
OPTIMIZED BIODEGRADABLE FIBRIN HYDROGELS AS IN VITRO MODELS
OF WOUND HEALING

A Thesis

Submitted to

the Temple University Graduate Board

In Partial Fulfillment of the

Requirements for the Degree

MASTER OF SCIENCE IN BIOENGINEERING

 

Thesis Approvals:

Peter I. Lelkes, Advisory Chair, Department of Bioengineering
Yah-el Har-el, Department of Bioengineering
Karin Wang, Department of Bioengineering

by

Hardika P. Patel

Diploma Date May 2022



 

 

ii 

ABSTRACT 

 

Skin is the largest organ of the body. Its integrity plays a crucial role in maintaining 

physiological homeostasis, protects against mechanical forces and infections, fluid 

imbalance, and thermal dysregulation. Numerous pathological states, such as 

diabetes mellitus, peripheral vascular disease, thermal injuries, or degloving lead to 

inadequate wound healing, necessitating medical intervention. Established wound 

healing techniques such as autologous and allogeneic skin grafts are inefficient due 

to the limited availability of donor tissues or probable immunogenic reactions. 

Current research in the field of tissue engineering aims to facilitate wound healing 

and restore skin functionality, focusing on key aspects of wound healing, such as 

extracellular matrix (ECM) reorganization, cell growth, and collagen 

synthesis/deposition. The research aims at developing and characterizing an in-vitro 

fibrin gel culture model system that stimulates the process of wound healing. The 

specific goal of this research is to investigate how the varied chemical composition 

of fibrin hydrogels can enhance fibroblast proliferation and promote accelerated 

collagen matrix formation, which is a significant step in tissue repair and 

regeneration. 

The fibrin gels are optimized by modulating the primary gel constituents (i.e. the 

concentrations of fibrin and thrombin). The ensuing hydrogels are characterized 

using Scanning Electron Microscope and compression testing to test for fiber size, 

porosity, elasticity, and mechanical properties. Cultured fibroblasts are used to 

investigate the effects of varying fibrin concentrations on cell-biomaterial 

interactions, including cell proliferation, cellular infiltration, and network 



 

 

iii 

formation. Furthermore, matrix formation and maturation as a function of 

fibrinogen concentration as defined by collagen matrix deposition, are also studied. 

Increasing the fibrinogen concentration, lead to an increase in elasticity and 

Young’s modulus, while a decrease in thrombin concentration generated a stronger 

fiber structure. Additionally, a decrease in fibrinogen concentration resulted in an 

increased proliferation rate of fibroblast cells, suggesting better cell adhesion and 

network formation within the gel substrate. These results were consistent and 

confirmed by quantifying a mature collagen matrix deposited by fibroblasts when 

subjected to ascorbic acid. 

In summary, this research investigates how the varied chemical composition of 

fibrin hydrogels can enhance fibroblast proliferation and promote accelerated 

collagen matrix formation, which is a significant step in tissue repair and 

regeneration. 
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CHAPTER 1 

 

Introduction 

Skin 

Skin morphology 

 

 

The skin is one of the most critical organs in the body due to its role in protecting 

against external agents and regulating body temperature. The skin is constituted of three 

layers: epidermis, dermis, and hypodermis (subcutaneous layer), which is seen in 

Figure 1: The structure of human skin 

The skin is divided into three layers- the epidermis, the dermis, and the hypodermis. The two 
inserts (right side) show their detailed cellular structure at higher magnification. The epidermis 
consists mainly of keratinocytes, melanocytes and Langerhans cells. The dermis contains 
fibroblasts, neutrophils, mast cells, and dermal dendritic cells embedded within the dermal 
matrix rich in collagen and elastin. Beneath the dermis lies the subcutaneous adipose tissue 
(hypodermis) containing mesenchymal stem cells. [1] 
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Figure 1 [1]. Its outer layer, the epidermis, provides a waterproof barrier that plays a 

fundamental role in controlling moisture entering the body. Keratinocytes are the most 

abundant cells in the epidermis, whereas melanocytes, Langerhans cells, and Merkel 

cells occupy most of the remaining tissue. [1-2] The dermis represents the connective 

tissue between the epidermis and the hypodermis and accounts for about 90% of the 

weight of this organ system. [2] It is comprised of extracellular matrix (ECM), vascular 

endothelial cells, and fibroblasts, as well as adipose glands, sweat glands, hair follicles, 

blood vessels, and nerve endings. Furthermore, activated fibroblasts are the main 

dermal cells responsible for synthesizing and secreting collagen and elastin and 

resulting in skin elasticity and strength. A hypodermis is the deepest layer of the skin, 

composed of fat, blood vessels, nerves, and loose connective tissue. Proteoglycans and 

glycosaminoglycans are particularly abundant in the tissue, allowing it to absorb fluids 

and give it mucous-like properties.[1]. 

 

Function of Skin 

Functionally, the skin is one of the most extraordinary organs. The roles can be 

widely divided into external and internal functions. Externally, the skin acts as the first 

physical barrier against the environment and protects against microorganisms, 

dehydration, ultraviolet light, and mechanical damage; Dendrocytes and macrophages, 

two components of the skin's innate immune system, provide immunosurveillance and 

defend against external pathogens. Additionally, the skin also helps in thermoregulation 

in accord with the sympathetic nervous system by vasodilation (widening) and 

vasoconstriction (narrowing) of blood vessels.  
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Internally, the skin produces Vitamin D, that is essential for calcium absorption 

and normal bone metabolism and also helps with melanin production and delivery, 

which further protects the skin from UV exposure. [3-4] 

 

Wound Healing 

Overview of wound healing 

 

Figure 2 Wound healing process [6] 

 

Wound healing is a complex, time-dependent physical process with “the goal to 

restore tissue function and structure based on the degree of recapitulation of the initial 

tissue structure. It can be divided into three primary phases – Hemostasis and 

inflammation, tissue formation, and tissue remodeling (Figure 2) [6].  In the first stage 

- inflammation, the blood coagulates causing platelets to aggregate. This results in the 

formation of a fibrin clot that acts as a temporary wound closure to prevent further loss 

of blood and also provides a scaffold for the tissue cells to grow and replicate. Shortly 

thereafter, inflammatory cells such as neutrophils and macrophages enter the fibrin clot 

to remove foreign matter. Macrophages also produce and release growth factors. [5] 

These growth factors and the ones released by platelets initiate the second phase of 

tissue formation by attracting connective tissue cells into the wound. Fibroblasts, the 
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primary connective tissue forming cells, are attracted to the wound site by gradients of 

these soluble growth factors.” [7] Once in the wound, fibroblasts proliferate and 

transition from an invasive, proliferative phenotype to a primarily synthetic one and 

begin secreting collagen, a primary component of normal dermis that plays a significant 

role in tissue repair. This mix of fibrin and collagen ECM and cells is called granulation 

tissue. As the collagen content of the wound increases, fibroblasts begin to exert 

traction on the matrix causing the wound to contract. This wound contraction is a part 

of the remodeling phase where the new tissue is organized and strengthened as a result 

of increased cross-linking of the collagen fibers. The remodeling phase lasts over weeks 

or months as the wound fibroblasts gradually remodel the secreted collagen fibrils into 

either an ultimate repaired connective tissue or a scar. [5] 

 

Fibroblasts in wound healing 

Fibroblasts are primarily responsible for the deposition and organization of the 

extracellular matrix during wound healing. They bind to ECM molecules via 

transmembrane cell-surface adhesion receptors, which form a direct connection 

between the cell and the ECM. [20]. These adhesion receptors are classified into four 

types: integrins, immunoglobulins, cadherins, and selectins. Contractile stress is a key 

mechanism of cellular locomotion that allows cells to rebuild their ECM. Fibroblasts, 

smooth muscle cells, and others can generate force by contracting their cytoskeleton, 

and that force is transmitted directly into the ECM by their integrin receptors. 

Fibroblasts move through the cell movement cycle. [5] 

The cell begins by extending a protrusion known as a lamellipodium, which is 

triggered by actin cytoskeleton polymerization. Under the newly extended region, the 

cell forms new bonds with the substrate (in vivo, the ECM). It then contracts its 
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cytoskeleton, causing adhesion bonds at the cell's trailing end to break and the cell to 

locomote forward. Before the next cycle of lamellipodia extension, the cell goes into a 

relaxation stage. After that, the fibroblasts migrate into the wound, proliferate, and 

deposit a new collagenous extracellular matrix. [7] 

 

Fibrin Gels 

Introduction 

Fibrinogen is a large glycoprotein produced primarily by the liver's hepatocytes 

and found primarily in blood plasma (at a concentration of 1.5-4 g/L), though it has 

also been found in platelets, lymph nodes, and interstitial fluid [16, 17]. Fibrinogen is 

the precursor of fibrin, which is produced as a monomeric form before self-assembling 

into a multimeric aggregate and eventually forming a 3D network (known as a fibrin 

clot, a component of a blood clot) by the end of the blood coagulation cascade. 

Within a damaged tissue, fibrin serves as a preliminary matrix that subsequently 

remodels into specific extracellular matrices (ECMs), thereby, playing a major role in 

homeostasis and wound healing; Furthermore, research proves it’s involved in various 

other biological processes that are regulated by cellular and matrix interactions, 

including fibrinolysis, angiogenesis and vasculogenesis, all of which play important 

roles in inflammation, thrombogenesis, and cancer [7]. 

Aside from studying fibrin/fibrinogen, much research has been devoted to better 

understanding its sophisticated hierarchical structure and the underlying molecular 

mechanisms involved in fibrin clot formation which is a highly regulated process 

involving multiple compounds and intricate chemical processes that allow the soluble 

fibrin proteins to polymerize into an insoluble three-dimensional network[18]. 
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Recently, microscopy techniques (including electron, confocal, and atomic force 

microscopy), light scattering, turbidimetry, X-ray diffraction, and rheological 

techniques, chemical modification studies, the use of small peptide inhibitors, and a 

variety of binding studies [19] have all been used to elucidate these details. 

 

Fibrin Molecule 

 

Figure 3:  A) Schematic structure of fibrinogen. B) X-ray crystallographic structure of fibrinogen 

A)  The 340 kDa molecule is around 45 nm in length and consists of three pairs of polypeptide chains, (Aa, 
Bb, g)2. These Aa- Bb- and g-chains that are composed of 610 (~63 kDa), 461 (~56 kDa) and 411 (~47 kDa) 
amino acid residues, respectively, form two distinct halves of the molecule. The central domain, containing the N-
terminal regions of the six polypeptide chains, is referred to as the E-domain, and the outer domains, containing 
the C-terminal regions of the polypeptide chains, are referred to as the D-domains. Diagonally striped boxes = a-
helical coiled-coil structures that connect the E with the D domains. Solid lines = disulfide bonds. CHO = 
carbohydrate attachment sites. P = Plasmin cleavage sites. T = thrombin cleavage sites. Modified from Weisel 
(2005)[2]. B) X-ray crystallographic structure of fibrinogen (Modified from Weisel (2005)[2]) with the addition of 
the flexible aC-connectors and aC-domains (as recommended by Medved et al. (2009)[23]), which could not be 
identified in the crystal structure. Aa- Bb- and g-chains are shown in blue, green and red, respectively. The 
central domain is connected to the outer ones via a-helical coiled coil structures that are made up of the three 
polypeptide chains. The proximal end nodules of the outer domains (b-nodules) are composed of the C-terminal 
regions of the b-chains (bC) and contain the b-hole binding sites. The distal end nodules of the outer domains (g-
nodules) are composed of the C-terminal regions of the g-chains (gC) and contain the a-hole binding sites.. 
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The fibrinogen molecule is made up of two sets of three different peptide chains 

that are linked together by disulfide bridges: two Aα-chains, two Bβ-chains, and two γ-

chains, with a molecular weight of approximately 63.5 kDa, 56 kDa and, 47 kDa, 

respectively (Figure 3). Each fibrinogen chain is encoded by a separate gene, and the 

three genes combine to form the fibrinogen gene cluster, which is located on 

chromosome 4q22–23 and spans approximately 50 kb. The molecules are elongated 

45-nm structures made up of two outer D-domains connected by a coiled-coil segment 

to a central E-domain. 

Both the D- and E-domains contain binding sites which are involved in fibrinogen 

to fibrin conversion, fibrin self-assembly, cross-linking, and platelet interactions 

(thrombin substrate), as well as sites that become available after fibrinopeptide cleavage 

(thrombin binding site), and sites that become exposed as a result of the polymerization 

process Tissue plasminogen activator (tPA). Although the E-domain contains the active 

site of thrombin, both the D- and E-domains contain other thrombin-binding sites that 

remain dormant during the proteolytic cleavage [8]. 

During the final step of the coagulation cascade, thrombin cleaves the 

fibrinopeptides A and B from the amino-terminal segments of the fibrinogen Aα- and 

Bβ-chains. This leads to soluble fibrinogen being converted into fibrin monomers, 

which then self-assemble to form an insoluble fibrin polymer and a network of fibrin 

fibers. This fibrin network is stabilized by FXIIIa, which is activated by thrombin 

during the fibrin polymerization process and cross-links the fibrin clot via 

transglutaminase reactions between two-chains or between one-and two-chain. These 

cross-links provide stability to the fibrin clot and appear to form a protective barrier, 

preventing fibrin degeneration by plasmin [8]. 
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Fibrin Polymerization and Clot Formation 

 

 

Figure 4 : Schematic of the main fibrin polymerization steps.  

Generally speaking, they involve five main steps: the conversion of fibrinogen to fibrin monomer (1); 
longitudinal polymerization of fibrin monomers into oligomers and polymeric protofibrils (2); lateral aggregation 
of protofibrils into thicker fibers (3), their stabilization via affinity interactions, as well as covalent cross-links (4); 
and finally, branching of fibrin fibers into a 3D network. Reprinted from Weisel (2013)[6]. 

 

The formation of fibrin clots involves five major steps (Figure 5):  

1) Conversion of fibrinogen into fibrin monomer by the enzymatic action of the 

serine protease thrombin, that cleaves specific amino acid sequences (called 

fibrinopeptides A) from the central nodule of the Aα-polypeptide chains, exposing new 

peptide sequences called A-knobs.  
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2) This is followed by the fibrin self-assembly into half-staggered, 2-stranded 

oligomers and protofibrils via affinity interactions between the centrally located A-

knobs of one fibrin molecule and the peripheral a-holes within the γ -nodules of another 

fibrin molecule.  

3) Upon reaching a certain length (usually around 600 – 800 nm), protofibrils begin 

lateral aggregation into fibers with a periodicity of 22.5 nm (as a result of the half-

staggered conformation). 

4) The process is aided by thrombin-mediated cleavage of other amino acid 

sequences in the central nodule (referred to as fibrinopeptides B), which results in 

affinity interactions between B-knobs of one fibrin molecule and b-holes within the β-

nodules of another fibrin molecule, as well as intermolecular interactions of αC-

domains within and between protofibrils, resulting in αC-polymers. These non-covalent 

knob:hole affinity interactions (A:a and B:b) are further stabilized by the incorporation 

of factor XIIIa-mediated covalent bonds within the network.  

5) Individual fibers undergo bilateral and equilateral branching at the same time to 

form a three-dimensional (3D) polymer network [6]. 

 

Interaction of Fibrin and Cells 

Fibrinogen acts as a bridging molecule for many different types of cell-cell 

interactions and forms an important provisional matrix at sites of injury, inflammation, 

or infection wherein cells can proliferate, organize, and perform specialized functions. 

Endothelial cells, smooth muscle cells, keratinocytes, fibroblasts, as well as leukocytes 

have been shown to bind to coated fibrinogen and fibrin matrices. These cells can bind 

fibrinogen directly via cell surface integrin receptors and non-integrin receptors (e.g., 

VE-Cadherin, I-CAM-1, P-selectin, and GPIba). Integrins and transmembrane cell 



 

 

19 

adhesion molecules made up of α- and β-subunit, have been shown to bind fibrinogen 

or fibrin and are αMβ2 on leukocytes, αIIbβ3 on platelets, and αvβ3, αvβ5 and α5β1 on 

EC and fibroblasts. [8] 

Fibroblasts migrate into the wound bed during the wound-healing process, which 

begins about 5 days after the injury. Growth factors, specifically Platelet-derived 

growth factor (PDGF) and transforming growth factor-beta (TGF-beta), as well as 

fibrin and fibronectin, activate fibroblast proliferation, and help express appropriate 

integrin receptors, and migrate into the wound. Furthermore, the characteristics of the 

fibrin network in the wound bed influence fibroblast proliferation and migration, which 

could be advantageous for patients with impaired wound healing. When fibroblasts 

enter the wound, they replace fibrin by producing type I collagen and other ECM 

proteins. By day 7, fibroblasts accumulate large amount of ECM molecules and 

transform into a myofibroblast phenotype, which includes actin bundles in the 

cytoplasmic area near the plasma membrane. Upon reaching the ECM, these 

myofibroblasts extend pseudopodia and retract them once they have attached to ECM 

molecules like fibronectin and collagen. Finally, the fibroblasts go into apoptosis after 

these processes are completed. [8] 

 

Calcium Binding 

A fibrinogen molecule allows for multiple binding sites for Ca2+ on the γ-chains 

(“γ318Asp, γ320Asp, γ322Phe, and γ324Gly”) and on the β-chains (“β381Asp, 

β383Asp and β385Trp”) [23]. Ca2+ is a cofactor that accelerates fibrin polymerization, 

enhances the knob-hole affinity interactions, and also enhances the rate and degree of 

protofibril lateral aggregation [7,9,20]. For example, in a research study, it was shown 

that the binding of synthesized B-knobs (Gly-His-Arg-Pro) to their corresponding b-
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holes was enhanced in the presence of Ca2+. [22] It was also established that the Ca2+ 

uptake by a fibrin molecule promotes the release of FpB, and thereby increases the rate 

of protofibril lateral association [21]. Kostelansky et al. [9] hypothesized that an 

increase in lateral aggregation and final fiber thickness was observed with an increasing 

Ca2+ concentration as a result of calcium-dependent conformational changes that 

occurred during B: β interactions.  

 

Role of Sodium Chloride as a Solvent 

Previous studies have shown that fibrin formation is kinetically controlled. For 

instance, Hantgan and Hermans [10] observed that thick fibers are formed at low ionic 

strengths (such as 0.1 M NaCl) and that they do not dissociate further into thin fibers 

when the ionic strength is increased to a strength that favors thin fiber formation (e.g., 

0.5 M NaCl). Furthermore, each individual clot formation process (which is defined by 

the development of nanostructured features) has its own specific time sequence, which 

is essential for normal clot development to occur. For example, the addition of thrombin 

to recombinant desAB fibrin monomers leads to the development of clots with 

relatively thin fibers that are not well ordered. Thus, the delayed release of FpB seems 

necessary for both normal fibrin assembly and protofibril aggregation. [23][24] 

 

Artificial Fibrin Gels 

Fibrin gels were among the first few biomaterials that were used for tissue 

engineering applications due to their myriad of advantages that include their 

biodegradability rate, biocompatibility, high water content, and support for uniform cell 
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distribution. Besides that, a fibrin gel can be manufactured using a patient’s own blood 

thereby bypassing any possibility of immunogenic reactions. 

At present, fibrin hydrogels are often used as biodegradable glues or sealants in 

various surgical settings [25, 25], (For instance: a hemostatic plug). Fibrin scaffolds 

also have their application in skin grafts [27], tissue engineering [28], wound healing, 

cartilage [29], cell encapsulation [30] to study cell migration [31], and control the 

release of growth factors [32]. 

Artificial fibrin gels can be fabricated through the same process that follows 

coagulation in blood: 

1) The conversion of fibrinogen to monomers of fibrin through the thrombin-

mediated cleavage of fibrinopeptides; 

2) Self-assembly of fibrin; 

3) The chemical cross-linking of fibrin initiated by the enzymatic action of factor 

XIII, which is activated by the action of thrombin along with the co-factor CaCl2; 

4) Fiber branching resulting in a three-dimensional network [33]). 

 

Collagen 

Collagen is found in 19 different forms in the human body, accounting for 20–30% 

of all proteins.  Some also play a crucial structural component of interstitial and 

connective tissues, so it's especially important in wound healing and fibrosis models. 

Collagens are synthesized and modified into complex morphologies by cells such as 

fibroblasts in the healing wound. Collagen type, amount, and organization change as a 

wound heals, determining the tensile strength of the healed skin. [11] 

Collagen I  is the most abundant type of collagen in the body, and it can be found 

in skin, bone, and interstitial tissues.  It contains proline-hydroxyproline-glycine (POG) 
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sequences that allow it to form a continuous fibrillar structure by hydrogen bonding 

and electrostatic interactions with amino acids on neighboring protein strands. 

While collagen III is the first collagen to be synthesized during wound healing, it 

is quickly replaced by collagen I, the dominant skin collagen. 

The lysyl-oxidase enzyme-induced covalent cross-linking enhances the initial 

random deposition of collagen during granulation tissue formation. The collagen 

matures into complex structures that are reoriented for tensile strength restoration 

during this process. Collagen remodeling proceeds for months after wound closure, and 

the repaired tissue's tensile strength increases to about 80–85% of that of healthy tissue 

if all processes proceed seamlessly. [12] 

The fibrillar collagen types I, III, and V, as well as fibril-associated collagens types 

XII, XIV, XVI, and VI, are the most common in the skin. The basement membrane of 

the skin contains non-fibrillar collagens type IV and XVIII. 

During wound healing and fibrosis, collagen I deposition and crosslinking increase 

significantly. When fibroblasts are activated to form myofibroblasts, they secrete large 

amounts of collagen I, which is deposited into the ECM to form a highly crosslinked 

environment, as mentioned previously. Collagen I also aids in cell adhesion to the ECM 

by presenting several integrin-binding sites, including the GFOGER (glycine-

phenylalanine-hydroxyproline-glycine-glutamic acid-arginine) sequence [25] and the 

RGD (arginine-glycine-aspartic acid) sequence. Fibroblasts can react to changes in the 

extracellular matrix's modulus by exerting force on it via these integrin binding sites. 

These cell–matrix interactions play a role in mechano-transduction pathways, which 

help myofibroblasts acquire their phenotype. [11-12] 
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Vitamin C: 

Vitamin C, i.e.,  ascorbate,  is known to increase cell growth and proliferation while 

also stimulating collagen maturation. Furthermore, ascorbic acid stimulates collagen 

synthesis in cultured human dermal fibroblasts by stimulating the rate of transcription 

of the collagen. [13] 

 

Second Harmonic Confocal Microscopy 

Second-harmonic confocal microscopy has become an essential tool in biology, 

biomedicine, and materials science due to attributes that are not readily available using 

traditional optical microscopy. This technique enables deep visualization within both 

living and fixed cells and tissues while obtaining defined optical sections from which 

three-dimensional renderings can be created. 

Based on the nonlinear optical effect known as the second-harmonic generation or 

frequency doubling, this microscope technique requires an intense laser light passing 

through a highly polarizable material with a non-centrosymmetric molecular 

organization such as collagen. The second-harmonic light thus emerging from the 

material would be at precisely half the wavelength of the light entering the material. 

Therefore, this phenomenon, within the nonlinear optical material, changes two near-

infrared incident photons into one emerging visible photon at exactly twice the energy 

(and half the wavelength), preventing phototoxicity or photobleaching of the 

fluorescent samples. 

Since collagen has a highly crystalline non-centrosymmetric triple-helix structure, 

it acts as a very effective ‘‘upconverter’’ of light by second-harmonic generation. [14] 

Therefore, in this research, we use the phenomenon of second harmonic generation to 
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image and quantify the collagen matrix that would help assess the effects of fibrin 

concentrations on fibroblast maturation. 
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CHAPTER 2 

 

Hypothesis of the Research 

This research hypothesizes that a scaffold when optimized by varying the gel’s 

constituents, will promote the activation and proliferation of fibroblast cells as defined 

by the maturation of collagen matrix which is significant for tissue repair and wound 

healing. 

 

Specific Aims 

Aim 1: Optimization of the experimental environment to achieve desired fiber size 

and stiffness. 

1.1 Fibrin gels are prepared with different concentrations of fibrinogen and 

thrombin to obtain desired fiber structure, porosity and stiffness. 

1.2 The physical structure of the hydrogels is analyzed using the Scanning Electron 

Microscopy (SEM) images and thereby visualizing the topographical structures such as 

fiber diameter. 

1.3 The mechanical properties of the hydrogels such as stiffness and storage are 

evaluated via compression testing. 

Aim 2: Assessing the effects of varied fibrin concentration on cell morphology, 

cell-cell interaction, proliferation and maturation of fibroblast cells. 

2.1 Fibroblasts seeded on the fibrin hydrogels are grown to confluence for 7 days, 

stained with phalloidin (actin) and DAPI (nucleus) dye, and imaged using a two-photon 

microscope to assess cell spread and cellular network formation. 
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2.2 Fibroblasts are treated with Vitamin C for 10 days to enhance collagen matrix 

formation. The resulting collagen matrix is imaged using the second harmonic confocal 

imaging and quantified to provide further assessment. 
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CHAPTER 3 

 

Methodology 

Aim 1 

Sub aims within this section encompass the synthesis of fibrin hydrogels and in 

vitro characterization of fiber structure through morphology and mechanical testing. 

 

Synthesis of Fibrin Hydrogels 

 

Figure 5: Synthesis of fibrin hydrogels 

Left displays the stock solutions combining to form resultant fibrin hydrogels, right shows varying 
concentrations in a 24 well plate post incubation process. 

 

Fibrinogen from bovine plasma (Sigma F8630-1G) was combined with 0.9% NaCl 

(w/v) (ionic strength of 0.15 M NaCl) solution of pH 7.4 (prepared with distilled water) 

and incubated for 2 hours at 37°C, to prepare a 25mg/ml fibrinogen stock solution. 

Once the fibrinogen solution was dissolved, a 0.2 μm positive pressure, button Corning 
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filter was used to sterilize the stock solution. The corresponding solution was stored at 

-80°C. [42] 

Thrombin, bovine (Merck, Millipore Sigma 605157-1KU) was diluted in 1x PBS 

to reach a concentration of 100U/ml and further diluted in Dulbecco's Modified Eagle 

Medium (DMEM Corning, 10-013-cv) such that the resultant concentration of 

thrombin in the gels would be 1U/ml. The dilution table for the 100U/ml thrombin stock 

solution in DMEM, such that the resultant concentration in the gel is 1U/ml is given in 

Table 1. [42-43] 

 

Table 1: Amount of thrombin stock solution (100U//ml) added to 5ml DMEM solution to make thrombin 
concentration of 1U/ml and 0.8U/ml in the total gel mixture of 1000uL 

Thrombin 
concentration 

Amount of 100U/ml Thrombin stock solution added to 
5ml of DMEM 

 10mg/ml 
Fibrinogen 

15 mg/ml 
Fibrinogen 

20mg/ml 
Fibrinogen 

1U/ml 
Thrombin 

84.5 µl  128 µl 263 µl 

0.8U/ml 
Thrombin 

68 µl 102 µl 211 µl 

 

Fibrinogen (10 mg/ml, 15mg/ml and 20mg/ml) was pipetted into a 24 well-plate, 

combined with 1U/ml thrombin solution and 20mM calcium chloride solution, and 

incubated overnight at 37°C with 5 % CO2. A total of 1ml solution was added to the 24 

well plate as shown in Table 2: 
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Table 2: . Volume distribution of fibrinogen, thrombin and calcium chloride used to form fibrin gels of 
10mg/ml, 15mg/ml, 20mg/ml (top to bottom) 

Fibrin 
Concentration 

Fibrinogen 
(25mg/ml) 

Diluted Thrombin 
(concentration based 

on Table 1) 

Calcium-
Chloride 
(20mM) 

10mg/ml 400μl 590 μl 10 μl 
15mg/ml 600 μl 390 μl 10 μl 
20mgml 800 μl 190 μl 10 μl 

 

Test for Fiber Structure 

In order to visualize the topographical features of the fibrin hydrogel, three 

independent fibrin hydrogels from each concentration were scooped out and subjected 

to flash freezing in liquid nitrogen for 30-50 seconds followed by freezing at -80°C 

overnight. The samples were then dried in a lyophilizer and sputter-coated with gold 

before imaging them using a Scanning Electron Microscope. Multiple images were 

taken for each sample with magnification ranging from 6000x to 12000x. 

The fiber diameter was measured using ImageJ for each gel, taking into 

consideration 10 readings for thinner fibers, medium fibers and thicker fibers each. A 

total of 30 readings were taken per sample and averaged to find the fiber diameter. 

Furthermore, 70 pores were measured for each fibrin gel using ImageJ to test for 

average pore sizes. The result was averaged and demonstrated using a box-plot. 

 

Mechanical Testing 

To characterize the mechanical properties, three independent hydrogels samples 

were carefully scooped out from the well plate. The width, length, and height of the 

hydrogels were measured three times using a caliper of 0.05 mm precision and averaged 

for calculation of stress. The scaffolds were then loaded on an Instron 5564 mechanical 

testing device. A compression test was conducted and measured in triplicate for each 
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different concentration of fibrin gels (10mg/ml, 15mg/ml & 20mg/ml fibrinogen 

concentrations). Samples were placed between the compression platens and the speed 

was set to 3 mm/min with a preload of 0.1 N. The compressive modulus of the scaffolds 

was determined by calculating the best-fit slope of the trend line over the load-

displacement curve. An average Young’s modulus was determined for all scaffolds. 

To further evaluate the elastic moduli, strain and frequency sweep was done using 

a StressTech HR oscillatory rheometer (Reologica). The rheometer was zeroed using 

the software interface and the hydrogels were loaded to a 0.5 mm gap height, following 

which the test platform was heated to 37°C. A strain value was obtained using an 

oscillatory strain sweep and the storage (G’) and loss (G”) moduli were evaluated by 

an oscillatory frequency sweep ranging from 0.1 to 100 Hz at 10% strain. Moduli 

between sample sets were compared using the G’ and G” values at 1 Hz. 

 

Aim 2  

Cell Seeding onto Scaffolds  

Primary human dermal fibroblasts (HDFBs) from neonatal foreskin (originally 

purchased from Clonetics, San Diego, CA, USA) were routinely maintained in high 

glucose (4.5g/l) DMEM (Corning, 10-013-cv) supplemented with 10% (v/v) FBS 

(Benchmark TM, GEMINI Bio Products, 100-106) and a 1% (v/v) mixture of penicillin 

and streptomycin (Cellgro, 30-002-CI). At 80% confluence, the cells were detached 

from the T75 culture flasks by incubating with 0.25% trypsin/ 2 mM EDTA 

(Mediatech) for 1 min. The dislodged cells were centrifuged at 1,000 rpm for 5 min in 

5 ml of complete medium prior to counting and seeding onto scaffolds. 
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Human dermal fibroblasts were seeded at a density of 10,000 cells per well (5,200 

cells/cm2 ) in triplicates (for each fibrinogen concentration), from passage 14 and 

passage 19, for the studies in Aim 2. These cells were maintained for 7 days on a stirrer 

in Dulbecco’s modified Eagle’s medium (Corning 10-013-CV) supplemented with 10% 

fetal bovine serum (FBS, Gemini Benchmark 100-106) and 1% penicillin-streptomycin 

(PenStrep, Corning 30-002-CI), with media change performed every 3 days.  [15] 

Similarly, another batch of human dermal fibroblast cells were seeded in triplicates 

for each concentration and maintained in modified Eagle’s medium supplemented with 

10% fetal bovine serum, 1% penicillin-streptomycin and 30μM 2-phospho-l-ascorbic 

acid, with media change performed every other day. 

 

Sample Fixation and Imaging 

On two, five and seven days post seeding, samples were fixed with 4% 

paraformaldehyde for 60 minutes at room temperature. Cells were permeabilized with 

0.5% Triton X-100 (VWR, EM-8603-30) for 30 min at room temperature. [15] 

For the first batch, the nuclei of the cells were stained with 4’,6-diamidino-2-

phenylindole (DAPI, Thermo Fisher Scientific D1306), followed by PBS wash and 

further subjected to actin-filament staining with phalloidin (Vectashield Hardset 

antifade mounting medium with phalloidin H-1600-10).  The stained samples were then 

washed three times for 5 minutes each using 1X PBS and imaged using a laser scanning 

confocal microscope (LSCM, Olympus Fluoview 1200 IX 83) with a 10x lens at an 

excitation and emission wavelength of 422nm/ 405nm (DAPI) and 572nm /543 nm 

(Phalloidin).  
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For the second batch, the scaffolds were transferred to a glass covered petri dish 

and imaged using the laser scanning confocal microscope (LSCM, Olympus Fluoview 

1200 IX 83) with a 30x oil-immersion lens at an excitation of 770nm. 

 

Cell Proliferation Assay 

AlamarBlue™ is a non-toxic reagent that uses a water-soluble dye to measure cell 

viability in vitro. The alamarBlue assay was executed according to the manufacturer’s 

protocol as follows. Complete medium (1ml) with 10% v/v AlamarBlue ® was added 

to each well, gently shaken, and allowed to incubate at 37°C, 5% CO2 for 3 hours. For 

positive and negative control, 1ml of the solution was also added to blank wells as and 

to the wells containing only fibroblast cells. For each well assayed, 100µl supernatant 

was removed to a 96-well plate for measurement. The remaining media was aspirated 

and replaced with fresh complete DMEM media and returned to the incubator.  

AlamarBlue ® fluorescence was read using a Tecan infinite ® M200 pro plate reader 

(Tecan, Switzerland) at excitation and emission wavelengths of 560 nm and 590 nm 

respectively with a fixed gain set to 50. 

 This process was repeated for day 7 and 10 post cell seeding. The fluorescent 

intensities of each time point were first subtracted from their respective zero controls. 

Data was plotted and analyzed using Excel 2013. 

 
Statistical Analysis 

Microsoft Excel 2013 was used to perform the majority of the analysis and 

statistics. All experiments were performed at least three times in triplicate. Data are 

presented as means ± standard deviation (SD). Statistical significance were tested with 

a one-way and two-way analysis of variance (ANOVA) when appropriate with Tukey’s 
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HSD post hoc tests. p-values of p<0.05 and p<0.01 were considered as statistically 

significant and highly significant, respectively. Graphs display group mean and 

standard error of mean, unless otherwise indicated. 
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CHAPTER 4 

Results and Discussion 

Aim 1 

Morphological Analysis of Fibrin hydrogels 

The SEM images obtained showed a complex network of filaments 

resulting in a porous structure with varying fiber diameters. This structure was 

not only limited to the fractural plane but stayed fairly consistent throughout 

the hydrogel as observed in previous studies. [40] 

The analysis revealed that, while the fiber diameters didn’t change 

significantly with a change in fibrinogen content, a decrease in thrombin 

concentration resulted in a well-structured mesh-like fiber network.  

As previously documented by Ryan, et al, [34], He, S [35] and Lord, S.T 

[36], it was evident by the SEM images obtained, that the molecular 

mechanisms that determine pore size correlate with the extent of protofibril 

aggregation, which subsequently determines the fiber diameter; i.e., an increase 

in the thrombin concentration results in thinner fibers, higher branch point 

density, and smaller pore sizes. (as seen by collapsed structures in Figure 6).  
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Figure 6 : SEM images of varying thrombin concentration 

SEM images of fibrin scaffold at 1U/ml thrombin (A) and 0.8U/ml (B) in 20mg/ml fibrinogen scaffold, 
showing that a decrease in thrombin concentration results in better fiber structure with high branch point density. 

 

Furthermore, while some literature does correlate fiber diameter and clot 

pore size as directly proportional [34-36] the data obtained through this 

research didn’t vary the fiber diameter significantly (as seen in Figure 7, 9). 

However, an increase in fibrinogen concentration did result in a higher 

frequency of thicker fibers and significantly larger pores making the gels stiffer. 

 

 
Figure 7: A box plot representing the fiber diameters for varying fibrin concentrations. 

 
 

A B 
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Figure 8: Box plot for Pore sizes for varying fibrin concentrations in the hydrogel 

 

 

Figure 9: SEM images displaying fiber network  

 A) 10mg/ml Fibrinogen B) 15mg/ml Fibrinogen and C) 20mg/ml Fibrinogen 

 

Figures 6 and 9 show SEM-images of fibrin gels. In Figure 6, while the fibrin 

concentration was kept constant at 20mg/ml, the thrombin levels were altered from 

1U/ml (Fig. 6(a)) and 0.8U/ml (Fig.6(b)). In Figure 6(a), due to higher thrombin 

concentration, the resultant pore sizes and fiber diameter were smaller and thinner, 

respectively. These thinner fibers could not hold the structure efficiently through the 
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preparatory process and led to collapsed pores and an inconsistent structure. In Figure 

6b, the thrombin concentration has been decreased to 0.8 U/ml. This resulted in thicker 

fibers and bigger pore sizes comparatively, thereby allowing the gels to maintain their 

structural integrity throughout the preparatory process and display a fibrous porous 

structure.  

Figures 8 shows a graphical representation of pore sizes obtained from varying 

fibrin gels. Upon performing ANOVA, the data shows high significance between 

10mg/ml and 20mg/ml fibrin hydrogel (p<0.001) and between 15mg/ml and 20mg/ml 

fibrin hydrogels (p<0.01). However, the porosity measured between 10mg/ml and 

15mg/ml fibrin hydrogels remain insignificant.   

Through Figure 9, we can see the difference in topography and in correspondence 

to Figure 8, we can conclude that an increase in fibrin concentration increases porosity.  

 
Analyzing Mechanical Properties 

A change in the fibrinogen concentration in a fibrin hydrogel alters the mechanical 

properties as noted previously. This influences the cell-biomaterial interaction, 

affecting the cell proliferation rate and cell networking.  [40] 

 

Young’s Modulus 

 The Young’s modulus of scaffolds with different polymer concentrations was 

measured using an Instron compression tester. It was observed that Young’s modulus 

ranged from 0.85 kPa to 2.8 kPa. As suggested in previous literature, Young’s modulus 

increased with increasing fibrinogen concentration, making the scaffolds stiffer. [40-

41] 
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For Figure 10, the slope of the force vs displacement compression graph was used 

to compute Young’s modulus. At 10mg/ml fibrinogen, Young’s modulus was 

calculated to be 0.85 ± 0.4 kPa, Upon increasing the fibrinogen concentration to 

15mg/ml, the modulus increased to 1.85 ± 0.6 kPa and at 20mg/ml fibrinogen, the value 

was 2.8 ± 0.5 kPa. The force vs displacement graph can be found in the Appendix. 

Upon statistical analysis, the data was found significant between each concentration at 

P<0.05.  

 
 

 
Figure 10: A bar graph representation of the Young's modulus  

The Young’s modulus was obtained from load vs displacement graph. An increase in young's modulus is 
seen as the fibrin concentration increases.Values are in kilopascals.* The data is significant between each group 
at P<0.05. 

 

Storage Modulus (G’) 

It is well-understood that fibrin gels have linear and non-linear viscoelastic 

properties (meaning that the biomaterial’s deformation behavior is respectively, 

independent and dependent on the stresses or strains applied in shear experiments, 
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depending on the magnitude of these applied parameters). At low stresses and strains 

(e.g. in a shear rheological experiment), fibrin deforms according to Hooke’s law (which 

states that an applied shear stress is proportional to the shear strain or deformation), 

where the proportionality constant is the shear modulus, G. However, beyond the linear 

elastic region, G does not stay constant, but rises with increasing stresses and strains, as 

observed during oscillatory frequency sweep (where  G’ is measured as a function of 

oscillatory stresses or strains), making fibrin a strain hardening biomaterial as proven 

previously. [1] 

Similar results were obtained upon performing the rheological analysis. The 

storage modulus gradually increases with an increase in fibrin concentration. The 

statistical analysis revealed that the data was highly significant at each group with 

P<0.001. Individual graphs for strain and frequency sweeps are given in the Appendix. 

 

Figure 11: A bar graph representation of the Storage modulus (G’).   

The value was obtained using frequency sweep at 10% strain. An increase in stiffness is seen as the fibrin 
concentration increases.** The data is significant at P<0.001 between each group 
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Aim 2 

Cell- Biomaterial Interaction  

Cell spread/ adhesion and networking: 

Figure 12 represents fluorescent images of HDFBs at 5 days post-seeding onto the 

fibrin scaffold demonstrating both the scaffolds’ ability to support cellular adhesion, in 

the case of HDFBs, their spreading. It was observed that although the cells spread 

efficiently with discernibly larger cytoplasm in the 10mg/ml and 15mg/ml fibrinogen 

scaffold, upon increasing the fibrinogen concentrations, the cells showed a better cell-

cell network. In an experiment by M.C Barsotti et al., it was proved that a fibrin 

concentration of  9mg/ml was the most suitable. For cell viability which is consistent 

with the data obtained in this research. [40] 

 

Figure 12: Confocal images of fibroblast cells on gels with different fibrin concentrations.  

The nuclei was stained with DAPI (blue) and the actin filaments were stained using phalloidin (Red). The 
concentration of fibrin increases from left to right (10mg/ml, 15mg/ml and 20mg/ml respectively). 

 

By measuring the intensity of fluorescence at 590nm, a direct representation of 

metabolic activity can be obtained, indicating cell proliferation or lack thereof. Upon 

assessing cell proliferation on the various scaffolds and scaffold cytotoxicity using the 

alamarBlue assay (Figure 13), it was seen that the fibroblast proliferation rate of the 

highest fibrinogen concentration was similar to that of the ‘gold standard’, tissue culture 
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plastic (TCP). Additionally, as the fibroblast concentration decreased, the cell 

proliferation statistically increased (P<0.001), making the lower-concentration fibrin 

gels more suitable for applications such as vascular grafts.  

Cell growth on each substrate over the 5 day course of study showed that cell 

proliferation on 20mg/ml and tissue culture plate was slower compared to 10mg/ml and 

15mg/ml fibrin concentrations by 105%. It was also observed that by day 7, as the cell 

doubling time did decrease for each other the gel concentrations, the difference between 

the doubling time for softer gels (10mg/ml and 15mg/ml fibrin concentration) and 

stiffer substrate (20mg/ml and tissue culture plate) decreased to 30%. Similar 

observation was made previously by Barsotti, Maria [40] 

An average for doubling time for the cells seeded on day 5 for 10mg/ml, 15mg/ml 

and 20mg/ml fibrin gel was 5.1 days, 3.2 days and 18.4 days respectively. The doubling 

time decreased to 3.7 days, 4.6 days and 6.2 days by day 7 for 10mg/ml, 15mg/ml and 

20mg/ml fibrin gel respectively. It can be concluded that by day 7, the cells attached 

and proliferated better on softer gels and upon increasing the stiffness, the cell 

proliferation rate gradually increased. 

Furthermore, the control group with no gels had a doubling time of 18.9 days till 

day 5 and 5.2 days by day 7, which is comparable to the 20mg/ml fibrin hydrogel. 

The doubling time for the cells did change over days, decreasing gradually for each 

concentration. A bar graph representing the doubling time is shown in Figure 14. The 

results indicated that recovery of the cells after  seeding took about 2 days and that the 

cells eventually started to proliferate on the various substrates.  
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Figure 13: Fluorescence reading obtained from Alamar Blue for day 2, 5 and 7 for each fibrin concentration. 
The control well was set up with no gels and the cells were seeded on the wells of a 24 well plate. The data was 
significant at P<0.001 between 10mg/ml and 15mg/ml with 20mg/ml. There was no statistical difference between 
20mg/ml and the control well. 

 

Figure 14: Bar graph representing doubling time of fibroblast cells seeded on gels with varying fibrin 
concentrations. The doubling time is significantly different at p<0.001 between 10mg/ml, 15mg/ml 
and 20mg/ml fibrin concentration. 
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Collagen Deposition 

Figure 15 and 16 represents the collagen images obtained from the second 

harmonic confocal imaging at 770nm excitation using 30x oil immersive lens on day 

5. The images were analyzed by creating and inverted mask of the confocal images 

obtained from each fibrin concentration and computing the total black pixels that were 

occupied by the expressed collagen. While there was no significant difference between 

the fibrin scaffolds treated with ascorbate, it was seen that in absence of Vitamin C, no 

collagen matrix was produced. (Figure 15) 

 

 

 

Figure 15: Confocal images obtained via SHG for 10mg/ml fibrin hydrogel. 

 Figure on left was treated with Vitamin C while right was not. We can see deposition of collagen matrix on 
the Vitamin C treated gels while the fibroblast seeded on the hydrogel that was not treated with Vitamin C does not 
show collagen deposition. 
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Figure 16: Second harmonic generated confocal images obtained on day 5 at 30x oil immersive lens. 

 A) 10mg/ml B) 15mg/ml C) 20mg/ml fibrinogen concentrations. Different structure and intensity for collagen 
deposition can be observed. 

An average of the intensities was calculated from the collagen deposition and 

translated into a value representing the percentage amount of collagen deposition. The 

average collagen deposition at day 5 can be seen in Figure 17. 

 

Figure 17: Count of Black pixels indicating collagen deposited by fibroblast seeded onto matrices with 
various fibrin concentration on day 5.  

While varying the fibrin concentration did not produce any statistically significant data for collagen 
deposition, the gels that were not treated with Vitamin C didn’t show any collagen deposition, hence this data is not  
represented in the graph. 

 

Each collagen matrix deposited has a different morphological structure as seen in 

Figure 18. Since the cells proliferated at a different rate, it can be inferred that the rate 
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of cell maturation would also be different. Due to this, the collagen matrix deposition 

in the gel varies with a varying fibrin concentration. The organisation of collagen 

structure was computed by calculating the curvature of the line made by black pixels 

that represents the deposited collagen. As shown by Wershof, Ester [43], a mean 

percent change in angle of collagen fibers throughout the collagen deposited area was 

measured. While not statistically significant, the data shows a curvature of 36%, 43% 

and 32% for 10mg/ml, 15mg/ml and 20mg/ml fibrin concentration. This indicates that 

the matrix deposited in 15mg/ml were more circular in nature compared to 10mg/ml 

and 20mg/ml fibrin gels. It can also be concluded that at 10mg/ml and 20mg/ml, 

majority of the collagen deposited were oriented, as compared to 15mg/ml fibrin gel. 

A graphical representation of the data can be seen in figure 18. 

 

Figure 18 A bar graph representation of percent curvature of collagen deposition as seen by black pixels vs fibrin 
concentration in hydrogel. While the data is not statistically significant, a difference in curvature indicates 
that the collagen deposited varied in structure based on varying fibrin concentration. 
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                          FUTURE WORK 

Fibrin and fibrinogen has been researched for over 70 years and is one of the few 

materials that can be made from one’s own body.  

In future, fibrin gels could be made from non-synthetic materials by extracting out 

fibrin and thrombin from blood samples and testing out the mechanical properties. An 

addition of growth factors and cell signalling can assist in better cell infiltration thereby 

promoting collagen deposition. The resultant collagen can be measured more 

effectively using collagen antibody staining and moving forward, it would be useful to 

quantify the amount of collagen I deposited that matures into a collagen III matrix. As 

discusses in this research, 20mg/ml fibrin hydrogels have similar mechanical properties 

as skin and therefore could be further used in in vivo models.  

Furthermore, a lot of advancement is being made towards “smart” hydrogel based 

would healing models. Further research with modifying the sodium chloride levels 

along with calcium chloride and fibrin/ thrombin levels could help build a hydrogel 

with desired properties that could integrate sensors which could give real-time data 

during the process of wound healing. 
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CONCLUSION 

In this research, fibrin hydrogels were characterized and its effect on cell-

biomaterial interaction was analyzed, based on varying fibrin concentrations. It can be 

concluded that reducing the thrombin level helps the fibrin monomers self-assemble 

efficiently thereby forming fiber networks that are stronger with more fiber density. 

Furthermore, an increase in fibrin concentration, increases the porosity, that leads to an 

increase in Young’s and storage moduli resulting in stiffer gels. Since the storage 

moduli of whole human skin is 323.0± 93.7 Pa, 20mg/ml fibrinogen would serve as an 

efficient substitute.                                                                

Further, it was observed that fibrin hydrogels served as a competent substrate 

capable of cell attachment and proliferation. According to alamarBlue fluorescence 

readings, an decrease in fibrin concentration showed better cell proliferation compared 

to lower fibrin concentrations. 

Also, upon treating the fibroblasts seeded on fibrin hydrogels with vitamin C, they 

deposited a collagen matrix, forming their own ECM unlike the ones that were 

untreated. It is important to note that since the gels didn’t provide an organised channel 

for cell growth, it can be seen that the seeded fibroblasts deposited an unorganised 

collagen matrix (Figure 14 A, B), however Figure 14C did show an organised collagen 

deposition.  

This research brings together several literatures to form a specific hydrogel that 

would be suited as a dermal substitute. The alignment of collagen deposition on fibrin 

hydrogels is not been studied before and this thesis attempts to show how varying fibrin 

concentration would play a role in the structure of the collagen matrix deposited by 

maturing fibroblast cells. 
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APPENDIX 

FORCE VS DISPLACEMENT GRAPH 

These graphs were obtained by plotting the force and displacement obtained via 

the compression testing with the Instron. The images are of the best fit line and the 

regression for each of the fibrin concentrations. 
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OSCILLATORY STRAIN SWEEP 

The strain sweep from 0.1% to 100% obtained from the rheometer at 5Hz. A strain of 

10% was used determined from the below graphs to run the oscillatory frequency 

sweep. 
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OSCILLATORY FREQUENCY SWEEP 
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