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ABSTRACT 

 

 

EFFECTS OF NANOSTRUCTURED POLYMERIC SURFACES ON BACTERIAL 

ADHESION AND ERYTHROCYTE (RBCs) INTEGRITY 

 

 

 

 Blood-contacting devices, such as stents, artificial heart valves, vascular grafts and 

catheters, placed within a host body, are subjected to complications such as thrombosis, 

restenosis, hemolysis etc. These complications result in the frequent need for revision 

surgeries or long-term drug therapies post implantations. Natural and synthetic 

biocompatible polymers are used as potential solutions for these issues due to their 

superior characteristic of biodegradability. Recent advancements in nanoscale fabrication 

and modification of these surfaces has shown improved results with platelets, leukocytes 

and other whole blood components. However, disruptions in erythrocyte’s cell structure, 

caused by the foreign body materials, can compromise their oxygen-carrying capacity. 

This can further affect the overall tissue oxygenation and potentially lead to myocardial 

ischemic conditions. Therefore, it is also vital to understand the effect of bio-implant 

surfaces on erythrocyte integrity and viability, to enhance their biocompatibility. In this 

study, PCL nanostructured surfaces, nanofibers and nanowires, were fabricated and 

modified with organic compounds, Tanfloc and CMKC, to investigate their antibacterial 

properties and their effect on erythrocyte’s cell integrity. Results indicate that the modified 

PCL nanostructured surfaces exhibit enhanced antibacterial properties and retain 

erythrocyte integrity. 
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HYPOTHESIS AND SPECIFIC AIMS 
 

 

 

Fundamental Hypothesis: Polycaprolactone nanostructured surfaces, modified with 

Tanfloc and Carboxymethyl Kappa-Carrageenan, reduce bacterial adhesion and maintain 

erythrocyte cell integrity. 

 

Specific aim 1: The main aim of this study is fabrication and characterization of PCL 

nanostructured surfaces. This research is discussed in chapter 2 and will cover: 

(a) Fabrication of PCL nanofiber surfaces. 

(b) Fabrication of PCL nanowire surfaces. 

(c) Modification of PCL nanostructured surfaces with TN and CMKC. 

(d) Characterization of PCL nanostructured surfaces (before and after chemical 

surface modification) – surface morphology, wettability, chemistry, crystallinity 

and mechanical properties. 

 

Specific aim 2: The main aim of this study is to investigate the antibacterial properties of 

PCL nanostructured surfaces. This research is discussed in chapter 3 and will cover: 

(a) Evaluation of bacterial adhesion and proliferation on different surfaces after 6 

hours and 24 hours of bacterial incubation using fluorescence microscopy. 

(b) Evaluation of bacterial morphology and biofilm formation on different surfaces 

after  6 hours and 24 hours of bacterial incubation using scanning electron 

microscopy. 
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Specific aim 3: The main aim of this study is to investigate the effects of PCL 

nanostructured surfaces on erythrocyte integrity. This research is discussed in chapter 4 

and will cover: 

(a) Evaluation of cytotoxicity of different surfaces using LDH assay kit. 

(b) Evaluation of erythrocytes adhesion on different surfaces after 1.5 hours and 

6 hours of erythrocyte incubation using fluorescence microscopy. 

(c) Evaluation of erythrocytes morphology on different surfaces after 1.5 hours 

and 6 hours of erythrocyte incubation using scanning electron microscopy. 
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CHAPTER 1 

 

 

LITERATURE REVIEW 
 

 

 

1.1 Introduction 

Recent statistics regarding cardiovascular diseases (CVD) has revealed alarming 

trends that concerns the ongoing public health crisis posed by these conditions. World 

Health Organization (WHO) has reported that cardiovascular diseases remain the major 

cause of death on a global scale, accounting for 32% of all the deaths in 2019, which is 

equivalent to about 17.9 million fatalities annually [1]. This statistic has remained 

consistent over the previous years, emphasizing the persistent burden of CVD on global 

health systems [1,2]. During COVID-19 pandemic, the impact on cardiovascular health 

has been severe. Recent studies highlighted that individuals with pre-existing 

cardiovascular conditions faced a significantly higher risk of severe outcomes from 

COVID-19, including hospitalization and mortality [3–6]. Individuals with such conditions, 

including hypertension, coronary artery disease, and heart failure, face a high-risk rate of 

CVD. In the context of hypertension, reports indicate that nearly 1.3 billion people 

worldwide suffer from hypertension, with only about 1 in 5 individuals having their 

condition under control [7,8]. According to American Heart Association, over 48.6% of US 

adult population (127.9 million in 2020) were affected by CVD and has been reported to 

increase with the age in both males and females [9]. This underscores the substantial 

burden these diseases impose on society and healthcare systems.  
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Figure 1.1.1: Prevalence of CVD in US adults ≥20 years of age, by age and sex. These data 
include coronary heart disease, heart failure, stroke, and with and without hypertension [9].  

 

1.2 Blood contacting devices 

 There are several major causes for CVD as discussed above, with coronary heart 

disease being an important factor in causing it [9–11]. It is a very common type of 

cardiovascular disease characterized by the narrowing of coronary arteries due to 

atherosclerosis, leading to myocardial ischemia and potential myocardial infarction.  The 

leading cause of coronary heart disease is the gradual deposition of plaque, cholesterol 

and fat on the inner wall of coronary arteries. This deposition can build up to partially or 

completely block the blood flow.  

Contemporary treatment techniques for coronary heart disease include 

revascularization of the occluded vessel via percutaneous coronary intervention (PCI). 

Initially, preferred treatment procedure was balloon angioplasty where a stent is inserted 
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into the artery at the blockage site to restore normalized blood flow through the afflicted 

vasculature. This technique failed due to the prevalence of postoperative arterial recoil 

and coronary dissection. The need for better treatment techniques has driven researchers 

and scientists to develop modern coronary stents [12,13]. Bare-metal stents (BMS) were 

the first generation of stents used, which were constructed with metal alloys. Different 

metals such as stainless steel, cobalt, nickel and titanium were employed in the 

construction of BMS [12,14]. Even though BMS had high mechanical strength, which can 

maintain the arterial diameter, it led to further complications like scar tissue formation and 

thrombosis. This resulted in restenosis, which is the reoccurrence of the blockage inside 

the blood vessel due to proliferation of endothelial cells followed by dedifferentiation of 

smooth muscle cells [15–17]. To resolve this problem, drug eluting stents (DES) were 

developed, which released pharmacological agents to inhibit neointimal hyperplasia and 

reduced risk of in-stent restenosis (ISR) [18,19]. DES have shown superior results in 

preventing ISR compared to BMS, making them a preferred choice in clinical practice 

[20]. The introduction of second-generation DES and drug-coated balloon (DCB) further 

improved safety and reduced restenosis rate up to <10% [21]. Hence, the main cause of 

failure of the stents that encounter tissue and blood flow remains the material surface 

interaction with the biological environment (22.9% failure rate after 13 months). Studies 

have also showed that exposure of red blood cells to thrombogenic metallic surfaces such 

as these stent placements also results in hemolysis and compromises integrity of red 

blood cells [22].  
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Increased oxidative stress and inflammation on red blood cells can further 

exaggerate vascular injury and lead to complications [23]. Hence, the choice of stent 

material and coating are crucial as they can impact the cell integrity and viability of red 

blood cells [24]. 

 

Figure 1.2.1: Coronary stent with balloon angioplasty [25].  

 

 The other widely used blood-contacting medical device is an artificial heart valve. 

Artificial heart valves are used to replace the heart valve that is dysfunctional. Heart 

valves synchronously operate with every heartbeat to maintain blood flow inside the 

human body. During improper health conditions, heart valves can leak and fail to work, 

resulting in heart malfunction. In cases where the heart valve cannot be repaired, an 

open-heart surgery procedure is done to replace it with an artificial heart valve. Heart 

valves can be placed surgically or through a transcatheter procedure [26]. There are 

mainly two types of artificial heart valves: mechanical valves and biological valves. 

Mechanical heart valves (MHVs) are more susceptible to thrombus formation than 
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bioprosthetic heart valves (BHVs), which are developed from bovine or porcine tissue 

mounted on a metal frame [27]. However, the lifespan of BHVs is about 10 to 20 years 

whereas MHVs can last a patient’s lifetime [28]. The thrombosis on the heart valve is not 

only increased through intrinsic pathways but also through hemostatic and hemodynamic 

factors. The incidence of hemolysis in patients with MHVs has been reported to be a 

major concern, with some studies indicating that it can occur in up to 30% of patients, 

depending on the valve design and patient-specific factors [29,30]. The turbulent flow is 

one of the hemodynamic factors that can damage tissue around the prosthesis, initiate 

platelet activation and prevent re-endothelialization [27]. In addition to these 

complications, both mechanical and bioprosthetic valves are not immune to infection, 

particularly from aggressive pathogens such as Staphylococcus aureus, which has a high 

affinity for adhering to prosthetic materials [31]. Therefore, the blood contacting devices 

used within a patient’s body must have enhanced antibacterial properties and be 

compatible with components of blood for better functionality and improved patient’s 

health. 

 

Figure 1.2.2: Illustration of native heart valves, biological valves and mechanical valves [32].  
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1.3 Effects on integrity of red blood cells 

 Red blood cells, also known as erythrocytes, are primarily composed of a lipid 

bilayer interspersed with proteins, which together facilitate the cell’s flexibility and 

deformability. Cell integrity of erythrocytes refers to the structural and functional stability 

of the erythrocyte membrane, which is crucial for maintaining the physiological roles of 

the cells, particularly in oxygen transport and overall hemodynamics. This integrity of 

erythrocytes can be influenced by various factors including membrane composition, 

mechanical properties, surface characteristics of materials in contact and external 

stressors. High shear stress, often encountered in devices like ventricular assist devices 

(VADs) and prosthetic heart valves, can lead to mechanical hemolysis. This occurs when 

erythrocytes are subjected to forces that exceed their structural integrity, resulting in the 

rupture of the cell membrane and the release of hemoglobin into the plasma [33,34]. In 

addition to mechanical stress, the biochemical environment created by blood-contacting 

devices can also compromise erythrocyte integrity. The oxidative stress on the cells can 

alter the membrane lipid composition and protein structure, further impairing the 

deformability and the functionality of erythrocytes [35,36]. When the cells lose its integrity, 

its shape changes abnormally, resulting in a type of cells called poikilocytes. The term 

poikilocytes refers to the presence of these irregularly shaped cells in the blood, which 

can arise due to variety of causes. When blood-contacting devices, such as stents or 

valves, are introduced into the host body, they influence the morphology of the 

erythrocytes, potentially leading to the formation of poikilocytes. There are different types 

of morphological changes observed as shown in Figure 1.3.1, with each of it having its 

own unique causes [37]. For instance, the presence of stents can create regions of 



9 

turbulence and shear stress that causes the erythrocytes to deform, leading to the 

formation of schistocytes (fragmented cells) and other poikilocytes [38,39]. The 

aggregation of cells in these turbulent flow regions can also contribute to their abnormal 

shapes [38]. Erythrocyte’s exposure to foreign materials can also trigger inflammatory 

responses, which affects the lipid composition of the erythrocytes, resulting in formation 

of echinocytes (burr cells) or acanthocytes (spur or spiky cells) [40]. These abnormal 

morphological changes in erythrocytes can lead to hemolysis, myocardial ischemia and 

eventually result in myocardial infarction. Thus, improving the surface properties of blood-

contacting devices by making it more biocompatible for erythrocytes is essential to 

maintain their health, integrity and functionality. 

 

Figure 1.3.1: Different types of morphological changes in red blood cells [41]. 

 

1.4 Current applications of biodegradable polymers  

 There are several research done in the field of polymeric biomaterials aimed at 

improving hemocompatibility, reducing thrombus formation and inhibiting bacterial 

adhesion.  
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They have been employed for potential applications in medical devices such as 

vascular grafts, stents and catheters. The most advantageous property of biopolymers is 

their biodegradability, which is a significant improvement over the permanent nature of 

metal stents. Conventional metallic stents often led to revision surgeries and 

complications such as stent migration and clogging from microbial biofilms [42,43]. In 

contrast, biopolymer stents can be designed to degrade over time and leave a healed 

vessel behind without requiring any additional surgical interventions [43]. This not only 

reduces the risk of complications associated with long-term foreign body presence but 

also promotes natural vascular remodeling as the stent material is absorbable by the body 

[44]. They have also shown exceptional flexibility without any compromise in the 

mechanical strength, which is advantageous for stent functionality [45]. Additionally, 

biopolymer coatings can be engineered to enhance endothelialization, which is vital for 

the integration of the stent with the vascular tissue and for reducing the risk of thrombosis 

[46]. Incorporation of antibacterial and antimicrobial agents into the biopolymer matrices 

further addresses the complications of biofilm formation which is prevalent in metallic 

stents [42]. 

Polyurethanes (PUs) have gained attention for their tunable properties and ability 

to form biocompatible surfaces. Recent studies highlight the importance of the phase 

separation structure in PUs, which influences their mechanical properties and 

hemocompatibility, thereby affecting blood coagulation responses [47,48]. 

Chitooligosaccharide grafted onto segmented poly(ester-urethane) films have shown to 

improve the surface biocompatibility. The natural polysaccharides like 
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chitooligosaccharide help in reducing platelet adhesion and activation, which are critical 

factors in thrombus formation upon contact with blood [49].  

Another widely used polymer in hemodialysis devices is Polysulfone. Research 

has shown that Polysulfone membranes can be modified to enhance their hydrophilicity, 

which helps in reduction of protein adsorption and platelet activation [50,51]. Polyvinyl 

alcohol (PVA) is characterized by its high hydrophilicity due to the presence of hydroxyl (-

OH) groups. This hydrophilic nature leads to a water-rich environment on the surface of 

the device [52]. Such surfaces are less prone to protein adsorption, which is a critical 

factor in the initiation of thrombus formation. Studies have shown that PVA-based 

hydrogels create smooth surfaces that minimize blood coagulation, making them suitable 

for applications like vascular grafts [53]. Polyhydroxyalkanoates (PHAs) are another class 

of biodegradable polyesters produced by microbial fermentation. Recent studies 

highlighted the potential of low molecular weight PHAs for applications like bio-adhesives 

and drug coating systems [54]. Polylactic acid (PLA) is another widely used biopolymer 

in the fabrication of DES, sutures and drug delivery systems. The ability of PLA to be 

engineered into various forms allows the incorporation of therapeutic agents that can be 

released over time to prevent restenosis. The gradual release of drugs like sirolimus from 

PLA-based stents has shown to significantly reduce platelet aggregation and smooth 

muscle cell proliferation [55]. Recent advancements have focused on enhancing PLA 

composites with materials like lignin to improve their mechanical properties and 

antioxidant capabilities [56]. Chitosan, a natural biopolymer, derived from chitin exhibits 

excellent biocompatibility, biodegradability and antimicrobial properties. It has been 

widely used in wound dressings, drug delivery systems and tissue engineering scaffolds. 
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Chitosan-based hydrogel’s ability to form gel-like structure, which can encapsulate drugs, 

helps in promoting cell adhesion [57,58].  

Silk fibroin, derived from silkworms, has been utilized in the fabrication of vascular 

grafts and has exhibited promising results in small-diameter applications, where 

traditional synthetic grafts often fail due to thrombosis or initial hyperplasia. For instance, 

research demonstrated that silk fibroin grafts could replace small-caliber blood vessels, 

promoting tissue regeneration and reducing the risk of complications associated with 

synthetic materials [59,60]. Polyethylene Glycol (PEG) has been evaluated for its use in 

arteriovenous connections for hemodialysis [61]. Also, incorporation of PEG into valve 

materials can enhance their resistance to calcification, a common issue in long-term 

implants [62,63]. Collagen and Elastin are few other natural biopolymers used in 

development of Tissue-Engineered Vascular Grafts. These grafts are designed to mimic 

the mechanical and biological properties of native blood vessels [64]. These are few 

contemporary solutions with the incorporation of biopolymers in place of conventional 

metallic implants and blood contacting devices.  

1.5 Benefits of PCL as a biomaterial 

 Polycaprolactone (PCL) has been shown as a potential biomaterial for blood 

contacting devices such as stents, vascular grafts and heart valves due to its unique 

properties that enhance biocompatibility and functionality. Its advantages in these 

applications attributes to its favorable mechanical properties, biodegradability and ability 

to be modified for improved blood compatibility. Mechanical strength and flexibility are few 

of its significant properties which are crucial for the dynamic environment of blood vessels 

[65]. PCL exhibits a high ultimate elongation at point of failure, which is essential for 
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vascular grafts that need to accommodate the pulsatile nature of blood flow without 

rupturing [66].  

PCL’s biodegradability is a critical factor in its use for temporary implants. PCL’s 

slow biodegradation, which can last up to 24 months, provides sufficient time for tissue 

regeneration while minimizing the risk of chronic inflammation associated with permanent 

implants [67]. This property is very useful in vascular applications, where the scaffold 

must support tissue growth until the host tissue can take over the function [68]. Even the 

degradation products of PCL are non-toxic and can be metabolized by the body, which 

emphasizes the biocompatible nature of PCL [69]. Also, the surface characteristics of 

PCL, which can be engineered to improve blood compatibility, makes it stand out from 

other materials used for bio-implants. The hydrophobic nature of PCL can lead to protein 

adsorption and platelet activation, which eventually ends in thrombosis [70]. However, 

surface modifications, such as the incorporation of heparin or other anticoagulants, can 

significantly enhance its compatibility by reducing the platelet adhesion and activation 

[71]. Also, the ability of PCL to be fabricated into different complex geometries, using 

techniques like electrospinning and 3D printing, enables a vast range of applications for 

it. This property allows it to be customized into implants that fit specific patient anatomies, 

which is beneficial in vascular applications where precise dimensions are critical for 

functionality [72]. The FDA’s approval of various PCL-based devices establishes its 

potential for clinical use, facilitating faster transition from laboratory to clinical settings 

[73]. Research has shown that PCL’s versatility can further be enhanced due to its ability 

to modify its physical and chemical properties through copolymerization and blending with 

other materials, such as polylactic acid (PLA), chitosan, hydroxyapatite etc [74–76].  
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Similarly, PCL composites with natural polymers like gelatin or cellulose have 

exhibited improved hydrophilicity and promoted cellular interactions [77,78]. These 

advantageous properties promote PCL as a key biomaterial in the development of 

innovative solutions for tissue engineering, drug delivery and cardiovascular bioimplants. 

1.6 PCL nanostructured surfaces 

1.6.1 Benefits of nanomodification 

One of the primary advantages of nanostructured PCL is the enhancement of its 

mechanical properties. Nanostructures can increase the elastic modulus and tensile 

strength of PCL scaffolds, which is crucial for load-bearing applications in bone tissue 

engineering. For instance, incorporation of nanoclay into PCL matrices has shown to 

reinforce the mechanical strength of the resulting scaffolds, leading to a 140-200% 

increase in elastic modulus [79]. This characteristic is essential for scaffolds to withstand 

physiological loads while promoting cell attachment and proliferation. In addition to 

mechanical improvements, nanostructures significantly enhance the biocompatibility of 

PCL. The hydrophobic nature of PCL often limits cell adhesion and proliferation; however, 

the introduction of nanostructures modifies the surface properties to improve wettability 

and promote cellular interactions [80]. Nanostructured surfaces can provide topographical 

cues that influence cell behavior, such as differentiation and migration. For instance, 

retinal progenitor cells cultured on nanostructured PCL surfaces has shown regulation of 

specific markers associated with differentiation, suggesting that surface topography plays 

a vital role in guiding cell fate [81]. Conversely, nanostructured PCL surfaces can also be 
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engineered to be superhydrophobic, which significantly decreases the contact area 

between bacteria and the surface.  

For instance, Hizal et al. demonstrated that a hydrophobic nanopillared surface 

resulted in a 98% reduction in Staphylococcus aureus and a 99% reduction in Escherichia 

coli adhesion compared to hydrophilic surfaces, primarily due to reduced van der Waals 

interactions [82]. The sharp edges and high aspect ratios of nanostructures can induce 

physical damage to bacterial cells on contact, leading to cell lysis or impaired function 

[83,84]. Leszczak et. al investigated the impact of surface topography on cell adhesion, 

proliferation and differentiation for various cell types, including mesenchymal stem cells 

(MSCs) and fibroblasts. Their studies demonstrated that the introduction of nanoscale 

features, such as nanowires, increased the surface area available for cell attachment, 

thereby promoting stronger cell-substrate interactions [85,86]. They have also studied 

whole blood clotting kinetics, platelet adhesion and activation on nanostructured surfaces 

such as nanofibers and nanowires (Figure 1.6.1.1) [87,88]. However, there are 

insufficient studies done specifically about erythrocytes interaction with nanostructured 

PCL surfaces. Works indicating the effects of nanostructured PCL surfaces on the cell 

viability and integrity of erythrocytes were less, providing more scope for further research 

in that area. 
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Figure 1.6.1.1: Representative SEM images of PCL (A), NW (B and C) and NF (D and E) 
surfaces [88]. Reproduced with permission from ref. 88. Copyright 2013, Taylor & Francis. 
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1.6.2 Fabrication methods 

 Various fabrication techniques have been developed to produce PCL 

nanostructured surfaces, each with distinct advantages and applications. Few of the 

fabrication methods for nanostructured PCL surfaces have been discussed below. 

 Electrospinning is one of the most predominant techniques for fabricating PCL 

nanofibers (Figure 1.6.2.1). This method is used to fabricate nanofibers with diameters 

typically ranging from 200-900 nm, which closely mimic the extracellular matrix (ECM) 

[89,90]. The process involves applying a high voltage to a polymer solution, which causes 

the solution to form a jet that stretches and solidifies into fibers as it travels towards a 

collector [91,92]. 

 

Figure 1.6.2.1: Schematic diagram of set up of an electrospinning apparatus (a) vertical setup 
(b) horizontal setup [92]. Reproduced with permission from ref. 92. Copyright 2010, Elsevier. 

  

 Electrospray technique is commonly used for producing PCL nanospheres. This 

technique involves the application of a high voltage to polymer solution, which creates a 

fine mist of charged droplets that evaporate to form nanospheres.  
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Electrospray allows for precise control over the size and morphology of the 

nanospheres, making it suitable for drug delivery applications where uniformity is crucial. 

The encapsulation efficiency of bioactive compounds can exceed 70%, enabling 

sustained release profiles that are beneficial for therapeutic applications [93,94]. 

 

Figure 1.6.2.2: (a) Basic electrospraying setup and (b) Electrospraying mechanism [94]. 
Reproduced from ref. 94. Copyright 2018, Hosokawa Powder Technology Foundation. 

 

 Template assisted methods, particularly using anodic aluminum oxide (AAO) 

templates, have been utilized to create PCL nanowires with controlled dimensions and 

high aspect ratios. In this approach, PCL is deposited into the nanopores of the AAO 

template, and after solidification, the template is removed, leaving behind PCL nanowires.  
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This method allows precise control over the diameter and length of the nanowires, 

which can be tailored for specific applications. The use of templates also enables the 

fabrication of nanowires with complex geometries and arrangements [95,96]. 

 

Figure 1.6.2.3: Schematic of PCL nanowire fabrication – (a) PCL is placed on top of the alumina 
nanoporous membrane; (b, c) PCL is extruded through the nanoporous membrane in a vacuum 
oven; (d) Alumina nanoporous membrane is dissolved in NaOH to release the nanowires [95]. 
Reproduced from ref. 95. Copyright 2010, Elsevier. 

 

 PCL nanoparticles can be synthesized using miniemulsion polymerization, where 

a PCL solution is emulsified in an aqueous phase, followed by polymerization under 

specific conditions. This method allows for the production of nanoparticles with controlled 

sizes and surface properties, which can be beneficial for drug delivery applications [97]. 

 

Figure 1.6.2.4: Schematic diagram showing the porous PCL beads fabrication procedure [97]. 
Reproduced with permission from ref. 97. Copyright 2014, Springer Nature. 



20 

1.7 Benefits of Organic Coatings 

Organic coatings on bio-implants play a crucial role in enriching hemocompatibility, 

which is necessary for successful integration of the implants within the human body. 

Various organic coatings, including polymeric and biomolecular modifications, have been 

extensively studied for their capacity to improve the hemocompatibility of bio-implants. 

Organic coatings such as hydroxyapatite [98], chitosan [99–101], collagen [102–104], 

gelatin [105,106], keratin [107–110], cellulose [111–113], and silk fibroin [114,115] have 

been extensively researched and proven effective in enhancing the performance of bio-

implants. For instance, fibrin-based coatings have been reported for showing significant 

reduction in platelet adhesion on nitinol implants [116]. Moreover, the use of zwitterionic 

polymers in coatings has been shown to further enhance hemocompatibility. PCL films 

modified with zwitterionic polymer brushes have been reported to exhibit reduced platelet 

adhesion and improved resistance to blood coagulation [117]. In this work, two such 

organic compounds, Tanfloc (TN) and Carboxymethyl Kappa-Carrageenan (CMKC), were 

chosen to examine their effects on the biocompatibility of PCL nanostructured surfaces.  

TN coatings, derived from condensed tannins (Figure 1.7.1), have gained 

attention in the field of biomaterials for its multifaceted benefits, particularly in enhancing 

biocompatibility, antibacterial properties and promoting osteogenesis. The unique 

chemical structure of TN, which includes catechol and pyrogallol groups, contributes to 

its superior antimicrobial activity compared to other natural polycations like chitosan 

[118,119]. Studies have demonstrated that TN/heparin polyelectrolyte multilayers 

significantly enhance blood compatibility by reducing fibrinogen adsorption and platelet 

adhesion, which are critical factors in preventing thrombosis on implant surfaces 
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[119,120]. This becomes an important characteristic for blood contacting devices, where 

maintaining blood flow and minimizing clot formation are essential for the longevity of the 

device and patient’s health. Additionally, TN’s inherent antibacterial properties contribute 

to its effectiveness in preventing biomaterial associated infections. The mechanism of 

action includes enzyme inactivation and chelation of trace metal ions, which disrupts 

bacterial growth and biofilm formation [118,121]. These advantageous properties of TN 

have compelled it to be incorporated in this study of hemocompatibility and antibacterial 

properties of surfaces. 

Similarly, CMKC derived from kappa-carrageenan, a natural polysaccharide 

extracted from red algae (Figure 1.7.1), has shown to be advantageous due to its 

biocompatibility, biodegradability and non-toxicity [122]. Studies have shown that CMKC 

exhibits favorable interactions with human cells, enhancing cell adhesion and proliferation 

[123]. Furthermore, CMKC has shown to significantly reduce bacterial colonization, which 

is an important factor in biomaterial implants. Thus, CMKC was chosen for this study due 

to its above-mentioned beneficial properties. 

 

Figure 1.7.1: (a) Chemical Structure of TN [124]. Adapted with permission from ref. 124. 
Copyright 2023, MDPI. (b) Chemical Structure of CMKC [122]. Adapted with permission 
from ref. 122. Copyright 2020, Elsevier.
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CHAPTER 2 

 

 

FABRICATION AND CHARACTERIZATION OF PCL NANOSTRUCTURED SURFACES 
 

 

 

2.1 Introduction 

 Surface properties of materials used for biomedical implants and blood contacting 

devices have a major influence on the biocompatibility of the materials. Modifying surface 

properties such as surface topography, surface chemistry, surface wettability has shown 

a large impact on the compatibility of the materials. In synthetic polymers, PCL has been 

widely used in the production of many bio-implants because of its advantageous 

properties such as biocompatibility, biodegradability and favorable mechanical properties. 

Previous studies have shown that PCL-based scaffolds have been favorable for their 

compatibility with many cell types, including osteoblasts and mesenchymal stem cells, 

essential for bone regeneration [1,2]. The potential of PCL for copolymerization with other 

biomaterials, including collagen and chitosan, adds to its mechanical properties and 

biocompatibility, making it suitable for scaffolds requiring specific mechanical attributes in 

tissue engineering [3]. The adaptability of PCL is further enhanced by its potential to be 

fabricated into various forms, including nanospheres [4,5], nanowires [6,7], nanofibers [8], 

ultra-thin membranes [9], and scaffolds, utilizing methods such as electrospinning, 3D 

printing and so on. These techniques facilitate the fabrication of scaffolds that replicate 

the extracellular matrix, enhancing cell adhesion and proliferation [10,11].  
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Several recent studies have revealed that nanostructured surfaces of PCL, such 

as nanofibers and nanowires, can play a vital role in improving the blood compatibility 

and endothelial cell growth and differentiation [12–14]. In this work, these two nano 

topographies have been explored to understand their responses to erythrocytes 

interactions. NFs and NWs were chosen because they have features of similar size range 

but aligned in a very contrasting orientation; NFs are aligned parallel to the surface, while 

NWs are aligned perpendicular to the surface. Furthermore, these nanostructured 

surfaces were modified with organic compounds, TN and CMKC, to study their effects on 

the surfaces. It is hypothesized that this difference in alignment of nanostructures on the 

surface and the additional layer of organic coatings will cause a highly distinctive 

response to blood components, thus altering the erythrocyte compatibility.  

In this study, fabricated PCL nanostructured surfaces were characterized for their 

surface wettability, surface chemistry, surface morphology, surface crystallinity and 

mechanical properties. Surface wettability was evaluated by measuring contact angles 

via goniometry. Surface chemistry was determined using X-ray photoelectron 

spectroscopy (XPS) analysis. Surface morphology was examined using scanning 

electron microscopy (SEM) imaging and surface crystallinity was analyzed using X-ray 

diffraction analysis (XRD). To understand the mechanical properties of all the surfaces, 

indentation hardness and elastic modulus were analyzed using the nanoindentation 

technique. 
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2.2 Methods and Materials 

2.2.1 Fabrication of PCL Nanofiber (NF) surfaces 

PCL Nanofibers surfaces (NF) were fabricated using the electrospinning method. 

The electrospinning device comprised a glass syringe, a 19-gauge blunt tip catheter, a 

syringe pump, and a male luer lock adapter. The catheter tip was attached to the positive 

terminal of a high-voltage power source with an alligator clip. The collector consisted of 

an aluminium foil fastened onto a 0.5” thick copper plate with electrical tape and 

positioned horizontally in line with the catheter tip. The negative terminal of the high-

voltage power source was clipped to the aluminium foil using another alligator clip. The 

polymer solution was prepared by dissolving PCL pellets (MW = 80,000) in chloroform 

and then the solution was mixed with sodium salt of oleic acid (OLA) in methanol. A 

magnetic stir plate was used to produce a homogenous mixture of the solution with a 4:1 

chloroform: methanol volume ratio. The final solution was 12% solid w/w and the 

PCL:OLA ratio of the solid weight was 97:3. The tip-to-collector distance was 10 cm, the 

applied voltage was 21 kV, and the volumetric flow rate was 2.8 ml hr-1 [6]. The resulting 

collector aluminium foil was removed from the copper plate and stored overnight in a 

desiccator to remove moisture from the surfaces.  

2.2.2 Fabrication of PCL Nanowire (NW) surfaces 

PCL control surfaces (PCL) were fabricated using a Prusa i3 3D printer with a 

nozzle diameter of 1.75 mm. Facilan™ PCL 100 Filament, with a diameter of 1.75 mm and 

molecular mass of 50 kDa, was used to 3D print PCL discs of 10 mm diameter and 2 mm 

thickness on a flatbed. The PCL disc was originally modelled in SOLIDWORKS and was 

sliced in Prusa slicer by importing it in STL.file format.  
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The nozzle and bed temperature of the printer were set to 180 °C and 45 °C, 

respectively. The printed control discs were collected in a well plate and stored in a 

desiccator overnight to remove moisture from the control surfaces. 

Commercially available 200 nm diameter nanoporous aluminium oxide 

membranes (ANOPORETM, Whatman) were used to fabricate PCL Nanowire surfaces 

(notation: NW) using the solvent-free nano-templating process. The PCL control surfaces 

(as previously produced) were placed on the nanoporous membrane surface inside a 

custom-made 3D printed template and were covered with glass slides on the top and 

bottom. The template was modelled using SOLIDWORKS and 3D printed with PETG 

material to withstand high temperatures (Figure 2.2.2.1). The polymer control surfaces, 

placed on the nanoporous alumina membrane, were allowed to gravimetrically extrude 

through the membrane for 15 minutes at 74 °C in an oven. The extruded NWs were then 

released by dissolving the aluminium oxide membranes in 1 M NaOH for 75 minutes [15]. 

Once dried, the NW surfaces were washed thrice with DI water and then stored in a 

desiccator to remove moisture from the surfaces. 

 

Figure 2.2.2.1: The (a) side, (b) top and (c) isometric views of SOLIDWORKS model of NW 
fabrication template. 
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2.2.3 Modification of PCL Nanostructured surfaces 

2.2.3.1 Tanfloc purification 

Tanac SA (Montenegro-RS, Brazil) has generously donated Tanfloc (TN), an 

amino-functionalized polyphenolic tannin derivative with a molecular weight of 

approximately 600 kDa [16] for this study. The Commercial TN product is produced by 

polymerizing tannin with the addition of formaldehyde, ammonium chloride, and 

hydrochloric acid [17]. Dialysis can remove the excess chloride ions in the TN structure 

transferred from the ammonium chloride used in TN synthesis. The hydrolyzable tannins 

and other low molecular weight substances in the commercial TN can also be removed 

through dialysis. A solution of TN in sodium acetate buffer (pH 5.0 and 0.2 mol L-1) was 

produced at a concentration of 10 g L-1 and stirred overnight on a magnetic stir plate to 

ensure complete dissolution. The TN solution was then dialyzed using a Snakeskin 

Dialysis Tubing (10 kDa MWCO) in DI water for three consecutive days. The dialysate (DI 

water) was replaced bi-daily to maintain its purity during dialysis. After the 72-hour 

dialysis, the solution was filtered using a Whatman filter paper (110 mm) to eliminate 

residual contaminants. The filtered TN solution was frozen at -80 °C and lyophilized for 

five days to yield a dry, purified TN [16].  

2.2.3.2 CMKC synthesis 

Kappa-carrageenan containing small amounts of iota-carrageenan (KC) and 

monochloroacetic acid (MCA) were purchased from Sigma-Aldrich (USA). The 

Carboxymethyl-kappa-carrageenan (CMKC) was synthesized in-house by Dr. Kipper’s 

group, who were generous enough to donate it for this study. The carboxymethylation of 

kappa-carrageenan (KC) was done following Williamson’s ether synthesis method.  
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The system used for the carboxymethylation process consists of a 250 mL three-

necked glass flask combined with a reflux condenser, thermometer, and a mechanical 

stirrer placed in a water bath. For the reactions, 2 g of KC was suspended in 40 mL of an 

aqueous solution containing 80% (w/v) of 2-propanol in the 3-necked glass flask coupled 

with a reflux condenser. 4 mL of a 20% NaOH aqueous solution was added dropwise over 

15 minutes. The mixture was stirred rapidly at 40 °C for 1 hour. Monochloroacetic acid 

solution (MCA) was dissolved in 4 mL of 20% NaOH aqueous solution and stirred at 

ambient temperature for 30 minutes to achieve alkaline activation. The activated MCA 

solution was then added dropwise using a syringe to the KC solution for a duration of 20 

minutes while maintaining a temperature of 55 °C for 4 hours of stirring. The reaction was 

carried out with the degree of substitution (DS) being 1.1 for the molar ratios of MCA to 

KC monomer of 3.5:1. Following the reaction, the product was isolated using vacuum 

filtration and washed thrice with 80% 2-propanol aqueous solution and pure 2-propanol. 

Later, the product was dried in an oven at 50 °C for an entire night. The resultant powder 

was dissolved in 300 mL of DI water overnight and underwent dialysis against water using 

a membrane with a maximum molecular weight cut-off (MWCO) 7000 Da (pore 22 x 

35mm) until the conductivity went below 20 µS.cm⁻¹. Ultimately, the product was 

lyophilized in a ModulyoD lyophilizer (ThermoSavant), resulting in CMKC (Mw = 4.3 ×105 

gmol−1) with a DS of 1.1, as mentioned above. The reaction conditions were uniform for 

both products [18,19] 
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2.2.3.3 Layer-by-layer deposition 

 The experimental procedure, used to prepare the Layer-by-Layer (LbL) deposition, 

was adapted from the methods reported before by our research group [16,20]. In this 

procedure, NF and NW surfaces were modified by treating them with TN and CMKC 

solutions to obtain NFTN, NFTN+CMKC, NWTN and NWTN+CMKC groups. TN (polycation) and 

CMKC (polyanion) solutions were prepared in an acetic acid-acetate buffer (0.2 M sodium 

acetate and acetic acid at pH 5.0) at a concentration of 5 mg mL-1 and 1 mg mL-1 

respectively. The solutions were stirred overnight. After that, the solutions were filtered 

using 0.22 µm polyvinylidene fluoride (PVDF) syringe filters from Fisher Scientific 

(Waltham, MA, USA). An aqueous acetic acid solution (pH 4.0) was used as a rinse 

solution. Prior to surface modification with polyelectrolytes, the NF and NW surfaces were 

treated with oxygen plasma at 200 V in 10 cm3 min-1 of oxygen gas for 5 minutes. The 

surfaces were placed in 24-well plates and were modified via oxidation using oxygen 

plasma to facilitate the deposition of the polyelectrolytes. The rinse and deposition steps 

were all conducted on an orbital shaker (100 rpm). The oxidized surfaces were rinsed 

with the rinse solution for 4 minutes before the LbL deposition. The rinse solution was 

aspirated, and LbL deposition was carried out on the oxidized surfaces by adding the TN 

solution (polycation). After 5 minutes, the TN solution was aspirated, and the surface was 

rinsed again for 4 minutes. Subsequently, the rinse solution was aspirated, and the 

surfaces were washed with DI water for 30 seconds to obtain NFTN and NWTN groups. For 

NFTN+CMKC and NWTN+CMKC, an additional layer of CMKC solution was deposited on the 

surfaces. The CMKC (polyanion) solution was added to the oxidized surfaces containing 

one layer of polycation (TN) for 5 minutes.  
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Then, the CMKC solution was aspirated, and the surfaces were rinsed for 4 

minutes. Finally, the rinse solution was aspirated, and the surfaces were washed with DI 

water for 30 seconds. Following this LbL deposition, all the modified surfaces were stored 

in a desiccator until further use. 

2.2.4 Statistical analysis 

Surface characterizations with SEM and contact angles were done using at least 

3 different surfaces for each group at 3 different locations on the surface (nmin=9). 

Statistical one-way analysis of variance test (ANOVA) was conducted, followed by a post-

hoc analysis (t-test). The results were considered statistically significant when the p-value 

was ≤ 0.05. Analysis was done OriginPro 2024 software. 

2.3 Results and Discussion 

2.3.1 Characterization of different surfaces 

The morphological features on the surfaces play a crucial role in affecting the cell 

and bacteria adhesion on surfaces [21,22]. The surface topography and architecture of 

the nanostructured surfaces were examined using scanning electron microscopy (SEM, 

JEOL JSM-6500F) (Figure 2.3.1.1 and 2.3.1.2). Prior to imaging, a 10 nm coating of gold 

was applied to the surfaces, and the imaging was performed at 5 kV. SEM images of PCL 

do not show any unique topography. As expected, the PCL surfaces have considerable 

roughness and irregularities due to its processing and are not naturally smooth. The NF 

surfaces are produced by electrospinning process that involves the application of a high 

voltage to the polymer solution, which generates a charged jet, that elongates and 

solidifies into fibers as it travels toward a collector [23].  
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SEM images of NF show a uniform fibrous structure spread in a parallel manner 

throughout the surface. The NW surfaces are formed by gravimetrically extruding PCL 

control surfaces via nanoporous anodic aluminum oxide membranes at a temperature 

slightly greater than the glass transition temperature of PCL [24]. The SEM images of NW 

surfaces show an evenly distributed uniform architecture of extrusions, perpendicular to 

their surface. These SEM images of NF and NW indicate that their morphologies have a 

unique texture topography contrasting to the non-textured PCL surface. Using ImageJ, 

the height and the diameter of the NWs were computed to be 1.57 ± 0.17 µm and 341.43 

± 31.96 nm respectively, while the diameter of the NFs were measured to be 569.7 ± 

76.85 nm. This study conformed with the previous literature that have shown similar NW 

and NF surfaces produced, which enhances cellular functionality [7,25,26]. After the LbL 

deposition of TN and CMKC on different surfaces, the SEM images indicate no significant 

changes as compared to unmodified surfaces. Thereby, it is evident that the NF and NW 

surfaces maintain a stable nanoarchitecture throughout the LbL deposition process. 

 

Figure 2.3.1.1: Representative SEM images of different surfaces at low (2500x) magnification. 
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Figure 2.3.1.2: Representative SEM images of different surfaces at high (7500x) magnification. 

 

Surface wettability is an important surface characteristic of a bio-implant that has 

been shown to influence interactions of blood components with surfaces [14,27]. The 

surface wettability of different surfaces was evaluated by contact angle measurements 

using a sessile drop measuring technique with the Ramè-Hart goniometer (Ramé-Hart 

Instrument Co., Succasunna, NJ, USA). The angle formed between a liquid droplet and 

a solid surface at the three-phase contact line where the liquid, solid and vapor phases 

meet is defined as the contact angle. The contact angle is measured between the surface 

and tangent line at the point of contact of the liquid droplet with the surface. Contact angle 

(θ) depends on various surface properties such as surface area, topography, energy, 

polarity due to chemistry etc. This angle provides insight about the liquid and the solid 

surface, which are influenced by the above-mentioned surface properties. Generally, the 

contact angle can be categorized into different types based on its value. Hydrophilic 

surfaces exhibit contact angles less than 90°, indicating that the liquid tends to spread 

across the surface.  
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Conversely, hydrophobic surfaces display angles greater than 90°, indicating that 

the liquid droplet maintains a more spherical shape and does not spread out much on the 

surface [28,29]. Furthermore, superhydrophilic surfaces can have contact angles below 

5°, allowing the water droplet to spread almost completely across the surface [30]. 

In this study, the contact angle (θ) of 10 μL-sized droplet of DI water was used to 

measure the surface wettability. A camera was leveled with the surface, and the water 

droplet contacting the surface was captured as a photograph within five seconds of the 

droplet’s time of contact. The associated software was then used to analyze the images 

and calculate the contact angles from the saved pictures. Results indicate that the PCL 

surface was almost hydrophobic as expected, with contact angle value 80.2° ± 10.5° 

(Figure 2.3.1.3). This hydrophobic nature of PCL is attributed to its densely packed semi-

crystalline structure, which limits water penetration and interaction with biological fluids 

[31,32]. All the other treated surfaces in this study exhibited a significantly reduced 

contact angle with respect to the PCL control. NW, NWTN and NWTN+CMKC surfaces were 

hydrophilic, whereas NF, NFTN and NFTN+CMKC surfaces were superhydrophilic. This 

difference in contact angles between NF and NW groups can be attributed to their 

structural differences. NFs typically exhibit a larger surface area to volume ratio compared 

to NWs, which allows greater interaction between their surfaces and the water molecules. 

This increase in surface area promotes more adsorption of water, thereby forming lower 

contact angles and thus exhibiting superhydrophilic wettability. In contrast, NWs, which 

have a more compact and elongated structure, tend to trap air within their nanostructures.  
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This entrapment of air pockets between the liquid and surface topography forms a 

Cassie-Baxter state, thus minimizing their interaction and thereby leading to a relatively 

higher contact angle [33,34].  

There was no significant difference in terms of wettability between the NF, NW 

groups and their respective modified groups except for NWTN. In comparison with NW, 

the NWTN exhibits lower contact angle. This difference is because incorporation of 

hydrophilic polymers with PCL nanostructures has been shown to drastically reduce their 

hydrophobic characteristics [34,35] (Figure 2.3.1.3). Thus, all the nanostructured PCL 

surfaces should potentially inhibit bacterial adhesion and improve cell proliferation on the 

implant surfaces due to their hydrophilic nature [36,37]. 

 

Figure 2.3.1.3: Static water contact angle of different surfaces. Images of water droplet on the 
surfaces are also shown in the plot. Statistical significances (p-value) were represented as   *** 
p < 0.001. 
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 The PCL control surface underwent several surface modifications in this study to 

improve its hemocompatibility and enhance its antibacterial properties. Hence, it is vital 

to understand the surface chemistry of different surfaces before and after modifications. 

Moreover, evaluating the surface chemistry is necessary to understand if LBL deposition 

of TN and CMKC was successful.  

XPS (PHI Physical Electronics PE-5800 X-ray Photoelectron Spectrometer with an 

Al Kα X-ray source) was used to characterize the surface chemistry of different surfaces. 

Survey scans were collected for all the surfaces which help identify the elements present 

on the surfaces along with their relative concentration. Peak-fit analysis was conducted 

using CasaXPS (Version 2.3.25PR1.0). From the survey spectra, elemental analysis was 

also conducted for each surface using CasaXPS (Version 2.3.25PR1.0) and the 

composition (atomic weight percentage, % at) of each element was recorded. The XPS 

survey scan depicts comparison between PCL control and all other surfaces at different 

bonding energies ranging from 100 eV to 700 eV (Figure 2.3.1.4). From the survey scan 

of PCL control, the presence of C1s peak (284.6 eV) and O1s peak (530 eV) was 

detected, which is typical of the PCL XPS spectrum reported in previous literature [38]. 

NF and NW were also exhibiting the same peaks of C1s and O1s, indicating that there 

was no change in the surface chemistry of the nanostructured PCL surfaces in 

comparison to the PCL control. However, after LbL deposition of TN, all the modified 

surfaces (NFTN, NFTN+CMKC, NWTN and NWTN+CMKC) exhibited new peak at binding energy 

400 eV (N1s) that corresponds to the presence of nitrogen on the surfaces. This N1s 

presence was due to the successful modification of surfaces with TN.  
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The N1s peak can be attributed to the characteristic composition of TN because of 

the presence of amine groups in it [16]. However, NFTN+CMKC and NWTN+CMKC exhibited 

additionally a small peak at binding energy 168 eV which corresponds to the traces of 

sulphur (S2p) [39]. Presence of S2p peak is attributed to the sulphate group which 

belongs to CMKC [40]. This is due to the sulfation process that kappa carrageenan 

undergoes during its extraction and purification from algae [41]. The sulphur atoms in 

kappa carrageenan are primarily associated with sulphate (–SO₄) moieties, which are 

integral to its biological and physicochemical properties [42]. Therefore, the XPS survey 

scan confirms the successful LbL deposition of TN and CMKC.  

 

Figure 2.3.1.4: XPS survey scan of different surfaces. 
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From the XPS survey scans, the elemental composition (atomic weight 

percentage, %at) of the surfaces was calculated (Table 1). PCL, NF and NW surfaces 

showed no traces of nitrogen or sulphur as expected. On the other hand, all the modified 

surfaces (NFTN, NFTN+CMKC, NWTN and NWTN+CMKC) showed presence of nitrogen. Also, 

NFTN+CMKC and NWTN+CMKC surfaces displayed minute traces of sulphur as expected. 

Table 1: Elemental analysis (%at) of different surfaces from XPS survey spectra. 

 
%C1s %O1s %N1s %S2p 

PCL 76.53 23.47 0.00 0.00 

NF 73.33 26.67 0.00 0.00 

NFTN 75.11 23.40 1.49 0.00 

NFTN + CMKC 72.89 24.80 1.36 0.95 

NW 69.79 30.21 0.00 0.00 

NWTN 73.35 25.06 1.58 0.00 

NWTN + CMKC 71.58 26.24 1.55 0.63 

 

 To characterize surfaces for understanding its detailed information about the 

crystallinity and phase composition of the materials, XRD is a pivotal technique. The 

characterization of PCL control and nanostructures is important for understanding the 

physical properties which directly influence its functionality as a biomaterial. In addition to 

crystallinity, XRD also serves as a fundamental tool to estimate the presence of any 

secondary phases or impurities within PCL nanostructured surfaces. 
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XRD (XRD-7000 Shimadzu) was utilized to analyze the crystalline structure of the 

surfaces, while using CuKα radiation at 40 kV and 30 mA. When performing XRD, a thin 

film (TF-XRD) geometry was utilized for the surfaces with a fixed incidence angle of 5°. 

Diffractograms were acquired with continuous scans from 20° to 80° at scanning speed 

of 1°/min. Peaks were indexed using Match! software with the PDF-2 Database. The XRD 

patterns of different surfaces are presented in Figure 2.3.1.5. PCL is a semi-crystalline 

polymer characterized by distinct peaks in its XRD patterns. Results indicate that PCL 

control shows a significant crystalline peak approximately at 21.5° and a relatively low 

intensity peak at about 23.5° [43–45], which are attributed to the (110) and (200) lattice 

planes of its orthorhombic crystal form, respectively [46]. These values align with the Joint 

Committee on Powder Diffraction Standards (JCPDS #50-2459) reference for PCL, which 

confirms the orthorhombic crystalline structure of the polymer [47]. These sharp peaks 

indicate a high degree of crystallinity, which is an important property influencing the 

mechanical and thermal behavior of the polymer [48]. XRD patterns of NW and modified 

NW groups remain consistent with the patterns of PCL control. But for NF and modified 

NF groups, the intensity of the diffraction peak became lower and broader, exhibiting 

relatively more amorphous characteristics compared to NW groups or PCL control. This 

distinction is hypothesized to arise from the differences in their fabrication processes and 

resultant surfaces. NFs produced through electrospinning, often display a significant 

amount of amorphous regions due to rapid solvent evaporation and high surface area to 

volume ratio inherent in fibrous structures. The processing conditions of PCL fibers can 

lead to the confinement of amorphous content, suggesting that the semicrystalline nature 

of PCL fibers can create rigid amorphous regions [49,50]. On the other hand, NWs 
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fabricated using nano-templating methods tend to have a more ordered crystalline 

structure. The hierarchical structures formed in PCL nanowires often promote better 

crystallization due to confinement effects and slower cooling rates during fabrication, 

which allow for more orderly molecular packing. This suggested that the crystallinity of 

NF and modified NF surfaces was lower than NW and modified NW surfaces.  

 

Figure 2.3.1.5: XRD spectra of different surfaces. 

 Understanding the mechanical properties such as material hardness, elastic 

modulus, stiffness and flexibility of materials is essential to determine the influence of 

biological interactions and material performance in biomedical applications [51]. Studies 

have shown that mechanical signaling from the surrounding microenvironment influences 

the interaction of cells with surfaces [52,53]. Hence, to understand these mechanical 

properties, indentation hardness and elastic modulus of all the surfaces were determined 

using the nanoindentation technique. Figure 2.3.1.6 shows the hardness and elastic 

modulus plots of different surfaces.  



62 

Results show that NF and modified NF surfaces have high initial indentation 

hardness values (0.35 ± 0.02 GPa) at low displacements when compared to PCL control 

(0.08 ± 0.01 GPa), NW (0.03 ± 0.02 GPa) and modified NW surfaces (NWTN = 0.1 ± 0.01 

GPa, NWTN+CMKC = 0.04 ± 0.01 GPa). Polystyrene was also considered as a standard 

control for this study, which depicts similar behavior as that of NF groups (0.36 ± 0.02 

GPa). This higher initial indentation hardness of NF surfaces can be attributed to their 

superior elastic properties and surface morphology. The dense fibrous network and high 

surface area to volume ratio contribute towards its stiffness and enhanced resistance 

against indentation. The interconnections between the fibers can dissipate stress in a 

very efficient way, allowing it to withstand high initial loads before beginning to deform 

plastically. On the other hand, the linear structure of NW surfaces does not effectively 

distribute loads, resulting in fewer points of resistance during indentation, thereby 

contributing to its lower initial hardness. As the displacement increases, the indentation 

hardness values of NF surfaces decrease till a point (5.5 - 6 µm) and then stabilizes into 

a plateau region (0.25 ± 0.02 GPa) before failure. Whereas the NW surfaces show longer 

plateau regions before failure (displacements ranging from 11 to 14 µm) at lower hardness 

values (0.05 ± 0.02 GPa). This indicates a deeper penetration of indenter into the material, 

suggesting its enhanced load-bearing capacity and durability as opposed to NF surfaces. 

Elastic modulus curves also showed a similar trend to the hardness curves for NF and 

NW surfaces, except for NFTN+CMKC (Figure 2.3.1.6). This distinctive, steep downward 

curve of NFTN+CMKC indicates a significant loss of stiffness, suggesting that the material 

has transitioned to plastic deformation and has become less resistant to further 

deformation. This behavior can possibly be due to yielding or softening mechanisms.  
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These results suggest that PCL NF surfaces can be utilized for high stiffness and 

resistance demanding applications, while PCL NW surfaces can be employed in areas 

requiring flexibility and durability. 

 

Figure 2.3.1.6: Plots of elastic modulus (GPa) vs displacement and indentation hardness (GPa) 
vs displacement (µm) for different surfaces. 
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CHAPTER 3 

 

 

EVALUATION OF ANTIBACTERIAL PROPERTIES OF PCL NANOSTRUCTURED 
SURFACES 

 

 

 

3.1 Introduction 

Bacterial infection is one of the important causes for bio-implants failure. When 

bacteria attach to the surface of implants, they can proliferate and form biofilms, which 

act as a protective environment for the bacteria. This protective environment shields them 

from both the host immune response and antibiotic treatments, thereby complicating 

infection management and leading to implant failure [1–3]. Majority of the implant-related 

infections is caused by the Gram-positive bacteria genus of Staphylococcus with 

Staphylococcus aureus (S. aureus). This bacterium is a prominent pathogen in implant-

related infections, leading to complications such as implant failure and the need for 

revision surgeries [3,4]. Recent studies have reported that approximately 65% of the 

infections associated with orthopedic implants are due to Gram-positive cocci, with S. 

aureus being one of the most common pathogens [5,6]. Studies have shown that the 

second most common genus was Gram-negative Pseudomonas, with Pseudomonas 

aeruginosa (P. aeruginosa) being a prominent infectious pathogen in this genus [7,8]. 

Studies show that they can account for 41% of positive cultures in cases of implant-related 

infections [9]. Even after maintaining a highly sterile environment during the implant 
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surgeries, these bacteria can still proliferate inside the host body [10]. Therefore, 

mitigating this bacterial growth is crucial for implant stability and patient’s well-being.  

 Studies have shown that PCL’s inherent properties can facilitate bacterial 

adherence, which is a precursor to biofilm development [11]. For instance, fluid 

accumulation around PCL implants due to inflammatory responses can create a favorable 

environment for bacterial colonization [1]. On the other hand, studies have also shown 

that the adhesion of bacteria on the implant surfaces is hugely influenced by various 

surface characteristics of the material such as roughness, topography, wettability and 

chemical composition [2,3]. Thus, modifying the surface of the implants can help mitigate 

this bacterial adhesion and biofilm formation [12,13]. Various strategies have been 

explored and proven to enhance the antibacterial efficacy of PCL-based materials, 

including the incorporation of nanoparticles, bioactive compounds and surface 

modifications [14–16]. 

In this study, PCL nanostructured surfaces were subjected to gram-positive and 

gram-negative bacterial strains to understand the antibacterial properties of different 

surfaces. The surfaces were characterized by bacteria adhesion to evaluate the amount 

of live or dead bacteria and bacteria morphology to understand the morphological 

changes or biofilm formation of the cells. The percentage area fraction coverage of live 

and dead bacteria was also calculated. 



75 

3.2 Materials and Methods 

3.2.1 Bacteria Culture 

 Gram-positive Staphylococcus aureus (S. aureus, ATCC6538) and Gram-negative 

Pseudomonas aeruginosa (P. aeruginosa, ATCC10145) bacterial strains were utilized to 

access the antibacterial properties of different surfaces. Both bacterial strains were 

cultured in tryptic soy broth (TSB, Sigma-Aldrich, St. Louis, MO, USA) at 37 °C for 24 

hours until a concentration of 109 Colony Forming Units (CFU)/mL was attained. The 

CFU/mL was quantified by analyzing the absorbance values of the bacterial solution using 

a plate reader at a wavelength of 562 nm. A diluted bacterial culture of 106 CFU/mL was 

used to examine bacterial adhesion and morphology on different surfaces. The surfaces 

were placed in a 24-well plate and sterilized with 70% Ethanol for 30 minutes. Then, they 

were air dried, further sterilized under UV light for 30 minutes, and subsequently rinsed 

twice with PBS for 5 minutes each. After sterilization, the surfaces were incubated with 

the 106 CFU/mL bacterial solution for 6 hours and 24 hours at 37 °C in an incubator. 

Following incubation, the surfaces were washed twice with PBS for 5 minutes to remove 

any non-adhered bacteria prior to further characterization. 

3.2.2 Bacteria Adhesion on Different Surfaces 

A fluorescent microscope was used to determine the amount of live or dead 

bacteria adhering to different surfaces. Post incubation of the surfaces with the bacteria 

media for 6 hours and 24 hours, the media was aspirated, and surfaces were rinsed with 

PBS for 5 minutes each. Then, the surfaces were incubated at room temperature for 15 

minutes in a staining solution comprising a 1:1 ratio of propidium iodide (dead bacteria 

stain) and Syto 9 (live bacteria stain) at a concentration of 3 µL mL-1 in PBS 
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(ThermoFisher Scientific, Waltham, MA, USA). The stain solution was then removed, and 

the surfaces were rinsed again with PBS and incubated with 3.7% formaldehyde (Fisher 

Chemical, Fair Lawn, NJ, USA) for 15 minutes at ambient room temperature to fix the 

cells adhering to the surfaces. Subsequently, the formaldehyde was aspirated, and the 

surfaces were washed with PBS twice for 5 minutes each and stored in PBS. Ultimately, 

the surfaces were imaged using a fluorescence microscope (Zeiss). ImageJ was used to 

determine the percentage of the area fraction covered by the live or dead bacteria on the 

surfaces. The entire procedure, from staining to imaging, was performed in darkness. 

3.2.3 Bacteria Morphology on Different Surfaces 

A scanning electron microscope (SEM) was used to capture images for each 

surface and characterize the morphology of adherent bacteria on different surfaces. After 

the bacterial incubation, the media was aspirated, and the surfaces were washed once 

with PBS for 5 minutes. Then, the surfaces were incubated with a primary fixative solution 

comprising 3% glutaraldehyde (Sigma-Aldrich, St. Louis, MO, USA), 0.1 M sucrose 

(Sigma-Aldrich, St. Louis, MO, USA) and 0.1 M sodium cacodylate (Electron Microscopy 

Sciences, Hatfield, PA, USA) in DI water for 45 minutes at ambient temperature. Following 

this, the fixative solution was removed, and the surfaces were incubated with a buffer 

solution containing the fixative, except glutaraldehyde, for 10 minutes. At last, the 

surfaces were dehydrated with 35%, 50%, 70% and 100% ethanol solution, each for a 

10-minute incubation period. Prior to SEM imaging, the surfaces were stored in a 

desiccator to ensure dryness. Before placing the surfaces in the SEM apparatus, a 10 nm 

gold coating was applied using a Denton Vacuum Desk II Gold Sputter Coater to enhance 

the surface conductivity of the polymer surfaces for imaging purposes.  
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3.2.4 Statistical Analysis 

In the anti-bacterial study, a minimum of three samples (nmin = 3) of each surface 

were utilized for surface characterization and all experiments were repeated at least thrice 

(nmin = 9). Statistical one-way analysis of variance (ANOVA) and Tukey tests (t-test) were 

conducted for the experiment data using software OriginPro 2024 at a 5% significance 

level (p ≤ 0.05). 

3.3 Results and Discussion 

3.3.1 Bacteria Adhesion 

 To evaluate the antibacterial activity of the PCL control and nanostructured 

surfaces, all the surfaces were incubated for 6 and 24 hours with P. aeruginosa and S. 

aureus bacteria. Following the incubation, the live/dead bacteria staining was conducted 

to assess the amount of bacteria attached to different surfaces. Figure 3.3.1.1 and 

Figure 3.3.1.2 shows the fluorescence microscopic images of different surfaces after the 

incubation periods with P. aeruginosa. Figure 3.3.1.3 and Figure 3.3.1.4 also shows plots 

quantifying the percentage of area fraction of the surfaces covered by live and dead P. 

aeruginosa bacteria over 6 and 24 hours of incubation periods. PS surfaces, which were 

used to assess the quality and viability of the bacteria culture, confirmed that the culture 

was successful for both the types of bacterial strains. Results indicate that there was a 

significant difference in % of area covered by live P. aeruginosa, between PCL and PS 

during the 6-hour incubation period. But after the 24-hour incubation period, the PCL 

surfaces were almost 96% covered with live P. aeruginosa, similar to the PS surfaces. In 

contrast to this, all the nanostructured surfaces reduced P. aeruginosa attachment in both 

incubation periods; however, modified NF and NW surfaces exhibited the least adhesion 
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of live P. aeruginosa compared to their control surfaces. For instance, after the 24-hour 

incubation, the area fraction % of live P. aeruginosa 0.039% in NF whereas, 0.009% and 

0.005% in NFTN and NFTN+CMKC respectively. Similarly, NW had 0.42% area covered with 

live P. aeruginosa, whereas NWTN and NWTN+CMKC had just 0.16% and 0.04% area 

covered respectively.  

 Results also indicate that, compared to PCL surfaces, NF and NW surfaces had 

significantly higher % area fraction of dead P. aeruginosa bacteria during the 6-hour 

incubation period (Figure 3.3.1.4) suggesting that these surfaces were more antibacterial 

than PCL. However, after the 24-hour incubation period, modified nanostructured 

surfaces, especially NW groups, had shown a significant reduction in % area fraction of 

dead P. aeruginosa, indicating that these surfaces are not only antibacterial but can also 

inhibit bacterial adhesion and growth on their surfaces. For instance, after 24-hour 

incubation, NWTN+CMKC had the least % area fraction of dead P. aeruginosa, approximately 

around 10.3%, followed by NWTN with 32% area covered. Even though NF and modified 

NF surfaces have shown significant reduction in bacterial adhesion compared to PCL, the 

% area fraction covered by dead P. aeruginosa was higher in NF groups than NW groups. 

This result can be attributed to the inherent surface’s topographical differences between 

NF and NW groups. NWs typically exhibit a unique pillar-like structure creating a complex 

surface environment, which hinders bacterial adhesion by providing fewer flat surfaces 

for their attachment. Du & Gan highlighted that the hierarchical structure of PCL NW 

allows for enhanced interactions with the surrounding environment, which can influence 

bacteria behavior [17]. Even though PCL NF surfaces possess some degree of 

roughness, their planar surfaces do not provide the same level of structural complexity 
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compared to the three-dimensional architecture of PCL NW surfaces. Thus, NWs inherent 

topography has contributed towards creating a less conducive environment for bacterial 

colonization. 

 

Figure 3.3.1.1: Representative fluorescence microscopic images of surfaces after 6 hours of 
incubation with P. aeruginosa. 

 

Figure 3.3.1.2: Representative fluorescence microscopic images of surfaces after 24 hours of 
incubation with P. aeruginosa. 
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Figure 3.3.1.3: The graphs represent the percentage of the area fraction of different surfaces 
covered by live P. aeruginosa bacteria after 6 and 24 hours of incubation. **** and ^^^^ represent 
p-value <0.0001 when compared to PCL control at 6 and 24-hour timepoints respectively. 

 

 

Figure 3.3.1.4: The graphs represent the percentage of the area fraction of different surfaces 
covered by dead P. aeruginosa bacteria after 6 and 24 hours of incubation. **, **** represent p-
value <0.01 and <0.0001 when compared with PCL control at 6-hour timepoint. ^, ^^, ^^^^ 
represent p-value <0.05, <0.01 and <0.0001 when compared to PCL control at 24-hour timepoint. 

 



81 

Figure 3.3.1.5 and Figure 3.3.1.6 shows the fluorescence microscopic images of 

different surfaces after the incubation periods with S. aureus. Figure 3.3.1.7 and Figure 

3.3.1.8 also shows plots quantifying the % of area fraction of the surfaces covered by live 

and dead S. aureus bacteria over 6 and 24 hours of incubation periods. Similar to P. 

aeruginosa, live S. aureus bacteria attachment was significantly low in NF and NW 

surfaces compared to PCL surfaces after the 6-hour incubation period. But the % area 

fraction of live S. aureus bacteria increased even on the NF and NW surfaces after the 

24-hour incubation period. However, unlike NF and NW surfaces, their modified surfaces, 

with TN and CMKC, exhibited increased antibacterial activity by drastically reducing live 

S. aureus attachment during both the incubation periods. For instance, after 24-hour 

incubation, % area fraction covered by live S. aureus on NFTN and NFTN+CMKC were 1.7% 

and 0.51% respectively as opposed to NF with 82.5% of live S. aureus coverage. 

Similarly, NWTN and NWTN+CMKC had just 0.72% and 0.67% when compared to NW which 

had 89.32% of live S. aureus coverage. This confirms the successful modification of NF 

and NW with TN and CMKC that has increased their antibacterial properties. 

 Results from the graphs of Figure 3.3.1.8 represent that during 24-hour incubation 

period, there was a significant increase in % area fraction of dead S. aureus bacteria in 

all the nanostructured surfaces when compared to PCL surfaces. However, the modified 

NF and NW groups exhibited the most % area fraction of dead S. aureus bacteria 

compared to NF and NW groups. This again validates that NF and NW groups, modified 

with Tanfloc and CMKC, exhibited improved antibacterial properties. 
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Figure 3.3.1.5: Representative fluorescence microscopic images of surfaces after 6 hours of 
incubation with S. aureus. 

 

Figure 3.3.1.6: Representative fluorescence microscopic images of surfaces after 24 hours of 
incubation with S. aureus. 
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Figure 3.3.1.7: The graphs represent the percentage of the area fraction of different surfaces 
covered by live S. aureus bacteria after 6 and 24 hours of incubation. ***, **** represent p-value 
<0.001 and <0.0001 when compared to PCL control at 6-hour timepoint. ^^^^ represent p-value 
<0.0001 when compared to PCL control at 24-hour timepoint. 

 

 

Figure 3.3.1.8: The graphs represent the percentage of the area fraction of different surfaces 
covered by dead S. aureus bacteria after 6 and 24 hours of incubation. **** and ^^^^ represent p-
value <0.0001 when compared to PCL control at 6 and 24-hour timepoints respectively. 
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 The amount of attachment of S. aureus bacteria on surfaces is high compared to 

P. aeruginosa. This difference in bacterial adhesion can be attributed to the presence of 

surface structures like pili and adhesins on the bacteria, which affect their binding effect. 

P. aeruginosa is characterized by its motility and the presence of pili, which are hair-like 

appendages that facilitate attachment to the surfaces [18]. On the other hand, S. aureus 

possesses a variety of adhesins that enhance its ability to attach to surfaces, including 

fibronectin-binding proteins and clumping factors [19,20]. These proteins can interact with 

the material surface enhancing adhesion. P. aeruginosa, while also possessing adhesins, 

tend to rely more on flagella and motility for attachment, which may not be as effective as 

the adhesive mechanisms employed by S. aureus [21]. Another important factor is the 

relative size of both the bacteria. S. aureus is a spherical-shaped bacteria with 0.5 to 1 

µm diameter [20] whereas P. aeruginosa is a rod-shaped bacterium having length of 1-5 

µm and width of 1 µm [18]. Due to this size difference, it is possible for the smaller S. 

aureus to agglomerate and cluster even in tiny spaces and further grow into colonies. 

Therefore, a substantial difference can be observed in the amount of bacterial adhesion 

between the two bacteria strains. 

3.3.2 Bacteria Morphology 

 Understanding the morphological changes of viable bacteria on the implant 

surfaces is vital to determine how bacteria attach, proliferate and form biofilms. SEM 

images of different surfaces were captured after the bacteria were fixed by following 

appropriate fixing mechanisms. Figure 3.3.2.1 and Figure 3.3.2.2 shows the SEM 

images of surfaces after 6 and 24 hours of P. aeruginosa incubation respectively. Bacteria 
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cells and colonies are highlighted with color in the figures for better visualization and 

distinction from the topography of the surfaces. 

 Similar to the results discussed in the previous section, initially the NF and NW 

groups exhibit reduced bacterial adhesion on their surfaces compared to the PCL control 

surfaces. However, after 24-hour incubation period, the modified NF and NW groups tend 

to show greater inhibition for bacterial adhesion and biofilm formation compared to their 

control groups. This is because incorporation of TN and CMKC onto surfaces significantly 

enhances their antibacterial properties, primarily due to their unique biochemical 

interactions with bacterial cells. TN exhibits inherent antimicrobial activity due to its 

amphoteric nature, allowing it to function as both polycation and polyanion in 

polyelectrolyte coatings. This duality of TN enables it to effectively disrupt bacterial cell 

walls and membranes, leading to bacterial cell lysis and death [22,23]. Moreover, the 

addition of CMKC, known for its biocompatibility and antibacterial properties, 

complements the action of TN. The negatively charged carboxymethyl groups in CMKC 

create an electrostatic repulsion between CMKC and the negatively charged surfaces of 

bacterial cells. This repulsion can disrupt the initial stages of bacterial adhesion, which is 

the critical step in biofilm formation [24]. The presence of carboxymethyl groups also 

enhances the solubility and bioactivity of KC, allowing for better interaction with bacterial 

cells. This interaction can lead to increased permeability of the bacterial cell membrane, 

resulting in cell lysis and death [25]. In addition to the direct antibacterial effects of CMKC, 

its antioxidant properties may also play a crucial role in mitigating bacterial activity. 

Antioxidants help reduce oxidative stress in the surrounding environment, which can be 

detrimental to bacteria survival [26]. This synergistic effect attributed to the unique 
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properties of both TN and CMKC helps create an unfavorable environment for bacterial 

colonization. Therefore, these findings confirmed the improved antibacterial activity of TN 

and CMKC on PCL nanostructured surfaces. 

 

Figure 3.3.2.1: Representative SEM images of bacteria morphology after 6 hours of P. 
aeruginosa incubation captured at 2500x magnification. 

 

 

Figure 3.3.2.2: Representative SEM images of bacteria morphology after 24 hours of P. 
aeruginosa incubation captured at 2500x magnification. 

 

Figure 3.3.2.3 and Figure 3.3.2.4 show the SEM images of surfaces after 6 and 

24 hours of S. aureus incubation respectively. Similar results were observed with Gram-

positive S. aureus bacteria. Biofilm formation and bacterial colonization are observed on 

the control surfaces; however, the synergistic effect of nanostructured surfaces and their 
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modification with TN and CMKC has significantly helped to reduce the biofilm formation 

and bacterial adhesion on the surfaces.  

 

Figure 3.3.2.3: Representative SEM images of bacteria morphology after 6 hours of S. aureus 
incubation captured at 2500x magnification. 

 

Figure 3.3.2.4: Representative SEM images of bacteria morphology after 24 hours of S. aureus 
incubation captured at 2500x magnification. 

 



88 

REFERENCES 
 

 

 

[1] O.A. Sindeeva, E.S. Prikhozhdenko, I. Schurov, N. Sedykh, S. Goriainov, A. 

Karamyan, E.A. Mordovina, O.A. Inozemtseva, V. Kudryavtseva, L.E. Shchesnyak, R.A. 

Abramovich, S. Mikhajlov, G.B. Sukhorukov, Patterned drug-eluting coatings for tracheal 

stents based on pla, plga, and pcl for the granulation formation reduction: In vivo studies, 

Pharmaceutics 13 (2021) 1437. 

https://doi.org/10.3390/PHARMACEUTICS13091437/S1. 

[2] M. Wang, T. Tang, Surface treatment strategies to combat implant-related infection 

from the beginning, J Orthop Translat 17 (2019) 42–54. 

https://doi.org/10.1016/J.JOT.2018.09.001. 

[3] M. Ribeiro, F.J. Monteiro, M.P. Ferraz, Infection of orthopedic implants with 

emphasis on bacterial adhesion process and techniques used in studying bacterial-

material interactions, Biomatter 2 (2012) 176–194. https://doi.org/10.4161/BIOM.22905. 

[4] A. Singh, A.K. Dubey, Various Biomaterials and Techniques for Improving 

Antibacterial Response, ACS Appl Bio Mater 1 (2018) 3–20. 

https://doi.org/10.1021/ACSABM.8B00033/ASSET/IMAGES/MEDIUM/MT-2018-

00033S_0017.GIF. 

[5] A. Singh, A.K. Dubey, Improved antibacterial and cellular response of electrets and 

piezobioceramics, Https://Doi.Org/10.1177/0885328221991965 36 (2021) 441–459. 

https://doi.org/10.1177/0885328221991965. 



89 

[6] L. Townsend, R.L. Williams, O. Anuforom, M.R. Berwick, F. Halstead, E. Hughes, 

A. Stamboulis, B. Oppenheim, J. Gough, L. Grover, R.A.H. Scott, M. Webber, A.F.A. 

Peacock, A. Belli, A. Logan, F. De Cogan, Antimicrobial peptide coatings for 

hydroxyapatite: electrostatic and covalent attachment of antimicrobial peptides to 

surfaces, J R Soc Interface 14 (2017). https://doi.org/10.1098/RSIF.2016.0657. 

[7] C.R. Arciola, Y.H. An, D. Campoccia, M.E. Donati, L. Montanaro, Etiology of 

Implant Orthopedic Infections: A Survey on 1027 Clinical Isolates, 

Https://Doi.Org/10.1177/039139880502801106 28 (2005) 1091–1100. 

https://doi.org/10.1177/039139880502801106. 

[8] T.E. Rams, J.E. Degener, A.J. Van Winkelhoff, Antibiotic resistance in human peri-

implantitis microbiota, Clin Oral Implants Res 25 (2014) 82–90. 

https://doi.org/10.1111/CLR.12160. 

[9] M. Ha, L.M. Ngaage, R.D. Smith, J.R. Izac, P.C. Kim, D. Singh, S. Slezak, R.K. 

Ernst, J. Harro, Y.M. Rasko, An In Vitro Model of the Efficacy of Breast Implant Irrigant 

Solutions Against Gram-Negative Infections, Ann Plast Surg 89 (2022) 679–683. 

https://doi.org/10.1097/SAP.0000000000003302. 

[10] J.M. Schierholz, J. Beuth, Implant infections: A haven for opportunistic bacteria, 

Journal of Hospital Infection 49 (2001) 87–93. https://doi.org/10.1053/jhin.2001.1052. 

[11] E. Filipov, D. Delibaltov, R. Stefanov, B.S. Blagoev, G. Avdeev, P. Terziyska, R. 

Stoykov, A. Daskalova, Surface functionalization of 3D printed poly-ε-caprolactone by 

ultrashort laser mirostructuring and ZnO nanolayer deposition, J Phys Conf Ser 2710 

(2024) 012018. https://doi.org/10.1088/1742-6596/2710/1/012018. 



90 

[12] C. Zhou, Y. Zhou, Y. Zheng, Y. Yu, K. Yang, Z. Chen, X. Chen, K. Wen, Y. Chen, S. 

Bai, J. Song, T. Wu, E. Lei, M. Wan, Q. Cai, L. Ma, W.L. Wong, Y. Bai, C. Zhang, X. Feng, 

Amphiphilic Nano-Swords for Direct Penetration and Eradication of Pathogenic Bacterial 

Biofilms, ACS Appl Mater Interfaces 15 (2023) 20458–20473. 

https://doi.org/10.1021/ACSAMI.3C03091/SUPPL_FILE/AM3C03091_SI_005.MP4. 

[13] H. Lee, D.S. Won, S. Park, Y. Park, J.W. Kim, G. Han, Y. Na, M.H. Kang, S.B. Kim, 

H. Kang, J.K. Park, T.S. Jang, S.J. Lee, S.A. Park, S.S. Lee, J.H. Park, H. Do Jung, 3D-

printed versatile biliary stents with nanoengineered surface for anti-hyperplasia and 

antibiofilm formation, Bioact Mater 37 (2024) 172–190. 

https://doi.org/10.1016/J.BIOACTMAT.2024.03.018. 

[14] E. Sepehri, S.M. Mousavi, E. Saljoughi, M. Bahreini, M. Doaei, S. Kiani, Enhancing 

anti-biofouling property by incorporating graphene oxide-silver nanocomposite into 

polycaprolactone membrane for ultrafiltration application, Journal of Chemical Technology 

& Biotechnology 98 (2023) 2517–2531. https://doi.org/10.1002/JCTB.7478. 

[15] H.R. Bakhsheshi‐rad, E. Hamzah, W.S. Ying, M. Razzaghi, S. Sharif, A.F. Ismail, 

F. Berto, Improved bacteriostatic and anticorrosion effects of polycaprolactone/chitosan 

coated magnesium via incorporation of zinc oxide, Materials 14 (2021) 1930. 

https://doi.org/10.3390/MA14081930/S1. 

[16] J.S. Son, E.J. Hwang, L.S. Kwon, Y.G. Ahn, B.K. Moon, J. Kim, D.H. Kim, S.G. 

Kim, S.Y. Lee, Antibacterial Activity of Propolis-Embedded Zeolite Nanocomposites for 

Implant Application, Materials 2021, Vol. 14, Page 1193 14 (2021) 1193. 

https://doi.org/10.3390/MA14051193. 



91 

[17] K. Du, Z. Gan, Cellular interactions on hierarchical poly(ε-caprolactone) nanowire 

micropatterns, ACS Appl Mater Interfaces 4 (2012) 4643–4650. 

https://doi.org/10.1021/AM301013E/ASSET/IMAGES/MEDIUM/AM-2012-

01013E_0014.GIF. 

[18] S.P. Diggle, M. Whiteley, Microbe profile: Pseudomonas aeruginosa: Opportunistic 

pathogen and lab rat, Microbiology (United Kingdom) 166 (2020) 30–33. 

https://doi.org/10.1099/MIC.0.000860/CITE/REFWORKS. 

[19] C. Na, C.J. McNamara, N.R. Konkol, K.A. Bearce, R. Mitchell, S.T. Martin, The use 

of force-volume microscopy to examine bacterial attachment to titanium surfaces, Ann 

Microbiol 60 (2010) 495–502. https://doi.org/10.1007/S13213-010-0078-4/FIGURES/7. 

[20] L.G. Harris, S.J. Foster, R.G. Richards, P. Lambert, D. Stickler, A. Eley, An 

introduction to Staphylococcus aureus, and techniques for identifying and quantifying S. 

aureus adhesins in relation to adhesion to biomaterials: review, Eur Cell Mater 4 (2002) 

39–60. https://doi.org/10.22203/ECM.V004A04. 

[21] J.A. Pointon, W.D. Smith, G. Saalbach, A. Crow, M.A. Kehoe, M.J. Banfield, A 

highly unusual thioester bond in a pilus adhesin is required for efficient host cell 

interaction, Journal of Biological Chemistry 285 (2010) 33858–33866. 

https://doi.org/10.1074/JBC.M110.149385/ATTACHMENT/C305CC8E-F669-4A10-

B3A8-F9ED2D92E666/MMC1.PDF. 

[22] R. Singh, Y.C. Madruga, A. Savargaonkar, A.F. Martins, M.J. Kipper, K.C. Popat, 

R. Singh, A. Savargaonkar, K.C. Popat, L.Y.C. Madruga, A.F. Martins, M.J. Kipper, 

Covalent Grafting of Tanfloc on Titania Nanotube Arrays: An Approach to Mitigate 



92 

Bacterial Adhesion and Improve the Antibacterial Efficacy of Titanium Implants, Adv Mater 

Interfaces (2024) 2400406. https://doi.org/10.1002/ADMI.202400406. 

[23] S. Baghersad, L.Y.C. Madruga, A.F. Martins, K.C. Popat, M.J. Kipper, Expanding 

the Scope of an Amphoteric Condensed Tannin, Tanfloc, for Antibacterial Coatings, J 

Funct Biomater 14 (2023) 554. https://doi.org/10.3390/jfb14110554. 

[24] S. Javadiyan, C.M. Cooksley, G.S. Bouras, S.S.T. Kao, C.A. Bennett, P.J. 

Wormald, S. Vreugde, A.J. Psaltis, Investigation of Kappa Carrageenan’s muco-adhesive, 

antibacterial, and anti-biofilm properties, Int Forum Allergy Rhinol 12 (2022) 302–305. 

https://doi.org/10.1002/ALR.22899. 

[25] M. Khodadadi Yazdi, F. Seidi, A. Hejna, P. Zarrintaj, N. Rabiee, J. Kucinska-Lipka, 

M.R. Saeb, S.A. Bencherif, Tailor-Made Polysaccharides for Biomedical Applications, 

ACS Appl Bio Mater 7 (2024) 4193–4230. 

https://doi.org/10.1021/ACSABM.3C01199/ASSET/IMAGES/LARGE/MT3C01199_0011.

JPEG. 

[26] L.Y.C. Madruga, R.M. Sabino, E.C.G. Santos, K.C. Popat, R. de C. Balaban, M.J. 

Kipper, Carboxymethyl-kappa-carrageenan: A study of biocompatibility, antioxidant and 

antibacterial activities, Int J Biol Macromol 152 (2020) 483–491. 

https://doi.org/10.1016/J.IJBIOMAC.2020.02.274. 

 



93 

CHAPTER 4 

 

 

EFFECTS OF PCL NANOSTRUCTURED SURFACES ON ERYTHROCYTE 
INTEGRITY 

 

 

 

4.1 Introduction 

 Assessing the biocompatibility of biomaterials is essential to understand the 

behavior and interaction of erythrocytes with the surfaces. Surface properties such as 

topography, chemistry, wettability etc., affects how erythrocyte cells attach and interact 

with surfaces. Erythrocytes play a critical role in the circulatory system, primarily in oxygen 

transportation. Their morphological changes and adhesion on surfaces can provide 

insights about potential hemolytic activity or adverse reactions to the material [1,2]. 

Additionally, studies have shown that certain surface characteristics of biomaterials can 

induce oxidative stress in erythrocytes, leading to lipid peroxidation and further 

morphological changes [3,4]. Such changes can compromise the oxygen-carrying 

capacity of erythrocytes, affecting overall tissue oxygenation and potentially leading to 

ischemic conditions [5,6]. This suggests that the assessment of erythrocyte integrity and 

adhesion is not only vital for understanding the immediate effects of biomaterials, but also 

for predicting the long-term effects of biocompatibility and functionality within the 

biological environment. 
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In this work, PCL nanostructured surfaces were characterized by erythrocyte 

adhesion, cell morphology and cytotoxicity assay. The percentage change in cell 

morphology was also calculated. 

4.2 Materials and Methods 

4.2.1 Cytotoxicity of Different Surfaces 

 To assess the cytotoxicity induced by different surfaces, a lactate dehydrogenase 

(LDH) based indicator assay was utilized (Cayman’s LDH Cytotoxicity Assay Kit). After 

1.5 hours of incubation of different surfaces with erythrocytes, 100 μL supernatants of the 

cell media were transferred from each surface to a new sterile 96-well plate. A 100 μL of 

LDH reaction solution was added to each well containing the cell supernatants that were 

previously added to the 96-well plate. The well plate was incubated at 37 °C with 5% CO2 

for 30 minutes. The plate reader measured the absorbance of the resultant solution at a 

wavelength of 490 nm. A negative control (highest LDH release) was established by lysing 

erythrocytes with 10% Triton-X100. The positive control (Sp, indicating spontaneous 

release) was prepared using erythrocyte suspension without any surface exposure. The 

assay protocol provided by the manufacturer was followed to determine the cytotoxicity 

induced by the surfaces against erythrocytes and thus the cytotoxicity was calculated. 

4.2.2 Erythrocyte Adhesion on Different Surfaces 

 Erythrocyte adhesion on different surfaces was characterized using fluorescence 

microscopy. Rhodamine-Phalloidin (F-actin stain) was used to stain the adhered 

erythrocyte cells on the surfaces. The stock solution was prepared by resuspending the 
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vial in 500 μL of 100% methanol (14 μM). The working solution was prepared by 

resuspending 11.25 μL of the stock solution in 2.25 mL PBS (final concentration 70 nM). 

The erythrocyte suspension from the incubated surfaces was aspirated to remove 

floating cells, and the surfaces were rinsed twice with PBS to remove the rest of the non-

adherent cells. Then, the fixative (3.7% formaldehyde in PBS) was added to the surfaces 

with adhered cells and incubated for 15 minutes at ambient room temperature. 

Subsequently, the fixative solution was aspirated and rinsed with PBS thrice after the 

incubation. Then, the permeative (1% Triton X-100 in DI water) was added to all surfaces 

and incubated at room temperature for three minutes. Later, the permeative solution was 

aspirated, and the surfaces were rinsed thrice with PBS to ensure complete removal of 

any residual solution. Then, the surfaces were exposed to the staining solution, prepared 

at a concentration of 1:200 (50 μL rhodamine + 10 mL PBS), and incubated at room 

temperature for 25 minutes. Finally, the staining solution was aspirated, and the surfaces 

were rinsed with PBS. The surfaces were then hydrated with PBS, just enough to be 

immersed in. The well-plates with the surfaces were immediately covered with aluminum 

foil to avoid any contact with ambient lights. The surfaces were imaged using a fluorescent 

microscope (Zeiss). Each surface was imaged at three different locations at a 

magnification of 20x. The images were processed with ImageJ to adjust their brightness 

and contrast. The entire procedure, from staining to imaging, was performed in darkness. 

4.2.3 Erythrocyte Morphology on Different Surfaces 

 The morphology of adhered erythrocytes on different surfaces was characterized 

using SEM. Prior to SEM imaging, the erythrocytes adhered to the surfaces were fixed 
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using a standard fixing procedure. The procedure for this study follows the same steps 

as done for bacteria morphology, as mentioned earlier in section 3.2.3. 

4.2.5 Statistical Analysis 

In the erythrocyte adhesion, a minimum of three samples (nmin = 3) of each surface 

were utilized for surface characterization and the experiments were repeated at least 

thrice (nmin = 9). In the erythrocyte morphology, a minimum of two samples (nmin = 2) of 

each surface were utilized for surface characterization and the experiments were 

repeated at least thrice (nmin = 6). For cytotoxicity, a minimum of four samples (nmin = 4) 

of each surface were utilized for surface characterization and the experiments were 

repeated at least twice (nmin = 8). Statistical one-way analysis of variance (ANOVA) and 

Tukey tests were conducted for the experiment data using OriginPro 2024 software at a 

5% significance level (p ≤ 0.05).  

4.3 Results and Discussion 

4.3.1 Cytotoxicity of Different Surfaces 

 In this work, PCL surface’s topography and chemistry have been modified using 

different processes and chemicals. Hence, it is crucial to determine whether the surface 

modifications induce any kind of toxicity to the cells. This is vital to understand if the 

modified surfaces can be incorporated in the production of bio-implants which would be 

biocompatible to the host body. This is particularly important in clinical diagnostics, as 

increased LDH levels can indicate tissue damage or disease conditions, such as 

myocardial infarction or various cancers [7,8]. Commercially available LDH cytotoxicity 

assay, which follows a coupled two-step reaction, was utilized to characterize the 
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cytotoxicity of different surfaces. The LDH assay protocol is based on an enzymatic 

coupling reaction, which plays an important role in cellular metabolism by catalyzing the 

conversion of lactate to pyruvate. Lactate dehydrogenase (LDH) is a cytosolic enzyme 

present in many different cell types, which is released into the cell culture medium when 

the plasma membrane of the cells are damaged. This LDH released from the damaged 

cells serves as an indicator of the cell membrane integrity and cell viability, thus a 

measurement of cytotoxicity [9]. The released LDH from the cells oxidizes lactate to 

pyruvate, concurrently reducing NAD+ to NADH. This newly formed NADH and H+ is used 

by diaphorase (flavin-bound enzyme) to reduce a tetrazolium salt, iodonitrotetrazolium 

chloride (INT) which is used as a colorimetric indicator. The reduction of INT leads to the 

formation of a red colored formazan product, which is measurable at 490 nm [10]. The 

level of formazan produced is directly proportional to the amount of LDH released into the 

medium, as a result of cytotoxicity.  

 

Figure 4.3.1.1: Schematic of LDH cytotoxicity assay mechanism  [11] 

 

 The LDH activity of different surfaces was evaluated (Figure 4.3.1.2). The 

maximum LDH activity was observed in the negative control (Max release) as the 

erythrocyte cells were lysed intentionally, to release the maximum possible amount of 

LDH. The positive control (Sp) was prepared by adding erythrocyte suspension to empty 
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wells in the well-plate, which experienced natural cell death due to the interaction with the 

well-plate surfaces. The LDH activity on the negative control was significantly high 

compared to all the other surfaces exposed to the erythrocyte cell suspension, including 

the positive control. This significant difference in LDH activity of all surfaces with respect 

to the negative control indicated that the physical and chemical modifications done on the 

surfaces did not cause any cytotoxic effects on the cells. 

 

Figure 4.3.1.2: Cell cytotoxicity for erythrocytes exposed to different surfaces measured using 
LDH assay. Results indicate that the LDH activity on negative control (100% dead cells) was 
significantly high (**** represents p-value <0.0001) compared to the LDH activity on all the 
surfaces and the positive control (Sp = 100% live cells). Error bars represent the standard 
deviation. 

 

4.3.2 Erythrocyte Adhesion on Different Surfaces 

 The erythrocyte adhesion on biomaterial surfaces is crucial for understanding the 

biocompatibility and cell viability of the materials. Understanding the adhesion properties 

of erythrocytes on surfaces is required to enhance the designs of biomaterials that can 
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promote optimal healing and reduce complications related to blood-material interactions. 

When erythrocytes adhere to biomaterial surfaces, they can initiate a coagulation 

cascade, which is critical for wound healing and preventing excessive bleeding. For 

instance, hydrogels designed for hemostatic applications have shown that erythrocyte 

adhesion can enhance the clotting process by facilitating the aggregation of hemocytes 

and promoting a physiological response conducive to hemostasis [12,13]. Furthermore, 

the degree of erythrocyte adhesion can provide insights about the surface properties of 

biomaterials. Higher levels of erythrocyte adhesion may suggest that a material has 

favorable interactions with blood components, potentially leading to increased 

thrombosis, which can be beneficial in hemostatic applications [13]. In contrast, lower 

erythrocyte adhesion may indicate a non-thrombogenic surface, which is desirable in 

vascular grafts and stents to prevent thrombosis and ensure long-term patency [14,15]. 

The balance between promoting adhesion for hemostatic purposes and preventing 

excessive adhesion to avoid thrombosis is crucial for a biomaterial’s design. 

 To characterize the erythrocyte adhesion, the surfaces were incubated with 

erythrocyte suspension for 1.5 hours and 6 hours. After incubation, the erythrocytes were 

fixed on the surfaces using formaldehyde. Fixation process stabilizes the cellular 

structures, including the cytoskeleton, which is essential for maintaining the characteristic 

biconcave shape of erythrocytes. The cytoskeletal network of erythrocytes primarily 

consists of spectrin and actin, and other associated proteins that form a two-dimensional 

meshwork beneath the plasma membrane. This network is vital for maintaining the 

discocyte shape of erythrocytes, which is essential for their function in gas exchange and 

circulation [16,17]. Formaldehyde interacts with amino acids in proteins, forming 
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methylene bridges that stabilize the protein structure. This cross-linking is important for 

maintaining the integrity of erythrocytes during subsequent analysis [18–20]. After the 

fixation process, the cells are lysed with triton X-100 permeative solution and then stained 

with rhodamine-conjugated phalloidin. The rhodamine-phalloidin, which has high affinity 

to F-actin, is used to stabilize the filamentous structures and preventing their 

depolymerization [21,22]. As rhodamine-phalloidin binds specifically to F-actin, it helps in 

highlighting the presence, organization and distribution of actin filaments in the 

cytoskeleton of the cells [23,24]. However, erythrocytes do not release actin in a free form 

under normal physiological conditions. Actin is primarily found in a polymerized state as 

a part of the cytoskeleton of the cell [25]. Hence, staining with rhodamine-phalloidin is 

typically performed after fixation and lysis to visualize the actin filaments within the cells. 

The staining is effective because the fixation process preserves the actin filaments in their 

polymerized form (F-actin), allowing for specific binding of rhodamine to these structures. 

  Erythrocyte adhesion on different surfaces was characterized using fluorescence 

microscopy at 1.5 hours (Figure 4.3.2.1) and 6 hours of incubation (Figure 4.3.2.2). PS 

confirmed the cell viability of the erythrocytes suspension. Results from both the 

incubation periods indicate that NF and NW surfaces had less significant differences in 

erythrocyte adhesion when compared with PCL surfaces. On the other hand, the modified 

NF and NW surfaces (NFTN, NFTN+CMKC, NWTN and NWTN+CMKC) exhibited significantly 

higher erythrocyte adhesion compared to their control groups. This can be attributed to 

the addition of TN and CMKC to the surfaces. Incorporation of TN and CMKC increases 

the hydrophilicity of surfaces which can lead to improved water retention and protein 

adsorption on the surfaces [26]. Also, the anionic nature of both coatings can lead to 
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enhanced electrostatic interactions with positively charged regions on the erythrocytes 

cell membrane, facilitating stronger adhesion [27]. The synergistic effect of these organic 

compounds, along with the modified nanostructured topography of the surfaces results in 

enhanced erythrocyte adhesion. 

 Comparing the results between modified NF and modified NW surfaces, the latter 

exhibited better erythrocyte adhesion relative to the former. This can be attributed to their 

topographical differences. The NF surfaces may not provide sufficient surface area for 

erythrocytes to form stable attachments. The high porosity and randomly interconnected 

structure of NF surfaces create a less favorable environment for erythrocytes adhesion. 

Erythrocytes require a certain level of rigidity in their substrate for stable attachment to 

specific adhesion sites, which is provided by the architecture of NW surfaces. The 

topographical features of NWs can mimic the extracellular matrix (ECM) found in natural 

tissues. These hierarchical and distributed features allow for a more extensive interaction 

between erythrocytes and the NW surfaces, leading to enhanced adhesion compared to 

random and flat NF surfaces. 

 

Figure 4.3.2.1: Representative fluorescence microscopic images of adhered erythrocyte cells on 
surfaces after 1.5 hours of incubation. 
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Figure 4.3.2.2: Representative fluorescence microscopic images of adhered erythrocyte cells on 
surfaces after 6 hours of incubation. 

 

4.3.3 Erythrocyte Morphology on Different Surfaces 

Erythrocytes, also known as red blood cells, are specialized cells, whose primary 

functionality is transportation of oxygen from the lungs to the body’s tissues and return 

carbon dioxide from the tissues back to the lungs. The unique structure of erythrocytes, 

characterized by their biconcave shape, maximizes surface area for gas exchange and 

facilitates their deformability, allowing them to navigate through the narrowest capillaries 

[28,29]. They are anuclear cells that contain lipids and proteins, and hemoglobin that 

binds to oxygen [30]. Poikilocytes are abnormally shaped erythrocytes that can indicate 

various pathological conditions [31–33]. Identification of erythrocytes with such 

disruptions and abnormalities in their cell morphology serves as a marker for hemolytic 

pathologies and oxidative damage to integrated membrane proteins [34,35]. Previous 

studies have reported that there are 18 different types of morphological changes observed 

in erythrocytes due to different conditions [36]. As previously mentioned in the literature 

review, few of such disrupted abnormal morphologies of erythrocytes include 

acanthocyte, echinocyte, schistocyte, spherocyte, stomatocyte, sickle cell, tear drop, 

elliptocyte, target cell, microlytic, macrolytic etc. Each type of these abnormalities 
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corresponds to an associated condition, disease or deficiency. These cell morphological 

disruptions compromise erythrocyte’s oxygen-carrying ability, which further leads to 

ischemic conditions [5,6]. Therefore, the capacity of erythrocytes to retain their discocyte, 

biconcave shape upon adhesion on surfaces is vital for effective blood flow and oxygen 

delivery, which indicates that the surfaces are capable of supporting normal erythrocyte 

functionality [12]. Hence, the erythrocyte cell morphology on different surfaces was 

characterized using SEM. 

In this study, two types of morphological changes were observed prominently apart 

from a few others which weren’t significant. Stomatocytes and different stages of 

echinocytes were the major morphological changes observed on different surfaces 

(Figure 4.3.3.3). Stomatocytes have a mouth-like (stoma) appearance, often associated 

with alterations in the lipid bilayer of the cell membrane [37]. On the other hand, formation 

of echinocytes (erythrocytes with spicules) undergoes echinocytosis in which the surface 

area of the outer lipid monolayer is increased with respect to the inner monolayer. There 

are different stages of echinocytosis. During stage 1, the normal erythrocyte cell shape is 

transformed to have several irregularities on its rim. Furthermore, in stage 2, the cells 

transform into an elliptical body slightly distributed over its surface with different sizes of 

blunt spicules. Finally, it reaches a sphero-echinocyte morphology, where it is transformed 

into a sphere with short and sharp spicules. Even though the stomatocytes and initial 

stages of echinocytes are partially reversible, the sphero-echinocyte is irreversible due to 

extensive loss of membrane [38–40].  

 The SEM imaging results shows the morphological changes of erythrocytes 

adhered to different surfaces after 1.5 hours and 6 hours of incubation (Figure 4.3.3.1 
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and Figure 4.3.3.2). Also, the percentage of cell change on different surfaces was 

calculated from the SEM images and plotted as shown in Figure 4.3.3.4. PS was used 

as a standard control to monitor the morphology and cell viability of erythrocytes. After a 

1.5-hour incubation period, PS had mostly stage 1 and stage 2 echinocytes on its 

surfaces. Compared to PS, PCL control surfaces had less echinocytes or other abnormal 

morphological changes after the 1.5-hour incubation period (Figure 4.3.3.1). Data from 

Figure 4.3.3.4 also shows that PCL surfaces had around 40% of cell change, while it was 

almost 97% for PS surfaces. However, after 6 hours of incubation, PCL surfaces also 

exhibited a drastic increase in the percentage of cell change, approximately equal to 95%, 

while PS surfaces had 100% cell change documented. This result can be correlated with 

Figure 4.3.3.2, where PS surfaces were completely filled with sphero-echinocytes, while 

PCL surfaces exhibited multiple morphological changes like echinocytes, stomatocytes 

and punctured cell structures with holes, which are an indication of hemolysis (Figure 

4.3.3.4) [41]. NW surfaces has shown similar results as PCL after 1.5 and 6 hours with 

relatively more stomatocytes than echinocytes (Figure 4.3.3.1, Figure 4.3.3.2 and 

Figure 4.3.3.4). No sphero-echinocytes were observed on NW surfaces unlike PS and 

PCL surfaces. SEM images of both the NF and modified NF surfaces (NFTN and 

NFTN+CMKC) didn’t show any cell attachments unexpectedly (Figure 4.3.3.1 and Figure 

4.3.3.2). This could possibly be due to the extensive washing of surfaces with different 

concentrations of ethanol, carried out during the SEM fixation process, which might have 

detached the weakly adhered cells from these surfaces. However, results from 

fluorescence study of 1.5 hours and 6 hours (Figure 4.3.2.1 and Figure 4.3.2.2), which 

has undergone fewer steps of washing during fixation and staining processes, help in 
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visualizing the morphology of adhered erythrocytes on NF and modified NF surfaces. NF 

surfaces had less amount of cells compared to PCL and were randomly scattered after 

1.5 hours. After 6 hours, it was evident that the cells had a significant morphological 

change as they can be seen tracing the fibrous structures of NF surfaces. In contrast, 

both the adhesion and morphology of erythrocytes were significantly improved in both 

NFTN and NFTN+CMKC surfaces compared to NF. Similarly, NWTN and NWTN+CMKC had a 

greater number of healthy erythrocyte cells, with the normal biconcave shape, as opposed 

to its control NW surfaces.  For instance, results from Figure 4.3.3.4 indicate that NWTN 

and NWTN+CMKC surfaces had just 19.5% and 25.07% of cell change respectively after 1.5 

hours of incubation. After 6 hours of incubation, % cell change in NWTN had slightly 

increased to 26.2% and in NWTN+CMKC had increased to 31.7%, which were still 

significantly better and improved results compared to their control surfaces. Even this 

reduced % cell change contained only early stages of echinocytes and stomatocytes, and 

no sphero-echinocytes. 

 The PS surfaces exhibited expected results with respect to previous literature [42]. 

The morphological changes of cells on PCL surfaces can be attributed to the 

physiochemical interactions between the cell membrane and PCL material, which can 

disrupt the lipid bilayer’s integrity and alter the membrane’s mechanical properties. The 

primary issue with PCL surfaces is its hydrophobicity that leads to poor protein adsorption, 

which is essential for the initial stages of blood-material interaction. Even though PCL 

surfaces exhibit good biocompatibility with certain cells, their hemocompatibility is poor 

due to insufficient protein adsorption and subsequent platelet activation, which are highly 

influenced by the surface wettability [43]. Protein adsorption and platelet activation are 
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critical for the initial erythrocyte attachment. Proteins such as fibrinogen and albumin play 

important roles in mediating adhesion of platelets and erythrocytes to surfaces, thereby 

influencing the overall hemocompatibility of the material [44–46]. However, excessive 

protein adsorption and platelet activation pose serious risks for hemocompatibility, 

particularly concerning thrombosis [45,47]. This danger of thrombosis becomes 

pronounced when the balance between protein adsorption and platelet activation is 

disrupted. Therefore, as far as protein adsorption and platelet activation are important, 

preventing excessive occurrences of those is crucial. 

 The topography and wettability of NF and NW surfaces influence the cell 

interactions. Leszczak’s work reported that PCL NFs may exhibit reduced 

hemocompatibility compared to PCL NWs. This reduction is attributed to the increased 

promotion of platelet adhesion and clustering on the surface of NFs, which leads to 

thrombus formation. In contrast, PCL NWs, due to their distinct morphology and 

topography, may facilitate a more optimal interaction with blood components, potentially 

leading to lower platelet activation and aggregation [44,48,49]. These findings align with 

the results of this study, where NW surfaces exhibited slightly reduced morphological 

changes in erythrocytes, compared to NF surfaces. 

 Furthermore, the addition of TN and CMKC on these nanostructured surfaces 

exhibited a significantly drastic impact on retaining the health and morphology of adhered 

erythrocytes. This can be attributed to the synergistic effect provided by both physical and 

chemical modifications done on these surfaces, which enhanced its surface properties 

and erythrocyte cell compatibility. The hydrophilic nature of TN and the functional 

properties of CMKC, combined with nanostructured surfaces, create a more stable 
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microenvironment for erythrocytes [26,50]. This environment helps the cells to maintain 

its structural integrity and functionality, and thus reducing the likelihood of hemolysis.  

 

Figure 4.3.3.1: Representative SEM images depicting erythrocyte cells morphological changes 
on surfaces after 1.5 hours of incubation (2500x magnification). 

 

 

Figure 4.3.3.2: Representative SEM images depicting erythrocyte cells morphological changes 
on surfaces after 6 hours of incubation (2500x magnification). 
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Figure 4.3.3.3: Types of morphological changes observed in erythrocytes adhered to different 
surfaces: (A) Normal biconcave shape (B) Stomatocyte (C) Punctured cell membrane with holes 
being a sign of hemolysis (D) Stage 1 Echinocyte (E) Stage 2 Echinocyte (F) Sphero-Echinocyte. 

 

 

Figure 4.3.3.4: Percentage of morphological changes in erythrocytes on different surfaces after 
1.5 and 6 hours of incubation, characterized from SEM images Figure 4.3.3.1 and Figure 4.3.3.2. 
Error bars represent standard deviation. No erythrocyte cells adhesion was identified on NF at 
1.5 hours and NFTN & NFTN+CMKC during both the incubation periods. 
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CHAPTER 5 

 
 

CONCLUSIONS AND FUTURE WORK 
 

 

 

5.1 Conclusions 

 Cardiovascular diseases have always been a persistent burden on global health 

standards. However, the recent alarming trends of increase in its occurrence and being a 

major cause for high mortality rates of adults has posed severe risks and has emphasized 

on the need for better cardiovascular devices in the medical field. Blood-contacting 

medical devices used today are prone to several complications like thrombosis, bacterial 

adhesion and restenosis post implantation into the patient’s body. Current techniques 

used to address this issue are revision surgeries for device replacement or long-term drug 

therapies that have not shown promising results in the long run. These conditions affect 

the health of the red blood cells and other blood components, eventually degrading the 

health of the host. Thus, researchers are searching for effective material-based solutions 

to these problems. The surface characteristics and material properties of the implant 

devices are important factors that influence the cell-material interactions. Studies related 

to the use of biopolymers, incorporation of bioactive molecules and organic compounds 

are ongoing, to investigate their effects with the biological components of the host body. 

Research have been done to understand the effects of nanostructured polymer surfaces 

on platelet adhesion and protein adsorption. Nonetheless, very few studies have 

investigated the influence of these biodegradable polymeric surfaces, coupled with 

organic coatings, on the cell integrity and viability of erythrocytes (red blood cells). In this 
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study, PCL nanostructured surfaces (NF and NW) were fabricated and modified with 

organic compounds, such as TN and CMKC, for investigating their material properties, 

antibacterial properties and influence on erythrocyte integrity. 

 PCL nanostructured surfaces were fabricated using different techniques. NF 

surfaces were fabricated by electrospinning technique, while NW surfaces were 

fabricated using a nano-templating technique. The surfaces were also modified further by 

coating them with TN and CMKC, to assess the improvements in biocompatibility and 

antibacterial properties. Later, the surfaces were evaluated for their surface properties 

using different characterization techniques. The morphology of the surfaces was analyzed 

(SEM) and revealed the topographical differences between the two nanostructured 

surfaces and their PCL control surfaces. There was no significant difference in the 

morphology of the surfaces post modification with TN and CMKC. Surface wettability 

analysis (Contact angle) has shown that NF and modified NF surfaces were 

superhydrophilic, and NW and modified NW surfaces were hydrophilic, in contrast to their 

hydrophobic PCL control surfaces. Surface chemistry analysis (XPS) revealed peaks of 

nitrogen and sulphur in TN modified and CMKC modified groups respectively, compared 

to unmodified surfaces. These results account for the presence of amine groups in TN 

and presence of sulphate groups in CMKC, which indicated the successful modification 

of the nanostructured surfaces. Surface crystallinity analysis (XRD) was conducted, and 

the results exhibited no significant differences in the patterns between PCL control, NW 

and modified NW surfaces. Intensity of diffraction peaks for NF and modified NF surfaces 

became lower and broader, exhibiting relatively more amorphous characteristics 

compared to NW and PCL surfaces.  Mechanical properties of surfaces, such as 



120 

indentation hardness and elastic modulus, were analyzed using nano-indentation 

technique. Results indicated that NW surfaces have enhanced load bearing capacity and 

thus increased durability and flexibility, whereas NF surfaces exhibited high initial 

hardness values and superior elastic properties.  

Following the fabrication and modification of surfaces, PCL nanostructured 

surfaces were subjected to gram-positive (S.aureus) and gram-negative (P. aeruginosa) 

bacterial strains, at two different incubation periods, to understand the antibacterial 

properties of different surfaces. The surfaces were characterized by bacteria adhesion to 

evaluate the amount of live or dead bacteria and bacteria morphology to understand the 

morphological changes or biofilm formation of the cells. The percentage area fraction 

coverage of live and dead bacteria was also calculated. It was observed that 

nanostructured surfaces modified with TN and CMKC exhibited improved antibacterial 

properties by reducing bacterial adhesion and inhibiting biofilm formation. This can be 

attributed to the synergistic effect of nanostructures combined with organic compounds. 

Modified NW surfaces exhibited the least % of area covered by bacteria. 

Furthermore, nanostructured surfaces were evaluated to understand their effects 

on erythrocyte integrity and viability. Cytotoxicity assay was conducted to assess if the 

surface modifications done induce any toxicity towards adhered cells. Results has shown 

significantly low LDH activity on all the surfaces when compared to the negative control, 

indicating that the physical and chemical modifications done on the surfaces did not 

induce any cytotoxic effects on the cells. Surfaces were characterized for erythrocyte 

adhesion using fluorescence microscopy, to assess their viability towards erythrocytes. 

Modified NF and NW surfaces exhibited better erythrocyte adhesion compared to their 
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control surfaces, which can be attributed to the synergistic effect of addition of TN and 

CMKC along with nanostructured surfaces. Erythrocyte morphology was examined using 

SEM and the results indicated that modified NF and NW surfaces significantly retained 

the healthy erythrocyte morphology and integrity than their control surfaces.  

In conclusion, the PCL nanostructured surfaces, modified with TN and CMKC, 

exhibited improved antibacterial properties and enhanced positive effects on erythrocyte 

cell integrity, compared to unmodified surfaces. These findings indicate that PCL 

nanostructured surfaces coupled with organic compounds like TN and CMKC can provide 

a stable and biocompatible medical device surface that can prevent health complications 

in the host body. 
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5.2 Future works 

 In future studies, it would be crucial to evaluate the effects of variable sizes of NF 

and NW on erythrocytes, platelets, leukocytes, proteins and other blood components. It 

is also important to observe the effect of change in the concentrations of TN and CMKC. 

It would also be helpful to understand the effect of these surfaces on erythrocytes 

exposed for a prolonged duration. All the studies have been done in static conditions. It 

is also crucial to examine the responses in a dynamic environment to assess the 

biocompatibility of the surfaces. Adhesion, differentiation and proliferation of different 

types of cells like endothelial cells, osteoblasts and smooth muscle cells can be 

characterized to understand their responses upon contact with theses surfaces. Further 

studies must examine the ability of these surfaces to remain stable for longer periods. 

Also, research must be done to improve the durability and stability of these surfaces. 

Incorporation of  these modified surfaces in real-time applications of medical devices such 

as vascular stents, grafts, catheters etc. might be a potential scope of future works. 
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LIST OF ABBREVIATIONS 
 

 

 

Abbreviation Definition  

AAO  Anodic Aluminum Oxide  

ANOVA Analysis Of Variance 

BHV  Bioprosthetic Heart Valve   

BMS  Bare-Metal Stents  

CFU  Colony Forming Units  

CMKC Carboxymethyl Kappa-Carrageenan 

CO2 Carbon dioxide 

CVD Cardiovascular Diseases 

DCB  Drug-Coated Balloon   

DES Drug Eluding Stent 

ECM Extracellular Matrix 

H+ Hydrogen ion 

INT Iodonitrotetrazolium Chloride 

ISR  In-Stent Restenosis  

JCPDS  Joint Committee on Powder Diffraction Standards  

KC  Kappa-Carrageenan  

LbL  Layer-by-Layer  
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LDH Lactate Dehydrogenase 

MCA  Monochloroacetic Acid  

MHV Mechanical Heart Valve 

MSC Mesenchymal Stem Cell 

MWCO Molecular Weight Cut-Off 

NAD+ Nicotinamide Adenine Dinucleotide, oxidized form 

NADH  Nicotinamide Adenine Dinucleotide, reduced form 

NaOH Sodium Hydroxide 

NF Nanofibers 

NFTN,  Nanofibers modified with Tanfloc 

NFTN+CMKC  Nanofibers modified with Tanfloc and CMKC 

NW Nanowires 

NWTN  Nanowires modified with Tanfloc 

NWTN+CMKC Nanowires modified with Tanfloc and CMKC 

-OH  Hydroxyl group 

OLA  Oleic Acid  

P. aeruginosa  Pseudomonas aeruginosa  

PBS Phosphate-Buffered Saline 

PCI  Percutaneous Coronary Intervention  
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PCL  Polycaprolactone  

PEG  Polyethylene Glycol  

PETG Polyethylene Terephthalate Glycol 

PHA Polyhydroxyalkanoate 

PLA  Polylactic Acid  

PS Polystyrene 

PU Polyurethane 

PVA  Polyvinyl Alcohol  

PVDF  Polyvinylidene Fluoride  

S. aureus  Staphylococcus aureus  

S2p Sulphur 2p peak in XPS 

SEM Scanning Electron Microscopy 

–SO₄ Sulphate group 

TN Tanfloc 

TSB  Tryptic Soy Broth  

VAD  Ventricular Assist Device  

WHO World Health Organization 

XPS  X-Ray Photoelectron Spectroscopy  

XRD  X-Ray Diffraction Analysis  

 


