisfactory performance by

hemostatic biomaterial patches.
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Figure 5.B. 12 Physical characterization of dual drug nanofiber by (a) swelling and (b)
degradation study.
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A hemostatic nanofiber must strike a balance between structural integrity and its response to
blood exposure. Adding MSW-T to CNF nanofiber creates MSWNF, which reduces the
hydrophilicity of the nanofiber membrane. This is crucial because hemostatic scaffolds that
loosen instantly in the presence of blood or fluid would be ineffective and may flow away from
the injured organ. MSWNF demonstrated moderate swelling compared to CNF, with CNF
showing peak swelling of 350% after 10 minutes, decreasing to 300% after 1 hour, while
MSWNF peaked at 300% after 20 minutes, declining to 220% after 1 hour in the figure 5.B.13.
This controlled swelling in MSWNF was attributed to chemical interactions between chitosan
amine groups, PVA hydroxyl groups, and Ca?" ions from MSW-T. In PBS medium containing
monovalent ions like Na*, MSWNF undergoes an ion exchange process between Ca?* and Na*
ions, potentially providing a mechanism for controlled nanofiber degradation [43]. These
properties align well with hemostatic requirements, where balanced swelling facilitates blood
component absorption and coagulation cascade activation, while controlled degradation

prevents rebleeding while supporting tissue regeneration.
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Figure 5.B. 13 Physical characterization of marine shell waste nanofiber by swelling and

remaining weight study.
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5.B.5. Contact angle measurement
The contact angle measurements revealed composition-dependent surface wettability across

various nanocomposite systems depicted in the figure 5.B.14. Surface wettability is crucial for
blood coagulation in biomaterials. In the air dried scaffold, AD1 and AD2 films exhibited
contact angles of 49.54 + 0.92° and 59.64 + 7.71° respectively, with AD1 showing greater
hydrophilic behavior. The increased contact angle compared to pure PVA (45.5° = 1.1°) [44]
was attributed to chitosan incorporation, while the higher value in AD2 resulted from calcium
carbonate loading. In the drug-loaded nanofiber systems, PVA/CS membranes showed a
baseline contact angle of 36 + 2°. The incorporation of individual drugs maintained similar
hydrophilicity, with PVA/CS/TXA and PVA/CS/E showing contact angles of 36 + 2° and 38 +
1° respectively. However, the dual drug-loaded system (PVA/CS/TXA-E) demonstrated
enhanced hydrophilicity with a significantly reduced contact angle of 32 + 1° (P < 0.05),
attributed to the presence of two hydrophilic drugs. In the MSW-T incorporated systems,
MSWNF nanofibers showed a slightly increased water contact angle (37 + 2°) compared to
CNF nanofibers (32 £+ 1°), maintaining moderate hydrophilicity due to strong hydrogen
bonding between PVA and chitosan. These intermediate contact angles (32-60°) are particularly
advantageous for hemostatic applications, as they strike a balance between preventing
excessive blood loss (unlike superhydrophobic surfaces) while promoting platelet attachment
and clot formation (unlike super-hydrophilic matrices with 0° contact angles). The moderate
hydrophilicity, combined with nanoporous architecture, supports optimal hemostatic
performance through controlled blood absorption and cell adhesion. Both hydrophilic and
hydrophobic nanofibers have been explored in hemorrhage control, wherein superhydrophobic
surfaces like carbon nanotubes are used to prevent noticeable blood loss but they do not trigger
clotting [45]. Contrarily, super hydrophilic matrices like the poly(vinyl pyrrolidone)-calcium
chloride-thrombin based matrices with water contact angle of 0° have also been used but they
result in appreciable blood loss especially in heavy trauma. The PVA/CS/TXA-E have a contact
angle of 32, indicating an intermittent hydrophilicity, which combined with the nanoporous
architecture can prevent blood loss and at the same time promote attachment of platelets to
form the blood clot. A study with hyperbranched polymers has also shown higher hemostat
performance with contact angles in the range of 40° [46][47], [48] [49]. In PVA/CS/TXA-E,
incorporation of PVA not only aids in electrospinning process of the crystalline chitosan but

also enhances the hydrophilicity required for water absorption. MSWNF (37 + 2°) nanofibers
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showed an increased water contact angle compared to CNF nanofibers (32 + 1°). Both
nanofibers exhibited hydrophilic properties, with MSWNF exhibiting a more moderate
hydrophobicity due to the incorporation of MSW-T powder, which formed strong hydrogen
bonds between PVA and chitosan.
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Figure 5.B. 14 Contact angle study of air dried film and electrospun nanofiber.

5.B.6 Scanning electron microscopy study

Scanning electron microscopy (SEM) revealed distinct morphological characteristics across
various nanocomposite systems. The PVA/CS and PVA/CS/MSW-O sponges exhibited rough
and porous network morphology, with PVA/CS showing larger pore sizes compared to
PVA/CS/MSW-O as showed in the figure 5.B.15. This may be due to a combination of gas
evolution and partial dissolution as calcium carbonate comes in contact with acetic acid, thus
acting as a physical template for increasing the pore structure [50]. This porous architecture
was designed to facilitate fluid absorption, gas exchange, and blood platelet aggregation,

supporting effective clot formation.

Figure 5.B. 15 SEM micrograph of freeze dried sponges (a) PVA/CS (b) PVA/CS/IMSW-O

89|Page



Figure 5.B.16(a—d) represents SEM micrographs of electrospun PVA-CS-TXA nanofibers.
Uniform morphology was seen for both PVA/CS 3:2 and 1:1. After loading the drug, PC32T
composition showed uniform beads-free morphology whereas some very small beaded
structures could be observed for PC11T. Moreover, drug incorporation showed some flattening
of the nanofiber membranes. This may be due to the hygroscopic nature of TXA. Average
diameters of membranes were found to be 180, 150, 220 and 160 nm, respectively for PC32,
PC11, PC32T and PC11T. Notably, the average diameters were found to decrease due to the
addition of CS and found to increase due to addition of TXA. These results are consistent with

the values reported in the literatures[51], [52].

Figure 5.B. 16 SEM micrograph of different polymer composition electrospun nanofiber

with tranexamic acid drug loaded (PC32, PC11, PC32T and PC11T)

In the drug-loaded nanofiber systems, the optimal polymer ratio for bead-free fiber formation
was established at 20% CS and 80% PVA and showed in the figure 5.B.17(a-d). The pristine
PVA/CS nanofibers demonstrated good uniformity with regular diameters of approximately
147 nm, while drug incorporation increased fiber diameters to around 400 nm (PVA/CSIE,
PVA/CS/TXA, PVA/CS/TXA-E). Upon exposure to water and blood fluid, these nanofibers
maintained their structural integrity while exhibiting flattening and thickening to dimensions
of 10-15 um. This fiber diameter range (300-400 nm) aligns with optimal parameters reported

for platelet adhesion and water absorption in hemostatic applications [53]. Certain patented
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dressing composed of chitosan, kaolin and Pluronics™ also employ nanofibers with diameters

around or less than 500 nm[54].

Figure 5.B. 17 SEM picture of drug loaded electrospun nanofiber with same polymer
composition (PVA/CS, PVA/CS/E, PVA/CSITXA, PVA/CS/TXA-E)

The MSWNF system showed successful incorporation of MSW-T particles, with SEM
confirming continuous integration of MSW-T microparticles within the nanofiber mesh in
figure 5.B.18(a-b). CNF nanofibers had an average diameter of 168 + 38 nm, and the diameter
of MSWNF was measured to be 120 = 20 nm. Macroscopically, the fibrous patches appeared
robust, homogeneous, and aesthetically suitable for direct incorporation as kit components,
with their morphological characteristics supporting effective haemostatic function through
enhanced surface area and platelet interaction capabilities.
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Figure 5.B. 18 (a-b) SEM images of control nanofiber (CNF) and marine shell waste
nanofiber (MSWNF).
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Major Observations

PVA/CS sponge exhibited larger pore size and overall pore density was lower.
PVA/CS/IMSW-O was characterized greater number of smaller pores, increased
porosity and lower density.

The fiber formation depends on viscosity of the polymers blend and deacetylation
of chitosan. The fiber diameter is proportional to its viscosity.

The absence of any new peak including ester, amide, N-glucosamine or
sulfonamide formation, coupled with peak broadening at specific wave length
suggests drug was incorporated through H-bond in PVA/CS/TXA-E nanofiber.
MSWNF nanofiber showed characteristic peak for CaO and OH functional group
conformation of MSW-T incorporation.

Higher UTS and lower elongation at break was shown in calcium incorporated
scaffold. Improved mechanical property when MSW-T was incorporated to
chitosan scaffold.

UTS increase (3.78MPato 4.2 Mpa) when chitosan incorporation increases. Drug
and MSW-T incorporation also increase UTS but decrease in elongation that
improve the fiber bonding.

On compression PVA/CS sponge showed earlier strain hardening due to densar
structure. PVA/CS/MSW-O sponge showed grated initial deformation capacity
and enhanced energy absorption due to high porosity.

MSWNF have a contact angle of 32 indicating, an interment hydrophilicity, that
bind with nanoporous architecture which prevent blood loss and promote
attachment of platelet to from blood clot.

SEM images show nanofiber diameter increases when viscosity of the solution
and concentration increases.

The controlled swelling in MSWNF was attributed to chemical interaction
chitosan amine group, pva hydroxyl group and Ca ion from MSW-T. MSWNF
undergoes an ion exchange process between Ca and Na potentially providing a

mechanism for control nanofiber degradation.
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5.C. Biological characterization and in-vitro blood clotting parameters of different
forms of hemostatic scaffold.

5.C.1. Hemocompatibility assessment
The hemocompatibility assessment across various nanocomposite systems demonstrated

favourable blood compatibility in accordance with ASTM F756 standards [55]. In the air
dried scaffold, AD1 and AD2 films showed minimal hemolysis values of 0.65 + 0.14% and
1.21 + 0.2% respectively, well below the 5% ASTM threshold for high hemocompatibility
depicted in the figure 5.C.1a. The PVAI/CS sponge systems exhibited in figure 5.C.1b
exceptional blood compatibility with hemolysis rates below 0.5%, with PVA/CS/MSW-0O
showing the lowest hemolysis, attributed to the presence of calcium ions in its matrix which
inhibits hemolysis and regulates erythrocyte deformability. This observation can be
attributed to the presence of calcium ions within its sponge matrix. Pickering et al.
confirmed that an excess of calcium salts inhibits hemolysis [56]. Furthermore, Yalcin et
al. emphasized the role of calcium in regulating erythrocyte deformability, noting that
increased calcium concentration in the suspending medium impairs RBC deformability
[57]. These findings corroborate our conclusion that the reduced hemolysis observed is due
to the presence of calcium ions in the PVA/CS/MSW-O matrix, which protects erythrocytes

from degradation.
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Figure 5.C. 1 Hemocompatibility study of (a) air dried film (b) freeze dried sponge.

In the figure 5.C.2a PC32, PC11, PC32T, and PC11T demonstrated hemolysis values of
2.8%, 5.0%, 1.4%, and 3.8% respectively, meeting ISO 10993 requirements (<5%). While
chitosan showed slight hemolytic activity, TXA incorporation did not significantly affect
hemocompatibility. The MSW incorporated systems showed varying degrees of blood
compatibility, with MSW-O and MSW-T powders exhibiting hemolysis percentages of 3.8
+ 0.2% and 0.49 + 0.24% respectively in the figure 5.C.2b. The nanofiber variants, CNF
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and MSWNF, demonstrated hemolysis percentages of 5 + 0.3% and 4 + 0.2% respectively,
indicating improved blood compatibility due to the synergistic effect of chitosan and
calcined MSW powder. All tested materials maintained hemolysis rates below the 5%
confirming their suitability for blood-contacting applications. The consistently low
hemolysis rates across all scaffolds suggest minimal risk of complications such as
thrombosis or adverse immune reactions, supporting their potential use in various

biomedical applications.
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Figure 5.C. 2 Hemocompatibility study of electrospun nanofiber

5.C.2 Antibacterial activity

Various studies have demonstrated enhanced antimicrobial activity with calcium-containing
compositions compared to their base counterparts, as evidenced by multiple zone of inhibition
(ZOI) measurements in figure 5.C.3(a,b). Studies showed that the ZOI increased from
1.96+0.5 cm? to 3.24+0.15 cm? when comparing AD1 to AD2, and from 1.74+1 cm? to 5.4+0.5
cm? for PVA/CS versus PVA/CS/MSW-O in figure 5.C.3(c,d). The increased antimicrobial
property in AD2 and PVA/CS/MSW-O was noted and this may be due to the addition of Ca ion
which can lead to the microbial cell wall rapture and generation of reactive oxygen species
(ROS) and free radicals which strongly affects the cell integrity [58]. These study results can
be well corroborated with the findings of Egil et al [59] , Their study on antifungal and
antibacterial assays revealed that calcium incorporation increased the antimicrobial effects due
to the precipitation of Ca(OH)2 on the surface of CaO crystal from the supersaturated liquid
phase [60]. Our observation of Ca?* modulation in ROS homeostasis has also been reported by

other researchers [61], [62].
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Figure 5.C. 3 Antibacterial assay and zone of inhibition against Staphylococcus aureus in
(a,c) air dried and (b,d) freeze dried scaffold (e) anti biofilm activity of PC11T, PC32T

Studies on biofilm formation in the figure 5.C.3e revealed that PC32 nanofibers showed an
OD@575 of 2.15, while PC11 nanofibers demonstrated 1.5, indicating significant anti-biofilm
activity due to CS content. The addition of TXA reduced these values to 1.55 and 1.25 for
PC32T and PC11T respectively, suggesting that TXA incorporation did not interfere with the
anti-biofilm properties of CS-based nanofibers. Similarly, against S. aureus (figure 5.C.4) and
E. coli (figure 5.C.5), the ZOlI increased from 13+1 mm with CNF to 21+1 mm and 261 mm
with MSWNF, respectively. The presence of CaO endows oyster-shell-derived powders and
membranes with antibacterial activities; it is known that Cao shows antibacterial activity
through hydration and dissociation in the liquid phase. This leads to an alkaline condition with
high pH surrounding the bacteria, the main contributor to its bactericidal activity. Cardiolipin
(CL) is the main lipid portion in the cell membrane component of bacteria. It regulates the
main dynamic center, including energy metabolism, membrane transport, and cell division. The

dissociation of CaO releases Ca?* ions, which have a strong affinity for the negatively charged
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cardiolipin (CL) in bacterial cell membranes. The resulting Ca2*-CL bonds initiate a cascade
of bacterial destabilization processes, including compromised structural integrity, cell wall
disruption, and leakage of cellular contents. This sequence ultimately leads to starvation and
cell death [63]. The grain dimensions and bond length of calcined MSW-T were reduced after
calcination. Finally, Reactive oxygen species (H20*, Oz, H202) formed on the CaO surface
disrupt the structural integrity of polyunsaturated phospholipids in microbial cell membranes.
Superoxide was produced due to CaO dissociation in the slurry, which was marked as the
primary source of active O2[64]. Thus, MSW-T shows antibacterial activity by combining
alkaline pH, Ca?*-CL bonding, and super oxidation (O%) on the CaO surface, resulting in

bacterial cell wall disintegration and cell lysis.
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Figure 5.C. 4 Antibacterial activity and zone of inhibition of extracted and marine shell
waste powder with electrospun nanofiber against S. Aureus.
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Figure 5.C. 5 Antibacterial activity and zone of inhibition of extracted and marine shell
waste powder with electrospun nanofiber against E. Coli bacteria.
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Table 5.C. 1 Cell viability and Hemolysis percentage of Saffold.

Air Dried Freeze Dried Electrospin nanofiber
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5.C.3 Cell cytocompatibility and cell migration assay
The cytocompatibility assessment of various materials demonstrated consistently favorable

results across different compositions. The MTT assay revealed in the figure 5.C.6 (a) that
PVA/CS and PVA/CS/MSW-O sponges exhibited excellent cell viability exceeding 90%, with
PVA/CS/IMSW-O showing the highest confluency in DAPI staining analysis, indicating
superior cytocompatibility and cellular proliferation in the figure 5.C.6 (b&c) after 3 days.
Compared to the PVA/CS sponge, fibroblast proliferation on the PVA/CS/MSW-O sponge

showed no significant difference at P<0.05.
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Figure 5.C. 6 Biocompatibility assessment of freeze-dried sponge and dual drug loaded
sponge with DAPI

In the evaluation of nanofiber patches, PVA/CS, PVA/CS/TXA, PVAICS/E, and
PVA/CS/TXA-E demonstrated cell viability of 83+3%, 79+2%, 85+2%, and 77+4%
respectively after 72 hours of fibroblast cell growth, with PVA/CS/E showing the highest cell
viability among the variants in the Figure 5.C.6(d). The influence of hemostatic drug TXA,
and E on fibroblast cell migration was studied by scratch assay. Fibroblast cells on either side
of the scratch migrated towards each other at higher numbers for PVA/CS/TXA and
PVA/CS/TXA-E as compared to that of PVA/CS/E and PVA/CS nanofiber bed showed in the
figure 5.C.7. Overall, the rate of cell migration was seen to be quite high with all the drug-
loaded nanofibers demonstrating near complete gap closure within 24 h. Increase in cell
migration suggests the potential for wound healing and higher expression of cell adhesion and
growth associated factors, thus proving the regenerative capacity of the nanofibers. A recent
report on fibroblast cell migration have shown improved wound healing [65].
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Figure 5.C. 7 Biocompatibility assessment of dual drug-loaded nanofiber patches
evaluated by (al-a4) and (b1-b4) scratch assay for migration of cells at 0 hour and 24
hours.

The powder samples and nanofibers also showed promising results, with MSW-T exhibiting
90% cell viability compared to MSW-O's 81%, while CNF and MSWNF nanofibers achieved
85% and 82% cell viability respectively after three days of cell culture in the figure 5.C.8a.
The scratch assay revealed enhanced fibroblast cell migration in drug-loaded nanofibers,
particularly in PVA/CS/TXA and PVA/CS/TXA-E compositions, demonstrating near-complete
gap closure within 24 hours. This increased cell migration suggests strong wound healing
potential and elevated expression of cell adhesion and growth-associated factors, confirming
the regenerative capacity of the nanofibers. DAPI staining further supported these findings,
showing significantly increased cell attachment on MSWNF compared to CNF nanofibers,
attributed to the presence of deacetylated chitosan which enhanced biocompatibility (figure
5.C.8b). Cell quantity increased significantly on MSWNF (369 + 10) compared to CNF
nanofibers (330 £ 20) or control (310 + 45).
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Figure 5.C. 8 Cytocompatibility of marine shell waste powders (extracted and calcined at
1200 °C (MSW-0O and MSW-T), PVA/chitosan nanofibers (CNF) and marine shell waste
calcined at 1200 °C powder-loaded PVA/chitosan nanofibers (MSWNF) membranes
studied by (a) MTT assay and (b) DAPI staining assay.

5.C.4 In-vitro hemostatic properties

The in vitro hemostatic properties of various materials were evaluated through multiple
parameters including clotting time (CT), prothrombin time (PT), activated partial
thromboplastin time (aPTT), and platelet recalcification time (PRT). Without intervention,
blood showed a baseline CT of 464-472 seconds. Calcium-containing compositions
consistently demonstrated enhanced hemostatic efficacy compared to their counterparts. For
instance, AD2 showed improved CT (280+18s) compared to AD1 (408+12s), while Other
confirmatory tests such as PT, APTT, and PRT also confirmed the better performance for AD2
in the figure 5.C.9(a-d). The lower PRT of AD2 (62+2s) than AD1(84+4s) showed intrinsic
coagulation ability increased. The PT and APTT time off AD2(18+2s & 70+4s) was lower than
AD1 (22+1.5s & 96+8s) respectively signifies slower rebleeding ability and higher clotting

performances for AD2 film.
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Figure 5.C. 9 In-vitro hemostatic parameters of air dried film.
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Figure 5.C. 10 In-vitro hemostatic parameters of freeze dried dried film.
The whole blood clotting time (CT) for PVA/CS/IMSW-O was 188 + 4 s, and for PVA/CS it
was 234 + 14 s as represented in Figure 5.C.10 (a). These values represent a significant
(p<0.0001) reduction to 41% and 50%, respectively, compared to the blank control group with
a CT of 464 + 20 s. In the case of PVA/CS/MSW-O, the CT reduction is attributed to chitosan
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as well as the sequestration of Ca** ions, which interrupts the blood coagulation pathway and
facilitates interaction between the hemostatic materials and the blood samples. Conversely, for
PVA/CS, the CT results reflect the presence of porous chitosan microsphere network structures
that promote rapid blood absorption and local concentration of blood coagulation factors [66].
The hemostatic efficacy of PVA/CS/MSW-O was higher than that of PVA/CS and the control
group. The PT values for PVA/CS/IMSW-0 and PVA/CS were 36 + 1 s and 56 + 3 s, compared
to 72 + 4 s for the blank control group. Similarly, the aPTT times for PVA/CS/MSW-O and
PVA/CS were 51 +2 s and 68 = 1 s, respectively, whereas the control group had an aPTT of 86
+ 2 s. These results, illustrated in Figure 5.C.10(b-c), indicate significant differences in PT
and aPTT parameters among PVA/CS, PVA/CS/IMSW-O, and the control group, suggesting
that these materials impact the extrinsic and intrinsic coagulation processes. In a previous study,
He et al. developed novel porous chitosan/CaCO3 materials via the wet granulation method.
They showed reduced in-vitro blood clotting parameters compared to chitosan alone, which
accelerates the activation of the intrinsic coagulation system [67]. Additionally, the lower
platelet recalcification time (PRT) observed for PVA/CS/IMSW-O (58 + 3 s) and PVA/CS (72
+ 5 s) compared to the control group (96 + 10 s) indicates an enhancement in intrinsic
coagulation ability in the Figure 5.C.10d. Both PVA/CS and PVA/CS/IMSW-O possess a
network structure that facilitates blood absorption and promotes platelet aggregation and
adhesion. Furthermore, chitosan, a component of these sponges, contains cationic groups that
interact with the anionic phosphate groups on platelets. The superior clotting effect of the
PVA/CS/MSW-O sponge can be attributed to the presence of calcium [68]. Notably,
PVA/CS/MSW-O exhibits enhanced hemostatic performance, as indicated by reduced clotting
and platelet recalcination times. The presence of Ca** in PVA/CS/IMSW-O activates the
coagulation system by facilitating thrombin formation, promoting the exposure of
phosphatidylserine on the platelet surface, and accelerating the coagulation complex formation.
Ca* also increases the stiffness of platelet aggregation, thereby aiding in the cessation of
bleeding [69]. In the previous study, Zhou et al. confirmed calcium release from a novel acetate
chitosan/CaCOs hydrogel could effectively promote blood coagulation and significantly
enhance wound healing of full-thickness skin defects in rats [70].

In chitosan-based systems, PC11T demonstrated superior performance with CT reduced to 65%
of control values. The whole blood clotting time of the nanofibers provided the evidence that
TXA loading into nanofiber membranes reduced CT. Addition of agents such as gallic acid

into chitosan electrospun nanofiber mats has shown a reduction to ~80% of untreated CT in
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previously reported literature[71]. In our findings, the CT of PC32 and PC32T were lowered
to 85 and 82% whereas PC11 and PC11T were 73 and 65% with respect to the control, it
signified that the nanofiber formulations developed have potential efficacy. TXA is an analogue
of lysine amino acid and inhibits plasmin formation by binding to lysine binding sites on
plasminogen. At higher concentrations, a direct inhibition of plasmin is also known for its
anti-fibrinolytic activity. In addition, a prolonged release of TXA is also desirable due to its
anti-inflammatory actions[72], [73]. On the other hand, CS exerts hemostatic action by
enhancing platelet adhesion, which is the primary mechanism of blood coagulation. Therefore,
the prominent role of CS in effecting hemorrhage control is explained. However, the combined
role of CS and TXA brings about increase in hemostasis performance. Indeed, Bartley proposed
quite some time back that CS should be combined with TXA for sinus surgeries, however, the
hypothesis was not investigated further[74]. The present study provides an essential support
for such an approach as well as shows product development feasibility in form of nanofibers.
The whole blood CT was further confirmed with platelet adhesion and PRT, both of which
supported the application of developed nanofibers. Even though the effect of TXA on CT was
less pronounced compared to CS, this would be anticipated from the mechanism of action of
TXA, which is more to stabilize the clot. Sezer et al have also shown that combining gelatin
and TXA can provide improved hemostasis performance [75]. Therefore, CS/TXA system
would be more suitable to provide prolonged bleeding control. Indeed, investigations
performed in vivo in future with these delivery systems with measurement of parameters such

as thromboelastography would provide more detailed insights.

The incorporation of therapeutic agents further enhanced hemostatic properties, as evidenced
by PVA/CS/TXA-E nanofibers showing significantly faster CT (243+3s) compared to single-
drug variants PVA/CS/TXA (381+5s) and PVA/CS/E (280+6s) showed in the figure 5.C.11.
The blood clotting time of the PVA/CS nanofiber was (421 + 6 s) whereas, without the addition
of any test patch, the blood clotting time was (464 + 35 s). The clotting time was reduced by
applying dual drug blended nanofibers ~ 36% and ~13% than either TXA and E loaded
nanofiber respectively. Amongst the commercially available hemostats like QuickClot®, a
clotting time of about 300 s is known in literature [76]. Chitosan-based nanofibers cause
hemostasis by aggregation caused by interaction between positively charged amino groups with
negatively charged platelets and erythrocytes [77], [78].. The presence of hydrophilic PVA
enhances the interactions. In the dual drug-loaded nanofibers, TXA, a lysine analog, blocks the

conversion of plasminogen to plasmin, which is a fibrin mesh cutter. On the other hand, E
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improves platelet adhesiveness and restores capillary resistance. E mainly binds to the surface
receptor in activated platelets and ligands on the endothelial cells, which can signal for patch
-p-selectin expression. Several clinical studies have shown improvement in mortality caused
by severe hemorrhage by administration of TXA. For example, Elanwar et al. performed a
clinical study to investigate the effect of TXA in two different aspects by taking 88 women in
each category; one was for a cesarean section and compared it to placental delivery [79]. Their
result proved that the administered group showed a significantly lower amount of blood loss
(within 2 hours of surgery) than the control group, where no TXA was administered. Another
study[80] also revealed less total blood loss up to 2 h postpartum and higher hemoglobin in the

TXA-administered group.

Guerra et al. [81] have observed that the patch P selectin expression had increased significantly
in the entire blood due to the increase in E concentration. Topically administered E (125 mg/ml)
has also reduced the bleeding time in the rat tail bleeding model. According to their
observations, the topically administered E is more efficacious than the systemic administration.
During hemostasis, TXA and E can complement each other, and their combined intravenous
administration produces a synergistic effect on reducing intraoperative and postoperative blood
loss. By using this combination, the negative effects of high doses of TXA is avoided [82].
Compared to TXA alone, the combined administration of E and TXA during pediatric heart
surgery has been more successful in lowering postoperative blood loss and the need for whole
blood transfusions [83]. In a beagle model, E has been shown to reduce intraventricular
hemorrhage caused by hemorrhagic hypovolemia [84]. The present study successfully
combines the hemostatic performance of chitosan nanofibers with the topical synergistic
pharmacological effect of TXA and E.

The hemostasis performance was further validated by studying the activation of intrinsic and
extrinsic coagulation pathways using prothrombin time (PT) and activated partial
thromboplastin time (aPTT). These results are represented in Figure 5.C.12. The PT value of
PVA/CS/TXA-E nanofiber patch (21 + 1 s) was significantly lower than that of PVA/CS (29 +
2s) (P >0.005), PVA/CSITXA (25 + 1s) (P > 0.03), PVA/CS/E (27 + 1 s) (P > 0.003). There
was no statistical difference between PVA/CS and PVA/CS/E. However, PVA/CS/TXA and
PVA/CS/TXAI/E both exhibited statistically different PT than the other two groups, as well as
each other. Similarly, the aPTT value of PVA/CS/TXA-E nanofiber was (79 + 1 s) which was
significantly lower than PVA/CS (98 + 13 s) (P > 0.05), PVA/CS/TXA (86 + 2 s) (P > 0.05),
and PVA/CS/E (81 + 2 s) (P > 0.01). In addition, the PT and aPTT values of the blank platelet-
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poor plasma group were (28 + 1 s) and (122 + 3 s), respectively, significantly higher than
PVA/CS/TXA-E nanofiber. These results demonstrated that the dual drug-loaded nanofibers
synergized and activated the extrinsic and intrinsic blood coagulation pathways. Besides, the
PRT value of the PVA/CS/TXA-E nanofiber patch (66 + 1 s) was significantly lower than that
of PVA/CS (94 + 1 s) (P < 0.0001), PVA/CSITXA (79 + 0 s) (P < 0.0001) and PVA/CS/E (77
+ 3 s) (P > 0.002). The PRT value of the blank platelet-poor plasma (PPP) was (111 + 1 s),
which was significantly higher than the dual drug nanofiber. The commercial hemostatic agent
Hemcon™ chito gauge's PRT value is approximately 55 s, which is close to the performance
of nanofiber patches investigated in the present study. Thus, the drug-loaded PVA/CS
nanofibers are expected to provide hemostatic performance without thermal injuries or tissue
necrosis due to exothermic reactions observed for QuickClot™ gauzes. Similarly, HemCon™
gauzes rely solely on cell aggregation caused by chitosan-positive charges, which can also
cause hemolysis and not provide mechanical compression in many bleeding injuries. However,
drug-loaded nanofibers achieve the same performance with lesser chitosan content. Moreover,
these gauzes are manufactured by lyophilization process, and it has been shown that scaled-up
electrospinning process is a more continuous, high-throughput and cost-effective
manufacturing technique compared to lyophilization rendering PVA/CS/TXA-E as an

economical product with performance [85], [86].
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Figure 5.C. 11 In-vitro hemostatic performance of dual drug loaded nanofiber by (a)
clotting time (b) activated partial thromboplastin time.
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Figure 5.C. 12 In-vitro hemostatic performance of dual drug loaded nanofiber by (a)
prothrombin time and (b) platelet recalcination time

The addition of calcined materials like MSW-T significantly improved hemostasis, showing
complete clotting in 117+4s compared to MSW-O at 164+6s. The hemostatic mechanism
involves multiple pathways, confirmed by PT, aPTT, and PRT measurements. PVA/CS/MSW-
O showed improved PT (36+1s) and aPTT (51+2s) compared to PVA/CS (PT: 56+3s, aPTT:
68+1s). Similarly, MSWNF demonstrated enhanced coagulation parameters (CT:168+4s, PT:
22+0.6s, aPTT: 52+6s, PRT: 47+1s) compared to CNF (CT:230%11s, PT: 27+0.4s, aPTT:
58+6.6s, PRT: 76+4s) and was depicted in the figure 5.C.13. Li et al shows similar type of
clotting time (163 + 5 s) induced by using Ca incorporated diatom frustules which is
comparable to Quikclot® zeolite [87]. The large surface area with respect to volume containing
numerous numbers of pores in the MSWNF have a high capacity for absorbing blood which
concentrated the coagulation factor and accelerate the blood coagulation cascade reaction.
Calcium ion act as a coagulation factor 1V, interacts with platelet activation and aggregation
with the simulation of the intrinsic and extrinsic clotting factor pathways to form blood
coagulation. This aggregation is due to positively charged ion are prone to interact with
negatively charged platelet and erythrocytes of blood. In aPTT, the intrinsic coagulation
cascade begins with contact system activation and ends with the production of thrombin. The
downstream coagulation cascades were blocked by the positive charge on chitosan, which also
prevented contact system activation [88]. Furthermore, the intrinsic coagulation pathway was
strengthened by the Ca?* release from MSWNF, which acts as coagulation factor 1V [89].
Besides that, Platelet Recalcification Time (PRT) was measured the intrinsic coagulation
function as well as the action of platelets of the bleeder. PRT is primarily employed in the
assessment of platelet capacity to generate thrombi, a crucial function in hemostasis. The

coagulation property of MSWNF was greater than CNF due to calcium ion present which

106 |Page



simulates an intrinsic coagulation process in vitro and stabilizes the fibrin network by
shortening the CT, aPTT, PT and PRT value.
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Figure 5.C. 13 In vitro hemostasis performances of control and oyster shell nanofiber
evaluated by (a) blood clotting, (b) prothrombin time, (c) activated partial
thromboplastin time, (d) platelet recalcification time.

The improved hemostatic performance is attributed to multiple mechanisms: chitosan's cationic
groups interact with anionic phosphate groups on platelets, calcium ions activate the
coagulation cascade and enhance platelet aggregation, and the nanofiber structure provides
high surface area for blood component interactions. SEM analysis confirmed the adhesion of
erythrocytes and platelets on nanofiber surfaces, with MSWNF showing superior blood cell
binding due to the synergistic effect of chitosan's absorptive properties, nanofiber structural
advantages, and calcium-induced biochemical interactions. The presence of therapeutic agents
like tranexamic acid and ethamsylate provided additional benefits through complementary
mechanisms, with tranexamic acid blocking plasminogen conversion and ethamsylate
improving platelet adhesiveness and capillary resistance, resulting in enhanced overall

hemostatic performance comparable to commercial products.
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Table 5.C. 2 In-vitro Hemostatic Efficacy of the scaffold.

Air Dried
Freeze Dried Electrospin nanofiber
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5.C.5. RT-PCR analysis of freeze dried sponge and nanofiber patches
IGF, VEGF are key signalling molecules which trigger angiogenesis in wound healing [90].

RT-PCR analysis of growth modulators VEGF-A, PDGF, and IGF-1 reveals that HADF cells
cultured on the PVA/CS/MSW-O sponge, PVA/CS/TXA, PVA/CS/E, PVA/ICS/TXA-E, and
MSWNF nanofiber exhibit greater fold changes in gene expression compared to those cultured
on PVA/CS over a 24h period shown in the Figure. 5.C.14. Specifically, the fold changes for
PDGF in HADF cells on PVAICS, PVAICSIMSW-O, PVAI/CSITXA, PVA/CSIE,
PVA/CS/TXA-E, and MSWNF nanofiber were 2.1, 2.4, 3.7, 2.84, 3.85 and 4.11 respectively.
For IGF-1, the fold changes were 2.8, 3.55, 5.85, 5.85, 7.81, and 8.33 while for VEGF-A, the
values were 3.8, 6.73, 4.51, 6.11, 7.21 and 8.45 respectively. These growth factors secreted by
fibroblasts play essential roles in wound healing, particularly following haemorrhage. PDGF,
released by platelets, initiates the healing process, while the release of Ca** from scaffolds
promotes the secretion of these growth factors PDGF, IGF-1, and VEGF-A at the injury site
[91]. These factors enhance tissue repair by promoting cell attachment to the extracellular
matrix and neighbouring cells [92]. VEGF-A is particularly crucial for angiogenesis, while
PDGF and IGF-1 contribute to this process by supporting endothelial cell survival,
proliferation, and vessel stabilization. The data suggest that the PVA/CS/MSW-O sponge and
MSWNF nanofiber have higher effectiveness in upregulating these growth factors, potentially
offering enhanced wound healing. RT- PCR results demonstrated significant upregulation of
VEGF- A, PDGF, and IGF- 1, with MSWNF showing the highest expression levels. The

108 |Page



enhanced gene activation is attributed to Ca?" ions from calcined shell powder, which are
known to accelerate angiogenic and fibroblastic signalling pathways. This confirms that
MSWNF functions not only as a hemostatic scaffold but also as a regenerative biomaterial with

therapeutic potential.
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Figure 5.C. 14 Represent growth factor gene expression in HADF cells on the freeze
dried sponge and nanofiber for 24h of cell culture.

Table 5.C. 3 Growth factor for gene expression for Freeze dried and Electrospin scaffold

Freeze Dried Electrospin nanofiber
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PDGF 2.1+0.3 2.4+0.1 3.740.4  2.84+0.2 3.85£t0.4 4.11+0.3
IGF-I 2.840.4  3.55+0.3 5.85+0.5 5.85+04  7.81+0.2  8.33+£0.6
VEGF-A 3.840.6 6.73£0.2 4.51+03 6.11£0.6  7.21+0.6  8.45+0.5

5.C.6 In-vitro platelet adhesion
The surface adhesion and morphologies of attached blood cells on nanofiber surfaces (PVA/CS,

PVA/CS/TXA, PVAI/CS/E, PVAICS/TXA-E) were visualized by SEM and shown in the figure
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5.C.15(a-d). The SEM examination confirmed the adhesion of erythrocytes and platelets on
the surfaces of all the nanofiber developed [93] and a continuous sheet of platelets with

flattened morphology was found on each of the nanofibers.

Figure 5.C. 15 Visualization of platelet adhesion on nanofiber patches by SEM images of
drug loaded nanofiber (a) PVAI/CS (b) PVA/CS/ITXA (c) PVA/CS/IE and (d)
PVA/CS/TXA-E patches.

The binding of blood cells on the surfaces of CNF and MSWNF are depicted in SEM images
in Figure. 5.C.16. CNF membranes exhibited individual platelets (appearing as spherical or
globular structures) adhering to the fibrous matrix to form a more open architecture, with the
platelets maintaining their individual morphology while interacting with the underlying
network structure. MSWNF displayed a densely packed surface completely covered with small
cellular elements indicative of a highly confluent layer of platelets transformed into spread-out
morphology. Compared to CNF, MSWNF presented a more uniform, homogeneous surface
texture promoting more extensive platelet spreading and aggregation, resulting in a tightly
packed layer of platelets that have flattened and covered the entire surface [94]. Platelet
adhesion results demonstrate significantly higher platelet binding on MSWNF surfaces
compared to CNF due to the rough, mineral- rich Ca?* surface that provides enhanced

nucleation sites for platelet anchoring, thereby accelerating plug formation. Invitro platelet

110|Page



activation and adhesion also accelerated to the superior activity in vivo haemostasis (75s bleeding
time) observed for MSWNF.

Figure 5.C. 16 platelet adhesion on (a) PVA/chitosan nanofibers (CNF) and (b) marine
shell waste calcined at 1200 °C powder-loaded PV A/chitosan nanofibers (MSWNF)
membranes.

5.C.7 Drug release assay

The drug release profiles of various nanofiber compositions demonstrated distinct patterns and
kinetics. In nanofibers, PC32T exhibited a substantial initial burst release of 37.65% TXA
within 3 minutes, while PC11T showed a more controlled initial release of 16.67%, suggesting
reduced burst effect in the figure 5.C.17(a,b). The difference was attributed to PC32T's higher
water uptake capacity. Both formulations achieved approximately 90% drug release within 10
hours, following Korsemeyer-Peppas model kinetics (12 = 0.960 for PC11T and 0.923 for
PC32T) with n values of 0.139 and 0.275 respectively, indicating Fickian diffusion mechanism.
A slight but significant increase in anti-microbial action was established due to incorporation
of TXA. TXA and some of its derivatives have been identified with anti-microbial properties
[95]. Release of drug within 3-5 min indicated that membranes will be suitable for stabilizing
the fibrin to offer efficient hemorrhage control and the revelation of Fickian release mechanism
will further allow for controlling the CT or sustaining clotting action as desired for different

types of traumas.
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Figure 5.C. 17 (a) In vitro drug release profiles of PC32T and PC11T nanofiber in full
range and (b) Korsmeyer Papayas model (n value 0.139 for PC32T and 0.2775 for PC11T)
analysis of tranexamic acid release from nanofiber membranes.

The dual-drug loaded systems (PVA/CS/TXA, PVA/CS/E, and PVA/CS/TXA-E) displayed a
biphasic release pattern characterized by rapid initial release within 30 minutes followed by
sustained release for up to 5 hours showed in the figure. 5.C.18. The drug release profile is
expected to provide rapid hemorrhage control, stabilize the clot, and prevent rebleeding due to
sustained drug release. Kinetics of the drug release process was modeled by using the power
law equation (M/M.=Kt"), where K represents the release constant, n diffusion exponent, t
release duration, M/M, equilibrium concentration, and M, is the fractional solute
concentration. The findings showed TXA release from PVA/CS/TXA and PVA/CS/TXA-E
nanofiber best fitted into the Korsmeyer-Peppas model. The n values for these patches were
0.607 and 0.552, respectively (r? = 0.850 for PVA/CS/TXA and 0.896 for PVA/CS/TXA-E. E
drug release from both PVA/CS/E and PVA/CS/TXA-E electrospun nanofibers also followed
the Korshmear-Pappas model as the values of the diffusion exponent (n) were 0.735 and 0.553
respectively (r?2 = 0.988 for PVA/CS/E and 0.921 for PVA/CS/TXA-E). These values suggested
a non-Fickian diffusion for TXA and E release. Thus, both diffusion and polymer chain

relaxation were involved in the release of the drug from the patches.
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Figure 5.C. 18 Tranexamic acid and ethamsylate drug release profile from dual-drug
loaded patches (PVA/CS/TXA-E).
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Figure 5.C. 19 Tranexamic acid and ethamsylate drug release profile from control
nanofiber and marine shell waste nanofiber (Korsmeyer pappas model).
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Figure 5.C. 20 Tranexamic acid and ethamsylate drug release profile from control
nanofiber and marine shell waste nanofiber (Higuchi model).

In Film-based systems, CNF demonstrated rapid initial release with TXA and ethamsylate
reaching 48% and 64% respectively within 30 min due to high porosity and rapid swelling
kinetics, followed by sustained release reaching 68% and 94% within 5 h. In contrast, MSWNF
showed slower initial release (10% TXA, 20% ethamsylate at 30 min) due to calcium
attachment, followed by accelerated release (41% and 43% at 1 h) after calcium dissolution,
ultimately achieving 80-90% release within 5 hours as depicted in the figure 5.C.19 & 5.C.20.
The release kinetics followed the Higuchi model with r2 values of 0.935 and 0.978 for TXA
and ethamsylate in MSWNF, and 0.80 and 0.87 in CNF, respectively, indicating Fickian
diffusion. Drug release kinetics were modulated by calcium presence, with lower ionic
concentrations yielding slower initial release due to reduced polymer-solvent interactions at
higher ionic strengths. MSWNF exhibited more controlled early-phase drug release than CNF,
attributable to Ca?'-chitosan ionic crosslinking that reduces pore size and restricts initial

diffusion.

Table 5.C. 4 Tranexamic acid in-vitro drug release with 1% ninhydrin reagent

Formulation Zero Order | 15t order Highuchi Korshmear pappas
model model
R | K RAM2 | K RA2 K RA2 k n
MSWNF 0.76 |0.405|0.91 |0.676 [0.935 |[7.01 |0.59 12 |151

PVA/CS/TXA/E | 059 |0.97 |0.70 |0.59 |0.80 6.6 |0.52 0.68 |1.32
(CNF)
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Table 5.C. 5 Ethamsylate in-vitro drug release in 1N HCI solution

Formulation Zero Order | 1storder Highuchi Korshmear pappas
model model
R?2 | K RM2 | K RA2 R"2 k n
MSWNF 0.90 |1.006|098 |1.06 |0.9784 |6.32 |0.54 0.88 |1.42
PVA/CS/TXA/E | 0.67 |292 |0.89 |0.96 |0.87 7.04 |0.49 0.58 |1.39
(CNF)

R=Corelation coefficient, K=Release constant, n= Diffusion exponent.

Calcium ion release from MSWNF

We performed EDX characterization to determine the calcium concentration before and after
using MSWNF nanofiber in 1X PBS solution for 6 h. After retrieval from PBS, MSWNF
nanofiber was heat treated at 40°C for 10 min to prepare a sample for the EDX test. The results
are shown in Figure 5.C.21. The calcium concentration of MSWNF was 14 and 1.2 in weight
percentage before and after the PBS treatment. Similarly, atomic ionic concentration decreased
by 200%.
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Figure 5.C. 21 EDX spectrum of (a) marine shell waste calcined at 1200 °C powder-
loaded PVA/chitosan nanofibers (MSWNF) and (b) MSWNF after immersion in PBS.
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Major Observations

Hemocompatibility data reveals that all scaffold are highly blood compatible.
Nontoxic nature of the scaffold in MTT, DAPI, and antibacterial assay.
MSWNF have significantly slower rebleeding ability and higher clotting
performance.

MSW-T induced powder scaffold have higher effectiveness in upregulating
VEGF-A, PDGF, IGF-I in RT-PCR analysis, potentially offering enhanced
wound healing.

The incorporation of therapeutic agents further enhanced hemostatic properties,
as evidenced by PVA/CS/TXA-E nanofibers showing significantly faster CT
(243+3s) compared to single-drug variants PVA/CS/TXA (381+5s) and
PVA/CS/E (280+6s).

MSWNF demonstrated enhanced coagulation parameters (CT:168=+4s, PT:
22+0.6s, aPTT: 52+6s, PRT: 47+1s) compared to CNF (CT:230+11s, PT:
27+0.4s, aPTT: 58+6.6s, PRT: 76+4s).

Drug release within 3-5 min indicates suitable for stabilising fibrin.
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5.D. In-vivo haemostatic study

The haemostatic efficacy of various materials was evaluated using rabbit models through
different haemorrhage scenarios. In the femoral artery bleeding model, PVA/CS/MSW-O
sponge demonstrated superior haemostatic performance compared to PVA/CS and control
groups. The haemostasis time was significantly reduced from 641+22s (control) to 345+15s
with PVA/CS/MSW-O, while PVA/CS showed intermediate efficacy at 454+19s shown in the
figure 5.D.1 (a). The superior performance of the PVA/CS/MSW-O sponge in reducing
hemostasis time was further demonstrated by its impact on blood loss in Figure 5.D.1 (b).
Blood loss measurements further confirmed this trend, with PVA/CS/MSW-O showing the
lowest blood loss (652413 mg) compared to PVA/CS (772421 mg) and control groups (889+30
mg). These results suggest that the PVA/CS/MSW-O sponge exhibits enhanced hemostatic
efficacy, likely due to its porous microstructure and the presence of calcium derived from
natural resources, i.e oyster shells. The interaction between calcium and the CS freeze-dried
sponge synergizes to reduce clotting time in the femoral artery injury model. Recent research
has shown that nanofibers with high amounts of B-chitosan and CaCO3 demonstrate a similarly
fast clotting rate, indicating the potential for enhanced haemostatic efficacy [96]. The reduction
in blood clotting time and blood loss observed with the PVA/CS/MSW-O freeze dried sponge
may be attributed to the synergistic effects of CS in promoting red blood cell (RBC) and platelet
aggregation and Ca in activating the intrinsic, extrinsic, and common pathways of the
coagulation cascade, ultimately leading to the formation of a stable fibrin clot. Therefore, the

PVA/CS/IMSW-O freeze-dried sponge holds the potential to be an effective hemostatic agent.

Table 5.D. 1 Haemostasis-related parameters of marine shell waste derived Ca mineral bound
freeze-dried chitosan haemostatic sponge

Sample Temperature Mean arterial | Survival Duration
differences (°F) | pressure (MAP)

Surgical Gauge Initial: 102 Initial: 64 10 =2 min
After: 84 After: 72

PVA/CS Initial: 102 Initial: 68 25+ 13 min
After: 86 After: 74

PVA/CS/MSW-O | Initial: 102 Initial: 72 126 + 12 min
After: 96 After: 80
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Table 5.D. 2 Ex-vivo Haemostatic Efficacy of the scaffold
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Figure 5.D. 1 In vivo rabbit femoral artery bleeding model for evaluation of freeze dried
sponge depicted by (a) In vivo hemostasis time (s), and (b) blood loss (mg).

In skin incision studies, drug-loaded nanofiber patches demonstrated significant improvements
in haemostatic efficacy. PVA/CS/TXA-E patches achieved the fastest haemostasis (97+8s)
compared to PVA/CS/TXA (130+18s), and PVA/CS/E (100+25s), while the control group
required 274+60s and commercial hemostats AbGel™ (107+15s) showed in the figure 5.D.2.
Similarly, MSWNF showed superior performance with a haemostasis time of 75+5s compared

to CNF (97+8s) and control (274+6s). Blood loss measurements reflected this efficacy, with
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MSWNF showing minimal blood loss (121mg) compared to CNF (354mg) and control
(380mg).

Bleeding Time (s)
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Figure 5.D. 2 Ex-vivo assessment of haemostasis performance of dual drug loaded
nanofiber studied bleeding time after application of patches on wounded skin (*p < 0.0001
and **p > 0.01).

SEM analysis of platelet adhesion revealed enhanced blood cell attachment on drug-loaded
(PVAI/CS/TXA-E) (figure 5.D.3) and calcium-containing materials (MSWNF) (figure 5.D.6).
PVA/CS/TXA-E showed significantly higher platelet and erythrocyte adhesion compared to
PVA/CS, while MSWNF demonstrated superior blood cell binding compared to
PVA/CS/TXA-E. The activated platelets showed morphological changes and firm adhesion,

contributing to fibrin clot development.
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Figure 5.D. 3 Visualization of cellular interaction with dual drug loaded nanofiber patches
by SEM images of platelet adhesion on applied patches.
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Figure 5.D. 4 Visualization of cellular interaction with dual drug loaded nanofiber patches
by Histopathology of rabbit skin after application of patch to arrest bleeding.

A qualitative assessment was done by histopathological examination of the wounded rabbit
skin treated with different nanofiber patches and are shown in the Figure 5.D.4 (a-e). The

lesion skin section of rabbit was cut by the scissor in a way that the tissue specimens contained
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whole wounded area. In control group, containing only surgical gauge, abscess formation was
observed as shown in figure 5.D.4 (a) without any granulation or capillary tissues. In PVA/CS
group moderate number of chronic inflammatory cell and abscess formation were seen. On
both PVA/CS/TXA and PVA/CS/E both granulation and fibrous tissue growth was evident. On
the dual drug loaded nanofiber, a large number capillaries, granulation tissue and epithelial
tissue were visible. Hemostasis is the first stage in the wound healing process. Healthy
granulation tissue is pink in colour and that is the indicator of angiogenesis and formation of
secondary hemostatic plug. Unhealthy granulation is dark red in colour and often bleeding on
contact, it may indicate the development of primary hemostatic plug formation and presence
of wound infection. Appearance of pink granulation tissue and bumpy tissue under skin is the
notable indication of capillary loop formation tissue with the supply of oxygen and nutrients.
Extracellular matrix (ECM) is formed by fibroblasts and proteoglycans to support the
development of new blood vessels and collagen. Chitosan-based biomaterials and the
degradation products of chitosan have generally been shown to be biocompatible and non-toxic
and long-term effect of chitosan products have been satisfactory [97], [98], [99]. ECM also
provides strength of tissue elasticity. Fibroblasts change to myofibroblasts to contract and draw
the edges of wound together. Fibrin, a robust protein organised in a long fibrous chain, suggests
that dual drug-loaded nanofiber patches exhibit rapid blood coagulation. Though rabbits have
been the preferred model for assessment of hemostasis performance [100], [101], translation
to humans will require further consideration of dose scaling from rabbits to humans, and
material design addressing differences in degradation rate of matrices between species along
with assessment of biomarkers for wound healing through re-epithelization or cutaneous
contraction to account for the inter-species differences in the performance of the materials [102]
. Toachieve the commercial translation, further studies should be performed with multiple large
animal models, examine optimization of dose ratio of the two drugs considering
pharmacokinetic-pharmacodynamic modelling, as well as accelerated testing under stress
conditions as proposed in certain protocols [103]. Moreover, the drug loaded chitosan
formulated in nanoparticulate form or in form nanofiber peanut-form can be extended for the

efficient control of internal and surgical bleeding [104], [105].

In the rabbit skin incision, the hemorrhage model, the bleeding time of the control group (274
+ 6 s) was longer than CNF (97 + 8 s) and MSWNF (75 + 5 s) (p<0.0001). Blood oozing until
hemostasis was 0.380 g, 0.354 g, and 0.121 g using a control gauge, CNF, and MSWNF,
respectively. These data indicated that MSWNF had more than thrice higher hemostatic effects
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than CNF or indicator of control. Further, CNF membranes after retrieval showed slight dark
coloration, which was more intense for MSWNF. This may be due to the higher number of
blood components adhered to the membrane, more extensive fibrin clot formation, or the
possible formation of various calcium salts (with various organic or inorganic anions) over
time on the membrane surface from blood anions, which further studies should confirm.
Calcium ions are released to accelerate the intrinsic pathways of blood coagulation following
the topical application of MSWNF nanofiber to the bleeding site. Ca?*, referred to as clotting
factor 1V, is essential for the orientation and immobilization of clotting enzymes on the surface
of fibroblast cells [106]. Moreover, negatively charged platelets or erythrocyte blood cells are
drawn to Ca?*. Then, a primary hemostatic plug was formed. Calcium ions play a critical role
in blood clotting by facilitating several steps in the coagulation cascade- prothrombin to
thrombin conversion, stabilizing the fibrin network, Factor XIII activation, fibrin
polymerization, particularly at high-affinity sites in the D-domains, as well as interacting with
thromboplastin to activate clotting factors [107], [108].

In-vivo platelet adhesion on CNF and MSWNF nanofiber after applying on rabbit skin
hemorrhage to stop bleeding was analyzed by SEM. The images reveal that a small number of
platelets and erythrocyte cells adhered to the surface of CNF. In contrast, more blood cells were
present on MSWNF, fusing together to form a more uniform, densely packed clot structure.
After activation, the platelets were seen to change their sphericity and adhered firmly to the
scaffold to develop fibrin clots. Electrospinning creates nanofibers with an exceptionally high
surface area-to-volume ratio, providing numerous contact points for blood components and
facilitating cell-to-cell interactions [94]. Additionally, the calcium component in MSWNF
releases ions upon contact with blood, establishing a positively charged interface that attracts
negatively charged blood elements. These calcium ions also serve as crucial cofactors in the
coagulation cascade and accelerate fibrin formation. The synergistic effect of chitosan's
absorptive properties, the nanofibers' structural advantages, and the calcium-induced
biochemical interactions collectively enhance blood cell binding and promote efficient clot
formation on the MSWNF nanofiber surface, making it a promising material for advanced
wound healing application. Calcium ions are released to accelerate the intrinsic pathways of
blood coagulation following the topical application of MSWNF nanofiber to the bleeding site.
Moreover, negatively charged platelets or erythrocyte blood cells are drawn to Ca?*. Then, a
primary hemostatic plug was formed.

A qualitative assessment was done using the histopathology of the wounded rabbit skin, as

shown in Figure 5.D.5. In the control group, abscess formation was present, and only a surgical
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gauge was used to control bleeding. The absence of granulation and capillary tissues was seen
in this group. A moderate amount of granulation and epithelial tissue was shown on the skin
after treatment with CNF. Many foreign body granulomas in the deep dermis were present on
the rabbit skin treated with MSWNF. The presence of fibrous tissues, continued
epithelialization, and abundant capillaries in the skin indicated complete blood coagulation. In
addition to coagulation, calcium ion-releasing scaffolds play a crucial role in wound healing,
as is emphasized by delayed healing and increased incidence of chronic wounds observed in
animals with calcium-deficient diets or those consuming calcium-chelating agents.
Extracellular calcium mediates epidermal homeostasis through its receptor that regulates
calcium signaling to promote keratinocyte adhesion, differentiation, and survival through
intracellular calcium signaling and E-cadherin pathways. In contrast, the expression of genes
essential for keratinocyte differentiation, such as cytokeratin and transglutaminase, are also
regulated by Ca?*. The rapid propagation of calcium ions at the wound site initiates epithelial
repair by transcription-independent damage signals. Calcium is a central signaling molecule in
pathways regulating angiogenesis as mitogens trigger calcium influx through ion channels or
release from the endoplasmic reticulum. Thus, augmenting hemostatic patches with calcium
sources can produce dual benefits in hemostasis and subsequent healing [109]. The presence of
fibrous tissues, continued epithelialization, and abundant capillaries in the skin indicated
complete blood coagulation. Histological examination thereafter confirmed that the developed
material promoted wound healing.

MSWNF is, therefore, poised to provide a potential biomaterial therapeutic solution for treating
traumatic hemorrhage. agents like Hemcon™, MSWNF has a PRT value of approximately 55
s, similar to the performance of some commercially available hemostatic like HemCon™:
However, HemCon™ gauzes rely solely on cell aggregation induced by the positive charges of
chitosan, which can lead to hemolysis and fail to provide sufficient mechanical compression in
certain bleeding wounds. Certain inorganic hemostatic agents like the QuickClot gauzes
comprise kaolin and are known to cause thermal injury or tissue necrosis [110]. As a result,

MSWNF represents a more sustainable option with promising performance parameters.

123 |Page



Figure 5.D. 5 Histopathology of wounded skin treated with (a) control, (b) CNF
(PVA/chitosan) and (c) MSWNF (PVA/chitosan nanofibers loaded with marine shell
waste calcined at 1200 °C powder).

Figure 5.D. 6 Visualization of platelet adhesion in (a) CNF and (b) MSWNF by scanning
electron microscopy.

Major Observations

e This research demonstrated that OS waste can be converted into a high value added
product suitable for prehospital development.

e Extracted bio-recycled and sustainable MSW was thermally treated to obtain a mixed
phase of CaO, Ca(OH),, confirmed by FTIR, XRD analysis.

e SEM micrograph demonstrated the formation of uniform, bead free flattened
nanofiber.

e Mechanically robust but flexible hemostatic biomaterials are produced from natural
resources.

e A rabbit skin incision model demonstrated that MSWNF could decrease bleeding
time to 75+5s.

e Histopathological assessment shows wounded rabbit skin confirmed the presence of
fibrous tissue, continued epithelization, abundance of capillaries after 7 days of
application.
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5.E. Comprehensive report of the comparative performances of scaffolds.
In PVA/CS nanofiber production, the proportion of each polymer, their viscosity, and

concentration play vital roles in Table 5.E.1. Despite maintaining consistent total polymer
concentration across different CS/PVA ratios, fiber diameter variations directly related to CS
content. Increased CS levels enhance solution charge density, causing greater bending in the
ejected jet. The strong hydrogen bonds between NH, and OH groups in CS chains create
high-viscosity solutions unsuitable for electrospinning, making pure chitosan unfavourable for
this process. Analysis of electrospun nanofibers showed that PVA/CS mass ratios of 2:8 and
3:7 produced fibers with diameters of 14712 nm and 163+34 nm respectively. Adding MSW-T
powder increased polymer concentration, reducing diameter to 12020 nm. Optimal polymer
viscosity for nanofiber production ranges between 500-1500 CP.

Table 5.E. 1 Fabrication of electrospin nanofiber of polyvinyle alcohol and chitosan
formulation

Sample Material Viscosity cor?c:ogr)\/tn:;t%n Fiber diameter
P PVA:CS (CP) (@/100mL) (nm)

PVA:CS

1 (100:0) 1557 12 100-364
PVA:CS

2 (90:10) 1326 11 150+17
PVA.CS

3 (80:20) 1056 10 147+12
PVA:CS

4 (70:30) 906 9 163+34
PVA:CS

5 (60:40) 812 8 Beeded 180+17
PVA:CS

6 (50:50) 724 7 Beeded 286+63
PVA:CS

7 (0:100) 243 2 Not produce
PVA:CS

8 (80:20)+ 1068 10 247+12

30mg/mL TXA

PVA:CS

9 (80:20)+ 1084 10 250+17

30mg/mL E
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Polymer
concentration
(g/100mL)

Fiber diameter
(nm)

Material Viscosity

Sample PVA:CS (CP)

PVA:.CS

(80:20)+

30mg/ml
txa+30mg/ml E

10 1012 9.3 347+22

PVA:CS
(80:20)+30mg/
ml
11 txa+30mg/ml 658 11.7 120+12
E+5mg/mi

MSW-T

In-vitro hemostatic properties of different formulated scaffold were evaluated by measuring
blood clotting time (CT), prothrombin time (PT), activated partial thromboplastin time
(APTT), platelet recalcination time (PRT) in Table 5.E.2. For clotting time analysis both
PVA/CS/MSW-O sponge and PVA/CS/TXA-E/IMSW-T (MSWNF) nanofiber showed faster
blood clotting than air dried scaffold. MSWNF showed excellent clotting time due to presence
of hemostatic drug and calcium enriched powder which accelerated the clotting pathway. It
also presented a more uniform, homogenious surface texture promoting more extensive platelet
spreading and aggregation. For PVA/CS/MSW-O, CT reduction is attributed to porous chitosan
microsphere network structure as well as sequestration of Ca ion which promote rapid blood
absorption and local concentration of blood clotting factor. In addition, PT and APTT results
indicate a higher propensity of MSWNF to interfere with the extrinsic pathway than the
intrinsic coagulation pathway than sponge. However, PT values for air dried flim showed lesser
due to presence of rich Ca ion. The Prothrombin Time (PRT) decreased for MSWNF because
platelets from bleeding individuals interact more effectively with the underlying network
structure compared to a sponge. MSWNF nanofibers measured 120 = 20 nm in diameter
positively affect clot formation because their extensive surface area enhances platelet adhesion
and clustering, which subsequently influences the development of fiber structures than other

nanofibers.
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Table 5.E. 2 Comparative study of invitro hemostasis.

arameter

Freeze Dried

Without intervention)

Poor

Good Very good|Excelleht

significant

Not Good

. Poor
significant

Excellent

Not

- Poor
significant

Not
significant

Very good Good |Ekcelfent

Poor

Electrospun nanofiber

E/MSW-T

significant Very good Very good [Excelleht

Poor

Good

Good  Very good|Excelfent

Table 5.E.3 showed that MSWNF nanofiber demonstrated superior hemostatic effectiveness

in the rabbit skin incision model. Blood seepage prior to hemostasis was significantly reduced

with MSWNF nanofiber. Upon removal, the material displayed dark coloration, potentially

resulting from increased blood component adhesion, more comprehensive fibrin clot

development, or calcium salt formation.

Table 5.E. 3 Comparative study of in-vivo hemostasis.

n vivo Hemostatic

Bleeding

Time(S)

Blood

loss(mg)

Freeze Dried
(Femoral artery
incision model)

“ommercial Hemostatic agent

“ontrol (Gauge)

PVA/CS (FD1)

Not
significant

Very good .
significant

Not
significant

Ve d
s Not good

Electrospin nanofiber (Skin incision model)

A‘J_T
'NF)

1vid W

Excellerf

Very good
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The PVA/CS/IMSW-T sponge's exceptional ability to reduce hemostasis time was further
evidenced by its significant impact on blood loss reduction. These findings indicate that the
PVA/CS/IMSW-T sponge provides enhanced hemostatic performance, likely attributed to its
porous microstructure and the presence of naturally-derived calcium (such as from oyster
shell), making it particularly valuable for critical high-pressure emergency situations and

trauma care.
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Chapter 6

CONCLUSION AND FUTURE
PROSPECTS OF WORK



6. Conclusions & Future Prospects of the work
Conclusions of the work
Various aspects were systematically explored throughout this study h to identify the most
effective combination for achieving reliable haemostasis. By evaluating multiple parameters,
materials, and experimental conditions, this study aimed to determine an optimal approach that
can enhance haemostatic performance and address the challenges associated with current

methods.

Firstly, anaffordable air-dried film was made from PVA and chitosan (CS) combined with marine
shell waste (MSW) powder for bleeding control. Its Raman spectroscopy confirmed that the
MSW powder was successfully integrated into the PVA/CS film structure. The film containing
MSW powder (AD2) showed superior mechanical properties with a tensile strength of 11.6 MPa
and 180% elongation, significantly outperforming the film without oyster shell powder (AD1),
which had a tensile strength of 6.4 MPa and only 40% elongation. Both films are
hemocompatible, have an antimicrobial nature, and exhibit significant swelling ability (For
AD1=94% and AD2=107%). The haemostatic activity of AD2 was more effective than AD1 as
confirmed by CT, PRT, APTT, and PT time observation. CT for AD2 (280+18s) was lower than
AD1(408+12), showing that Ca** has enhanced the clotting factor to reduce the bleeding time.
All these findings conclude that MSW power incorporated PVA/CS film with haemostatic
performance and antibacterial activity will be a promising biomaterial to reduce haemorrhage

for designing wound dressings in clinical application and in emergency situations.

Secondly, a new type of freeze-dried sponge was made from chitosan and MSW powder,
designed to stop bleeding faster. The sponge demonstrated impressive material properties,
including a high swelling capacity of 250-300% within 20 min, cytocompatibility with human
dermal fibroblasts, and antimicrobial activity against Staphylococcus aureus. Notably, the
3%CS- 12%PVA-CaCOs (FD2) composite exhibited enhanced haemostatic performance
compared to the 3%CS-12%PVA (FD1) sponge, showing improved blood clot formationinaPTT,
PT, and PRT assays. The sponge works by absorbing fluid, concentrating clotting factors, and
releasing calcium ions through its porous design and the positively charged components in
chitosan. In-vivo testing using a rabbit femoral artery injury model further validated these
findings, with the composite sponge achieving rapid and stable clot formation in the shortest

time and minimal blood loss compared to a control gauze.
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Finally, a successful development of multifunctional hemostatic scaffold was derived from
natural polymers and sustainable calcined marine shell waste. An electrospun nanofibre loaded
with tranexamic acid (TXA) and Ethamsylate (E) was prepared based on Chitosan and PVA
matrix. The FTIR and FT-Raman confirmed the absence of any chemical interaction between
the drug and polymer blends. At the same time, SEM micrographs demonstrated the formation
of uniform and bead-free flattened nanofibers. The nanofibers had a water contact angle of
32°, showing moderate hydrophillicity. The patches were able to release 48% and 64% of
loaded TXA and E within 30 min, respectively, while the patches degraded by more than 25%
after 48 h. The kinetic analysis of drug release fitted the Korsmeyer-Peppas model and showed
a non-Fickian diffusion. Dual drug-loaded nanofiber patches showed a decrease in whole blood
clotting time, PRT, and aPTT time by 30 + 12%, 20 + 7%, and 11 + 6 % over the clotting times
observed for a single drug-loaded patch or only polymeric patch. An in vivo study of rabbit
skin incision demonstrated more platelet aggregation and better control over rapid blood loss
by dual drug-loaded patch than a single drug-loaded patch. The results indicate the potential of
tranexamic acid and E-loaded chitosan patches as a topical hemostatic patch suitable for both

military as well as civilian injury Kits.

A biogenic approach has been made to develop a highly effective material by incorporating
MSW-T powder into nanofiber wound dressings through electrospinning technology. MSW-T
showed a large zone of inhibition surrounding it and had an excellent antibacterial activity
against Staphylococcus Aureus. This enhanced antibacterial activity at elevated calcination
temperature results from the thermal conversion of calcium carbonate (CaCOs) into calcium
oxide (CaO) and calcium hydroxide (Ca(OH).). MSW-T particles and MSWNF nanofiber
demonstrated significant blood clotting (measured by CT, aPTT, PT, and PRT tests) properties.
Swelling, degradation, and contact angle measurements of nanofiber dressings showed
moderate hydrophilicity and swelling properties, whereas the incorporation of MSW-T powder
increased Young's nanofiber modulus by 123%. Furthermore, a rabbit skin incision in vivo
model demonstrated that MSWNF could decrease bleeding time to 75 + 5 s. Histopathological
assessment of the wounded rabbit skin confirmed the presence of fibrous tissue, continued

epithelialization, and an abundance of capillaries, indicating complete blood coagulation.

These studies collectively demonstrate the successful development of innovative biomaterials
for haemorrhage control using natural polymer chitosan, two drug molecules ethamsylate,
tranexamic acid, and sustainable marine resources, particularly oyster shell waste. The research

showed that MSW-O and MSW-T into various delivery formats (air-dried films, freeze-dried
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sponges, and electrospun nanofibers) significantly enhanced haemostatic performance. The
molecular integrity of all components was maintained in the composite materials, as all
findings confirmed that each component preserved its original structural properties and
functional characteristics within the blended materials.

Among all the fabricated formulations, the biogenic calcium-loaded nanofiber scaffold
(MSWNF) emerged as the most effective, offering rapid hemostasis, improved platelet
adhesion, controlled therapeutic release, and superior tissue-regenerative potential. The Ca?*
ions derived from marine shell waste were found to play a crucial role in accelerating the
coagulation cascade, enhancing fibroblast activity, and strengthening the scaffold’s mechanical
integrity. Additionally, the dual-drug contributed to enhanced clot stability and reduced
bleeding tendency. Findings from the in vivo studies further validated the scaffold’s suitability
as a rapid and reliable prehospital intervention for traumatic hemorrhage. Overall, this research
establishes marine shell waste as a valuable bio-based hemostatic component, aligning with
sustainability and bioeconomy principles while offering clinically relevant performance in
conjunction with pharmacotherapeutics agents.

Future prospects of the work

Based on our progress thus far, we plan to scale up the haemostatic dressing production,
generate more comprehensive data, and optimize the composition for enhanced clinical
performance. The future of haemostatic agents for challenging trauma haemorrhage lies in
developing smart, multifunctional, and personalized solutions that address the complex nature
of severe bleeding across diverse healthcare settings. This development requires careful
balancing of clinical efficacy with affordability, storage stability, and ease of use to ensure
accessibility in resource-limited environments.

Key innovations driving this field forward include responsive materials that activate based on
specific bleeding conditions or patient physiological parameters, enhancing effectiveness while
minimizing complications. The integration of imaging guidance with haemostatic delivery
devices enables precise placement of patient-specific materials in deep, non-compressible
wounds, while point-of-care systems capable of rapidly formulating personalized haemostatic
agents based on real-time wound assessment represent the ultimate goal of individualized
haemorrhage control.

Furthermore, the development of haemostatic agents with integrated analgesic components

represents a significant advancement in wound care technology, simultaneously addressing



bleeding control and pain management to improve patient outcomes while reducing treatment
complexity. Our approach has been validated through in-vivo haemorrhage experiments using
large animal models, which demonstrated long-term biocompatibility and safety profiles
essential for clinical translation.

From a manufacturing perspective, energy-efficient fabrication methods represent a
convergence of sustainability goals and innovation, offering pathways to reduce environmental
impact while maintaining critical performance characteristics. Complementing these advances,
the mechanical and rheological optimization of blood clots after haemorrhage provides a
sophisticated approach to improving haemostatic outcomes through precise control of clot
physical properties, ensuring optimal performance across varied clinical scenarios.

Together, these interconnected developments create a comprehensive framework for next-
generation hemostatic solutions that are effective, accessible, sustainable, and tailored to

individual patient needs.
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