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Chapter 1: Introduction 

1.1 Summary 

Nanotechnology has become one of the most dynamic and influential fields in modern 

science, combining principles from physics, chemistry, biology, and engineering to develop 

materials with innovative properties. Among these, nanofibers are a unique type of one-

dimensional nanomaterial known for their large surface area, porosity, and flexibility. Their 

remarkable properties have led to numerous applications, especially in biomedicine, energy, 

and environmental engineering. Electrospinning, considered the most versatile and efficient 

method for producing continuous nanofibers, enables precise control over fiber structure and 

shape. This chapter covers fundamental concepts, classifications, and fabrication techniques 

of nanofibers, with a focus on electrospinning and its key parameters. It also emphasizes their 

role in biomedicine, particularly with natural polymers such as collagen and chitosan, which, 

despite their high biocompatibility, pose significant challenges during electrospinning due to 

their complex molecular structures and solubility issues. The chapter concludes by outlining 

the main research objectives. 

1.2 Definition and Concept of Nanofibers 

Nanotechnology is one of the most transformative scientific and technological fields 

of the 21st century. It combines materials science, physics, chemistry, biology, and 

engineering. Nanomaterials, which are the core of nanotechnology, exhibit unique physical, 

chemical, and biological properties and offer great promise for various applications in energy, 

the environment, electronics, and medicine [1]. 

Within this broad category of materials, nanofibers stand out as a unique and highly 

versatile group. Nanofibers are one-dimensional (1D) nanoengineered fibers, typically made 

from natural or synthetic polymers, with diameters usually less than 1 micron and lengths that 

can extend well beyond their width [2]. Their distinctive shape provides a high surface area to 

volume ratio, porosity, and mechanical flexibility [3]. These features give nanofibers 

significant potential across many fields, including water and air filtration, energy storage 

(such as batteries and fuel cells), gas sensing, photocatalysis [4], and biomedical applications 

like tissue engineering, wound healing, and drug delivery [5]. 

Structurally, nanofibers differ from other nanomaterials because of their continuous, 

elongated shape. While nanoparticles are zero-dimensional and roughly spherical, and 
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nanorods are short, solid, rod-like structures, nanofibers have long, continuous one-

dimensional forms that can be aligned or layered into complex mats and scaffolds [6]. This 

unique arrangement not only provides specific mechanical properties but also enables the 

formation of fibrous networks that closely mimic natural extracellular matrices, which is 

especially important in biomedical applications [7]. 

1.2.1 Classification of Nanofibers 

Nanofibers can be classified according to their raw material composition and structural 

configuration. 

1.2.1.1 By Material Composition 

According to their material composition, nanofibers are commonly categorized into 

three main groups:  

Natural polymers: The focus on nanofibers from natural polymers has recently increased. 

Some of these polymers include silk, collagen, gelatin, chitosan, and chitin [8]. 

Synthetic polymers: A wide range of synthetic polymers are frequently used to produce 

nanofibers, including poly(L-lactide) (PLLA), poly(glycolic acid) (PGA), and 

polycaprolactone (PCL) [9].  

Copolymers/hybrids: To address certain limitations of synthetic and natural biopolymers, 

researchers have developed copolymers and hybrid blends to produce nanofibers. By 

combining their unique and beneficial properties, examples include collagen/PCL [10] and 

gelatin/PCL [11].  

1.2.1.2 By Internal Structure or Configuration 

Based on their internal structure or configuration, nanofibers are commonly 

categorized into three main groups:  

Core-shell nanofibers: Core–shell nanofibers are coaxial structures where one material forms 

the core and another forms the outer shell. This design enables the encapsulation of functional 

molecules, drugs, or nanoparticles within a protective outer layer, allowing for controlled 

release [12].  

Porous nanofibers: possess interconnected micro or nanopores, significantly increasing their 

surface area and permeability. This could enable a wide range of applications in tissue 

engineering, sensing, filtration, separation, and catalysis [13]. 
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Aligned nanofibers: Uniaxially oriented nanofibers demonstrate considerably enhanced 

mechanical properties compared to traditional fibers, indicating potential applications in 

catalysis, biomedicine, microelectronics, and optics [14].  

Gradient nanofibers: These nanofibers are designed to exhibit hierarchical, gradually 

varying structures across their cross-section or along their length [15]. This graded 

architecture provides improved fracture toughness and enhanced mechanical performance, 

making it ideal for load-bearing biomedical applications such as musculoskeletal tissue 

scaffolds (tendons and ligaments), skin regeneration matrices, and wound dressings, where 

materials must balance elasticity and strength [16].  

1.2.2 Nanofiber Fabrication 

Nanofibers can be produced using various fabrication methods, each offering specific 

advantages in fiber structure, shape, and potential applications. The most common methods 

include template synthesis, phase separation, self-assembly, and electrospinning. 

Template synthesis: A technique that uses pre-made templates to guide the formation of 

nanostructured materials, enabling the creation of unique structures and shapes. It includes 

various methods, such as physical and chemical templating, to achieve specific nanofiber 

properties [17]. 

Phase separation: Phase separation involves creating two separate phases within a uniform 

polymer–solvent mixture. A standard method is thermal-induced phase separation (TIPS). 

When the polymer solution cools, two phases form: a polymer-rich phase and a polymer-lean 

phase. Over time, gelation occurs, forming a network structure in the polymer-rich phase as 

the solvent is removed through extraction or evaporation [18].  

Self-assembly: Self-assembly is a complex process in which individual molecules or 

macromolecules spontaneously organize into ordered nanostructures through noncovalent 

interactions such as hydrogen bonding, hydrophobic interactions, and electrostatic forces. 

Polymeric nanofibers can form via polymer chain annealing, crosslinking, dissolution, and 

selective cleaving, allowing precise control over molecular arrangement and functionality 

[19].  

Electrospinning: Electrospinning is one of the most versatile, simple, and effective 

technologies available. It is also the only method suitable for producing continuous nanofibers 

on an industrial scale. During electrospinning, a high-voltage electric field is applied to a 
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polymer solution or melt, producing an electrically charged jet. As the jet is stretched and the 

solvent evaporates, ultrafine fibers are deposited onto a collector [20]. 

1.2.3 Applications of Nanofibers 

The unique structural and functional features of nanofibers allow their use in a wide 

range of scientific and industrial fields. Major applications include biomedicine, 

environmental engineering, energy and electronics, catalysis, and coatings. 

Biomedical applications: Nanofibers are widely used in biomedical engineering due to their 

close resemblance to the natural extracellular matrix (ECM) and their ability to promote cell 

adhesion, growth, and differentiation. They are vital components of advanced wound 

dressings, maintaining a moist healing environment and enabling controlled release of 

therapeutic agents. Nanofibrous drug delivery systems can encapsulate bioactive molecules 

for sustained or stimuli-responsive release. In tissue engineering, electrospun nanofibers act as 

scaffolds for regenerating skin, cartilage, bone, and nerve tissue, offering mechanical support 

and bioactive surfaces that direct cell growth [5]. 

Environmental applications: The high porosity and large specific surface area of nanofiber 

mats make them excellent for filtration and separation processes. They are used in water and 

air filtration, including the removal of fine particulates, heavy metals, and microorganisms. 

Nanofibers also play a key role in oil–water separation and oil spill cleanup, as well as in 

membranes for pollutant capture, helping advance sustainable environmental management 

[21]. 

Energy and electronics: Nanofibers are vital in the energy and electronics industries. Their 

interconnected networks and high electrolyte permeability make them perfect for use as 

battery separators, supercapacitor electrodes, and proton-conducting membranes for fuel cells. 

Nanofibers are sensors and energy-harvesting components in flexible and wearable 

electronics, allowing their integration into smart textiles, self-powered sensors, and wireless 

communication devices [22].  

Catalysis and coatings: Nanofibers are efficient catalyst supports and nanoreactors that 

enhance reaction rates and selectivity in chemical and electrochemical processes. They are 

also used as protective and functional coatings, including self-cleaning and anti-fouling 

surfaces, where their roughness and chemical tunability offer water-repellent or antimicrobial 

properties [23].  
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1.2.4 Challenges and Future Outlooks 

Despite their remarkable potential, nanofiber technologies face significant limitations 

that restrict their large-scale use. Major technical challenges include production scalability, 

where maintaining high throughput while ensuring uniform fiber structure remains difficult. 

Consistently achieving uniform fiber diameter and structural consistency across industrial 

batches is a persistent problem, as small changes in processing can lead to performance 

variations. Additionally, material choices are often constrained by the spinnability of 

polymers and their compatibility with solvents or processing conditions [4]. In addition to 

fabrication issues, biological and environmental safety also pose major challenges. Some 

nanofiber materials, solvents, or additives may be toxic to cells or cause unintended biological 

effects, raising concerns about long-term compatibility with living organisms. Environmental 

risks can also arise from the release of waste solvents and micro- and nanoplastics into 

ecosystems. These issues underscore the need for greener manufacturing techniques and the 

use of biodegradable or naturally sourced polymers to lessen ecological impact [24]. 

The future of nanofiber technology is heading toward smart, multifunctional, and 

sustainable materials that fulfill both technological and societal needs. A key focus is on 

developing stimuli-responsive (smart) nanofibers that can react to pH, temperature, electrical, 

or biochemical cues, enabling on-demand drug release, adaptive tissue scaffolds, and 

responsive sensors [25]. Multi-material and hybrid nanofibers, which combine natural and 

synthetic components or incorporate nanoparticles, are anticipated to provide tailored 

mechanical, electrical, and biological properties for advanced biomedical, environmental, and 

energy applications [26]. 

Emerging fabrication strategies, such as three-dimensional (3D) printing, will enable 

the creation of hierarchically organized, complex scaffolds that more closely resemble native 

tissues [27]. Simultaneously, green and sustainable manufacturing approaches, including 

using biodegradable and biocompatible polymers, align with global sustainable development 

goals, reducing environmental impact and enhancing clinical safety [28]. 

1.3 Electrospinning 

1.3.1 Process 

Electrospinning uses a strong electric field to create nanofibers from polymer 

solutions. The minimal setup includes a pump connected to a syringe filled with the polymer 

solution [29], as shown in Figure 1. This solution is subjected to a high-voltage electric field 

between the syringe needle (the spinneret) and a grounded collector plate on which the 
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nanofibers form [30]. The polymer solution is first pumped through the capillary needle, 

where the solution's surface tension causes droplets to form at the spinneret, with an induced 

charge on the droplet surface. When the electrostatic force equals the surface tension of the 

solution, the droplet changes from a hemispherical shape to a cone shape. When the 

electrostatic force exceeds the surface tension, the solution can overcome it and form jets. 

While reaching the collection device, the electrostatic force stretches the jets and causes the 

solvent to evaporate, leaving only solid fibers [31]. The formation of a liquid polymer jet in 

electrospinning relies on a delicate balance between electrical force and surface tension of the 

solution [32]. While this balance typically results in nanofiber production, other outcomes, 

like droplet spraying, can occur [33].  

 

Figure 1. Schematic illustration of the electrospinning setup showing the main components: syringe pump, 

polymer-solution syringe, metallic spinneret (needle), high-voltage power supply (10 to 35 kV), and grounded 

collector.  

Different types of nanofibers made from polymers and blends have been successfully 

created through electrospinning, with diameters ranging from a few nanometers to hundreds 

of microns [34]. Additionally, if the same polymer is dissolved in different solvents, the 

morphology of the resulting nanofibers will differ [35]. 

1.3.2 Parameters 

In addition to the advantages of a simple process and a wide range of raw materials, 

electrospinning can control the morphology, orientation, and pore size of nanofibers by 

adjusting parameters [36]. Many parameters influence electrospinning and can be categorized 

into solution, processing, and ambient parameters [37]. Solution parameters include 

concentration, viscosity, molecular weight, conductivity, surface tension, and solvent type. 

Processing parameters encompass applied voltage, flow rate, and needle-to-collector distance. 

Ambient parameters involve temperature and humidity.  
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1.3.2.1 Solution Parameters 

The properties of the polymer solution play a crucial role in determining the 

characteristics of the resulting nanofibers. The main solution parameters are discussed below: 

Concentration: The solution concentration is critical for forming nanofibers. There is a 

minimum spinnability concentration. When the solution concentration drops below this level, 

the low concentration and high surface tension cause the interaction between the electric field 

force and surface tension to separate the polymer before it reaches the collection device. This 

results in many beads instead of fibers [38]. As the concentration increases, the polymer's 

entanglement concentration rises while surface tension decreases, leading to more fiber 

formation. Ultimately, this process produces uniform and smooth nanofibers without beads 

[39]. As shown in Figure 2, the nanofibers become coarser with increasing concentration 

[40].  

 

Figure 2. Scanning Electron Microscope (SEM) images of electrospun polyimide nanofibers showing improved 

fiber quality and increased fiber diameter as solution concentration increases: (A) 10%, (B) 15%, (C) 20%, and 

(D) 25%. All scale bars represent 10 μm (Kohse et al., Current Directions in Biomedical Engineering, 2017). 

Viscosity: The viscosity of the solution is closely related to concentration and molecular 

weight, which are key factors affecting the diameter and shape of nanofibers [41]. When 

viscosity is too low, it indicates low polymer entanglement and dominant surface tension, 

which prevent droplets from merging into fibers and forming a spray [42]. As viscosity 

increases, the polymer's stress-relaxation time increases, supporting the formation of 

nanofibers with larger, more uniform diameters. However, if viscosity becomes too high, it 

becomes difficult for jets to form fibers [43]. 

Molecular weight: Similar to the effects of viscosity and concentration, polymers with low 

molecular weight lack sufficient entanglement, have short chain lengths, low molecular 
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friction, and are difficult to resist unstable whipping, leading to interrupted jets and challenges 

in fiber formation [44]. Typically, nanofiber diameter also increases with molecular weight.  

Conductivity: Charged particles in the polymer greatly influence jet formation. When the 

solution's conductivity is too low, beads form, hindering the production of uniform 

nanofibers. Conversely, high conductivity can lead to uneven diameters [45]. 

Surface tension: Surface tension is affected by many factors, including molecular weight, 

solution concentration, solvent type, and temperature. When surface tension is low, there are 

fewer beads, and the nanofibers become finer and smoother. Some researchers think that 

surface tension has little impact on fiber diameter [46]. However, if surface tension is too low, 

the jet becomes unstable, which can cause an uneven distribution of nanofiber diameters or 

even lead to bead formation [47].  

Solvent: There is no doubt that selecting the right solvent is crucial. The properties of the 

solvent, including surface tension, dielectric constant, boiling point, density, and interactions 

between the solvent and solute, will influence electrospinning, as shown in Figure 3 [40]. 

Due to the toxicity of many organic solvents, if they cannot be completely removed, they are 

not suitable for use in biological and food applications [48]. The effect of different solvents on 

electrospinning is complex, and there is no clear theory that determines whether 

electrospinning can be successfully performed with a specific solvent [49].  

 

Figure 3. Scanning Electron Microscope (SEM) images of electrospun polyimide nanofibers showing the effect 

of different solvents on fiber morphology: A) N, N-dimethylformamide (DMF), B) 1,1,1,3,3,3-hexafluoro-2-

propanol (HFIP), c) and D) dimethyl sulfoxide (DMSO) (Kohse et al., Current Directions in Biomedical 

Engineering, 2017) 

1.3.2.2 Processing Parameters 

The key processing parameters are outlined below: 
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Applied voltage: A crucial factor in electrospinning. Only when the voltage exceeds the 

critical point can the droplet be ejected and reach the collection device. The voltage also 

influences nanofiber morphology and diameter. If the applied voltage is too high or too low, it 

can cause bead formation [50]. The diameter of nanofibers decreases with increasing applied 

voltage because the stronger electrostatic force stretches the droplets more. 

Flow rate: It also affects the diameter and shape of nanofibers. The nanofiber diameter 

typically increases with increasing flow rate. If the flow rate becomes too high, the solvent 

may not fully evaporate before reaching the collection device, leading to bead formation [51]. 

Therefore, the solution remains more stable at moderate flow rates, facilitating the production 

of smooth, uniform nanofibers.  

Needle-to-collector distance: The distance from the needle to the collector must be 

sufficiently large to allow the solvent to evaporate. If the distance is too small, beads will 

form [52]. However, the distance should not be too large. If it is too large, the jet may become 

unstable, leading to bead formation. 

1.3.2.3 Ambient Parameters 

Ambient parameters also play an important role in the electrospinning process. The 

main parameters are discussed below: 

Temperature: Generally, as temperature rises, viscosity and surface tension decrease, while 

solubility increases. An increase in temperature causes the nanofibers' diameter to decrease 

and results in a smoother surface [53]. 

Humidity: The effect of environmental humidity on electrospinning is also complex. When 

humidity is low, the solvent evaporates more quickly, leading to larger nanofiber diameters. 

Conversely, at excessively high humidity, the nanofiber diameter distribution becomes more 

uneven, the surface rougher, and there are fewer pores or fibers [54]. 

1.3.3 Models and Simulation 

Simulating electrospinning with computers is essential. Because many experimental 

results are difficult to explain, theoretical models and simulations help improve our 

understanding of various issues. Although electrospinning technology has attracted significant 

attention, few studies have focused on simulation. By establishing an accurate mathematical 

and physical model for electrospinning simulation, the morphology and properties of 

nanofibers can be well predicted, thereby enhancing researchers' efficiency and expanding the 

application of electrospinning technology. 
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1.3.3.1 Physical Models 

The primary physical models include the following: 

Models of Electric Field 

 Taylor [55] first studied the jet's initial stage. In principle, when the electric field force 

and surface tension are equal, the viscous droplet will form a cone with a half-vertex angle of 

49.3 degrees. Interestingly, Yarin et al. [56] confirmed theoretically and experimentally that 

the half-angle of the Taylor cone should be 33.5 degrees instead of 49.3. This difference may 

be due to the existence of non-self-similar solutions for hyperboloid shapes in equilibrium 

with their own electric fields under the action of surface tension. The typical structure of the 

Taylor cone is illustrated in Figure 4 [57].  

 

Figure 4. Schematic diagram of Taylor cone and jet formation during electrospinning, illustrating key geometric 

parameters including the cone with a half-vertex angle  (𝛽), the length of the Taylor cone, the length of the jet, 

and the jet diameter under a high-voltage power supply (Wang et al., Experimental Thermal and Fluid Science, 

2021). 

.  

Models of Jet 

 When the applied voltage exceeds the critical voltage, and the electric force exceeds 

the surface tension, the jet first enters a stable stage, then an unstable stage. 

Stable stage: In this stage, the polymer jet undergoes uniaxial stretching, and its shape 

remains constant over time. During this phase, the jet radius is a major focus of research 

because it directly affects nanofiber diameter. 

Unstable Stage: The unstable stage is more complex than the stable stage, and researchers 

have invested significant effort in it. The instability results from charge repulsion within the 

jet. There are three types of instability during the unstable stage of electrospinning [58]: the 

classical Rayleigh mode (axisymmetric) instability, electric field-induced axisymmetric 

conducting mode (bending) instability, and whipping conducting mode instabilities. These 
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instabilities vary with the applied voltage, the distance from the jet device to the collector, and 

solution parameters, which influence nanofiber morphology and distribution [59]. 

1.3.3.2 Molecular Simulation 

Molecular simulation technology includes the Monte Carlo and molecular dynamics 

methods [60]. The Monte Carlo method is based on statistics and is suitable for equilibrium 

systems. The molecular dynamics method is a deterministic approach based on classical 

mechanics, which can solve the equations of motion for all particles in the system. 

In electrospinning, molecular dynamics is frequently used to study how composite 

materials interact and how nanofiber products interact with drugs or proteins. For example, 

Jirsa´k et al. [33] employed Monte Carlo and molecular dynamics methods to simulate the 

early stages of the jet, as shown in Figure 5. The results from both methods are consistent 

with experimental findings and indicate that the balance between ion concentration and field 

strength affects bead formation in nanofibers. 

 

Figure 5. Displays a series of snapshots showing the transformation of a droplet on the wall, representing the 

apex of the Taylor cone, into a jet. a) The system before the field was applied, b) the moment shortly after the 

field was applied, and c) when the droplet has transformed into the jet. Colored spheres depict atoms and ions as 

follows: red–oxygen, white–hydrogen, blue–sodium cation, and cyan–chloride anion (Jirsák et al., Industrial & 

Engineering Chemistry Research, 2014). 

Researchers, including Danwanichaku et al. [61], used Monte Carlo methods to 

simulate nanofiber deposition, revealing a positive correlation between concentration and pore 

size, and tested the filtration performance of polystyrene particles, which matched 

experimental results. Sarmadi et al. [62] used molecular dynamics methods to simulate the 

protein adsorption capacity of electrospun PCL/ polyvinyl alcohol (PVA) nanofibers, with 

results that aligned with experimental findings. Vao-soongnern [63] also analyzed how 

molecular weight and polymer chain conformation affect the structure and properties of 

electrospun nanofibers using Monte Carlo methods. Steffens et al. [64] employed quantum-
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mechanical calculations and molecular dynamics simulations to investigate the interaction 

between PVA nanofibers and drug-loaded dacarbazine, providing insight into the principles of 

controlled drug release. 

1.3.3.3 Neural Network 

Neural networks have recently become a popular machine learning algorithm, but their 

application in electrospinning remains limited. Sarkar et al. [65] used a neural network 

algorithm, taking concentration, conductivity, flow rate, and electric field strength as input 

variables. It can effectively predict changes in fiber diameter but only considers four 

variables, making it less suitable for the complex electrospinning process. 

1.3.4 Challenges and Future Outlooks 

Electrospinning faces several critical challenges that hinder its broader industrial 

adoption and practical applications. The process is hindered by slow nanofiber production, 

low yield, and high operational costs, making scaling difficult. Additionally, reliance on toxic 

and flammable solvents, along with limited solvent choices, raises safety, hygiene, and 

environmental concerns. Other technical challenges include safety risks from high voltages, 

dependence on solution electrical properties, material compatibility issues, and the need for 

polymers with appropriate molecular weight and chain entanglement to produce continuous 

fibers. Moreover, clogging of the spinneret, especially when working with biopolymers, can 

halt production and reduce efficiency [66]. Also, determining the blending ratio between 

polymers has largely relied on trial and error, often yielding inconsistent results and high 

material consumption.  

Future trends in electrospinning are increasingly focused on green, sustainable 

manufacturing, emphasizing environmentally friendly, toxin-free processes that use water-

based or bio-derived solvents and energy-efficient methods to reduce environmental impact, 

especially for applications in biomedicine, filtration, pharmaceuticals, and cosmetics [67]. To 

address the low production rate of traditional electrospinning, advanced techniques such as 

needleless, multi-jet, and centrifugal electrospinning are gaining popularity, with some 

methods reaching outputs of up to 450 g/h, facilitating industrial-scale nanofiber production 

[68]. Another important trend is the integration of electrospinning with 3D printing and 

additive manufacturing, enabling the creation of complex, multifunctional materials for 

cutting-edge applications such as tissue engineering, smart sensors, and high-performance 

filtration systems. Simultaneously, research is increasingly focused on developing bio-based, 
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recyclable polymers and hybrid composites, expanding the material palette and promoting 

circular, eco-friendly production. 

1.3.5 Materials Used in Electrospinning 

Almost any soluble polymer with a sufficiently high molecular weight can be 

electrospun, including synthetic and natural polymers. Early electrospinning studies mainly 

focused on synthetic polymers such as polyethylene oxide (PEO), nylon, polyimide, 

polyaramid, and polyaniline [42]. However, it was quickly recognized that this technique 

could also produce nanofibers from some naturally occurring polymers. Chaparro et al. first 

attempted to create DNA fibers in the lab [69]. In less than ten years, hundreds of publications 

have emerged in this field, with various polymers successfully electrospun into nanofibers. 

With growing interest in biomedical applications, many biopolymers, such as collagen, silk 

fibroin, chitosan, cellulose, and fibrinogen, are being electrospun into nanofibers. Compared 

with synthetic polymers such as poly(lactic acid) (PLA), PGA, and PVA, naturally occurring 

polymers often offer better biocompatibility but poorer processability. Many functional 

biopolymers are unsuitable for direct electrospinning due to their low molecular weight or 

limited solubility. A common effective strategy to address this challenge is to blend them with 

polymers that are more compatible with electrospinning [70].  

In the following section, the natural polymers collagen and chitosan are discussed in 

detail. 

1.4 Collagen 

Collagen is an essential extracellular matrix protein that provides structural and 

mechanical support to tissues like tendons, skin, and cartilage. It is the most abundant protein 

in humans and other mammals, making up more than 30% of total protein [71]. Collagen 

plays a key role in cell adhesion, cell migration, and tissue repair. A systematic understanding 

of collagen's structure can enhance our knowledge of its biological functions and provide 

theoretical guidance for its use as a natural protein material.  

1.4.1 Structure of Collagen 

Collagen is a highly organized coiled aggregate of singular tropocollagen strands, each 

of which is a triple helix comprised of three individual polypeptide chains [72]. These chains 

form an extended polyproline II-like helix coiled around a common axis [73]. Each 

polyproline II triple helix consists of repeated sequences of three amino acids (Gly-Xxx-Yyy), 

with proline (Pro) and 4-hydroxyproline (Hyp) commonly found in the Xxx and Yyy 
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positions [74]. This sequence is widely observed in collagen and has been extensively 

examined due to its remarkable stability, structure, and dynamics.  

In the triple helix, every third amino acid residue is positioned around the central axis, 

where the space along the α chains is narrowest. Therefore, glycine residues are ideal for the 

third position because of their small volume. The stability of the conformation and the 

achievement of biomechanical and physiological functions mainly depend on secondary 

interactions, such as hydrogen bonds between the N–H group of glycine residues and nearby 

carbonyl (C=O) groups. Proline and lysine can form hydroxyproline and hydroxylysine 

through hydroxylation by hydroxylase in the collagen α-polypeptide chain. These amino acids 

contribute to collagen stability through hydrogen bonding and van der Waals interactions 

between polypeptide chains. Hydroxyproline is found only in collagen, and its content 

exceeds that of other amino acids by more than 50%, providing binding sites for water 

molecules and playing a critical role in hydrogen bond formation and the stability of the 

triple-helical structure [75]. Figure 6 shows the Chemical structures of glycine, proline, and 

hydroxyproline. 

 

Figure 6. Chemical structures of glycine, proline, and hydroxyproline. 

Tropocollagens are aligned end-to-end in a line and arranged parallel to each other to 

form stable microfibrils. These microfibrils then assemble into collagen fibrils with a 

crystallographic structure, which aggregate and organize into bundles to form collagen fibers 

[76]. Ultimately, collagen fiber bundles interpenetrate and intertwine to form the organism's 

basic structural framework, a three-dimensional network. Figure 7 illustrates the hierarchical 

levels of the collagen structure.  



 Molecular Design and Electrospinnability of Biopolymer Nesreen Alkanakri 

 Nanofibers: Mechanisms and Modeling Insights 

15 
 

 

Figure 7. Hierarchical organization of collagen. Individual amino acids (~1 nm) assemble into a right-handed 

triple helix (tropocollagen, ~300 nm). Tropocollagen molecules align end-to-end and staggered to form fibrils 

(~1 µm), which bundle together into collagen fibers (~10 µm). 

1.4.2 Collagen Types 

There are approximately 29 types of collagen, classified by various factors. These 

include their protein's primary structure, the length of the triple-helical domain, the charge 

profile of the helix, interruptions within the triple helix, and the size and shape of the terminal 

domain [77]. These structural differences are crucial in determining the specific functional 

properties of each collagen type.  

For example, fibril-forming collagens such as types I, II, III, V, and XI are elongated, 

rod-like molecules about 300 nm long. Among these collagen types, I, II, and III are the most 

common, accounting for 80–90% of total body collagen [78]. Collagen type I is a heterotrimer 

with two α1 (I) chains and one α2 (I) chain, featuring a triple helix structure. It is the main 

component in tendons, skin, ligaments, cornea, and many other interstitial tissues, accounting 

for 25% of the dry protein mass and over 90% of the organic matrix of bone [79]. Collagen 

type II is a homotrimer comprising three α1 (II) chains. It and its associated minor collagens 

tend to be more glycosylated than type I–rich fibrils. Collagen type II is found almost 

exclusively in cartilage, where additional minor collagens and noncollagenous glycoproteins 

are vital for modulating fibril diameter, surface properties, and interfibrillar interactions [80]. 

Collagen type III is a homotrimer consisting of three α1 (III) chains. In extensible tissues like 

skin, vessel walls, and the reticular fibers of lungs, liver, and spleen, collagen type III often 

coexists with collagen type I in collagenous fibrils [81].  
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Conversely, collagen types IV, VIII, and X form complex networks, with type IV 

collagen molecules approximately 400 nm long. Types VIII and X, known as "short-chain" 

collagens, create networks essential for building the structural framework within tissues [82]. 

Additionally, some collagens do not form homotypic fibers or networks. For instance, type IX 

collagen coats the surface of type II collagen fibers, illustrating a unique structural interaction 

[83].  

1.4.3 Relationships Between Mechanical Properties and Collagen-Rich Tissues 

The excellent mechanical properties of tissues that depend on fibrillar collagen result 

from their highly organized structure across many hierarchical levels. The interaction between 

structures, from the molecular level to fibrils and interfibrillar components, is essential for the 

overall mechanical behavior. When tissue is stretched, two primary mechanisms occur: 

molecular elongation and shear within a fibril, and shear deformation of the proteoglycan-rich 

matrix between fibrils. Proper supramolecular arrangement and cross-linking within each 

fibril are therefore crucial. The tissue's response to stress depends strongly on the strain rate. 

High strain rates cause collagen molecules to elongate and induce shearing within a fibril, 

while slow shear rates lead to shear of the matrix between fibrils, resulting in creep [84].  

 At small strains, kinks are straightened in the collagen structure, first at the fibrillar 

level and then at the molecular level. Higher strains are believed to induce molecular gliding 

within fibrils, eventually disrupting fibril structure. Preliminary attempts to quantify these 

distortions by analyzing changes in the collagen axial structure were only partially successful. 

In similar studies, three basic models for molecular elongation and rearrangement of collagen 

within a fibril were proposed. The first model suggests that molecular elongation results from 

a change in the helical pitch. The second model indicates an increase in the length of the gap 

region. The third model shows that a relative slippage occurs between laterally adjoining 

molecules [85]. 

It has also been observed that the strain within collagen fibrils is always significantly 

less than in the entire tendon. This phenomenon remains poorly understood but suggests the 

presence of additional gliding processes occurring at the interfibrillar level [86]. Once again, 

this indicates that fibril surface and interfibrillar interactions play a more important role than 

usually recognized. Consequently, this area warrants more attention than it currently receives.  
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1.4.4 Electrospinning of Collagen 

In 2002, the electrospinning of collagen using HFIP as a solvent was first reported 

[87]. Since then, numerous studies on electrospinning and the characterization of collagen 

fibers have shown that this method can produce fibers that closely mimic the structural and 

biological features of natural collagen ECMs. Electrospun fibers of type I, II, and III collagen 

dissolved in HFIP exhibited a linear relationship between polymer concentration and average 

fiber diameter. Later, a gentler solvent, acetic acid, was used for electrospinning type I 

collagen. Compared to HFIP, acetic acid is less toxic, more cost-effective, and better 

maintains the ultrastructural integrity of collagen.  

Recent studies have shown that collagen undergoes conformational changes during 

electrospinning, and the electrospun collagen fibers do not maintain their native structure 

[88]. Consequently, electrospun collagen lacks mechanical and structural stability when 

hydrated. Crosslinking is often necessary to enhance the stability of electrospun collagen. 

Crosslinking stabilizes the fibers by targeting the intramolecular covalent bonds. This is 

accomplished through the reaction of functional groups on the surface of the collagen fibers, 

enabling them to connect and form a water-stable network [89]. This process, called 

crosslinking, can control the biodegradation rate, creating collagen networks that degrade at a 

specific rate into bioresorbable components such as amino acids.  

Various crosslinking methods have been shown to effectively enhance the stability and 

mechanical properties of collagen-based nanofibers. These techniques can be classified into 

chemical, physical, biophysical, and photochemical crosslinking. Each crosslinking approach 

has exhibited different levels of structural and mechanical stability, mainly due to variations in 

the mechanisms, concentrations, and reaction times involved.  

Chemical crosslinking with glutaraldehyde vapor has been studied the most, but this 

method is cytotoxic [90]. Physical crosslinking achieved by heat and dehydrothermal 

treatment (DHT) has also been used; however, this method compromises collagen stability 

due to thermal degradation [91]. Photochemical crosslinking offers an attractive alternative to 

these methods. Both ultraviolet light with riboflavin as a photoinitiator and green light with 

Rose Bengal have been proposed to stabilize collagen-based materials and improve their 

mechanical properties [92].  
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1.5 Chitosan 

Along with collagen, chitin and chitosan are vital natural polymer materials. Chitin, 

after cellulose, is the second-most-common biopolymer on Earth. It is typically found in the 

exoskeletons of arthropods, shells of crustaceans, and insect cuticles [93]. Chitosan, a 

deacetylated form of chitin, is one of the few natural polymers that contain free amine groups 

in its backbone, endowing it with the properties of a polymeric hydrogel due to its high water-

absorption capacity. It is also known for its biodegradability, antimicrobial activity, and low 

toxicity. Because of these qualities, chitosan has been used in a wide range of biomedical 

applications in recent years. 

1.5.1 Chitosan Structure 

Chitosan, produced by deacetylation of chitin, is a linear polysaccharide composed of 

β-(1→4)-linked D-glucosamine and N-acetyl-D-glucosamine, as shown in Figure 8. The 

deacetylation process of chitin allows control over the degree of deacetylation (DD) and can 

modify the average molecular weight of chitosan. Chitin's average molecular weight (Mw) 

typically ranges from 1.03 to 2.5 × 106 g/mole. Meanwhile, the deacetylation process usually 

reduces the Mw of chitosan to a range of 1 to 5 × 105 g/mol. Despite the decrease in the 

polymer's molecular weight, the main reason for producing chitosan is the poor solubility of 

chitin [94]. 

Initially, because chitin's chemical structure closely resembles that of cellulose, 

research on chitin solvents has progressed alongside developments in cellulose research. 

Chitin is a long-chain polysaccharide, similar to cellulose. The inter- and intra-molecular 

hydrogen bonds, resulting from the presence of acetylamino and hydroxyl groups, make chitin 

highly aggregated and insoluble in most organic solvents. In contrast, chitosan dissolves 

easily in dilute acid solutions and contains amino and primary and secondary hydroxyl groups 

for further chemical modifications [95]. 
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Figure 8. Chemical Structure of chitin and chitosan. Chitin consists of repeating β-(1→4)-linked N-acetyl-D-

glucosamine units. Chitosan is produced by partial or full deacetylation of chitin and primarily contains β-

(1→4)-linked D-glucosamine units, which are characterized by free amine (–NH₂) groups.  

Because the deacetylated unit (D-glucosamine) and the acetylated unit (N-acetyl-D-

glucosamine) are randomly distributed in chitosan, and because their composition depends 

entirely on the deacetylation process, the nomenclature of chitosan remains controversial. A 

group of deacetylated chitin with D-glucosamine residues exceeding 50% (or 60%) is often 

called chitosan; however, there is no clear boundary in the nomenclature distinguishing chitin 

from chitosan [96]. This confusion is likely caused by the fact that the percentage of DD in 

commercial chitosan ranges from 60 to 99%. As mentioned earlier, an important factor in 

naming something 'chitin' or 'chitosan’ is its solubility in dilute aqueous acid solutions. 

Regardless of the DD percentage, if a deacetylated chitin is insoluble, it cannot be classified 

as chitosan. In addition to DD, the Mw of chitosan is another important characterization 

parameter because the application field of chitosan can vary widely with the distribution of 

Mw [97]. 

From a chemical perspective, acids and alkalis can be used to deacetylate chitin; 

however, alkaline deacetylation is preferred because glycosidic bonds are highly susceptible 

to acid hydrolysis. In the alkaline deacetylation process of chitin, both heterogeneous and 

homogeneous hydrolysis methods have been utilized. Heterogeneous hydrolysis involves 

harsh conditions: a hot, concentrated NaOH solution for several hours. This method can 

produce deacetylated chitin with a degree of deacetylation (DD) of up to 80%, but it remains 
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insoluble. Conversely, homogeneous hydrolysis employs very mild conditions at a 

deacetylation temperature of 25 °C, yielding soluble chitosan with a DD between 48 and 55 

[98]. The deacetylation reaction under heterogeneous conditions results in an uneven 

distribution of N-acetyld-glucosamine and D-glucosamine residues, with some block-like 

distribution of acetyl groups along the polymer chains. Consequently, the solubility and 

aggregation behavior of chitosan in water can vary, influencing its native properties. For 

example, the physicochemical properties of such chitosans may differ from those of randomly 

acetylated chitosans produced under homogeneous conditions [99]. 

1.5.2 Chitosan Properties 

Chitosan exhibits various physical, chemical, and biological properties. Its main 

characteristics are its cationic nature and unique behavior in solution. At low pH levels, 

usually below about 6.3, chitosan’s amine groups are protonated, giving the polymer 

polycationic properties. These amine groups become deprotonated and reactive at higher pH 

levels (above 6.3). Typically, chitosan becomes soluble in all aqueous acidic media when the 

average degree of acetylation is less than 50%. It is soluble in dilute inorganic acids such as 

HCl, HBr, HNO3, and HClO4, as well as in concentrated H2SO4, organic acids like acetic, 

citric, formic, and lactic acid, and organic solvents such as tetrahydrofuran, ethyl acetate, and 

1,2-dichloroethane [100]. Acetic and formic acids are the most commonly used solvents for 

chitosan solubilization. However, solubility is a complex parameter to control because it 

depends on factors like the degree of acetylation, ionic concentration, pH of the solution, the 

nature of the acid used for protonation, and also the distribution of acetyl groups along the 

macromolecular chain, which depends on the production conditions of chitosan [101]. 

The protonation reaction is interesting because, after dissolution, chitosan can be 

precipitated into films and membranes, spun into fibers or nanofibers, and also crosslinked to 

produce fibers or sponges. Processing chitosan is easier than processing chitin. However, the 

products' stability is lower due to their greater hydrophilicity and pH sensitivity. For better 

stability, chitosan may be crosslinked using epoxides or glutaraldehyde. Composites and 

blends are also produced by leveraging the polycationic properties of chitosan under acidic 

conditions [102]. 

The presence of amino groups explains most of chitosan's biological properties. Red 

blood cell membranes, which are negatively charged, can interact with the positively charged 

chitosan chains. Additionally, chitin exhibits less effective hemostatic activity than chitosan, 
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supporting this explanation. It is widely regarded as a non-toxic, biologically compatible, and 

environmentally friendly product [103]. Chitosan has attracted significant interest because of 

its diverse bioactive effects. Its polycationic nature primarily accounts for its interactions with 

proteins, lipids, genetic material, anionic molecules, and other biological compounds. A broad 

range of biological activities of chitosan has been documented, including its ability to induce 

resistance mechanisms and promote growth in plants; antiviral, antifungal, and antibacterial 

effects; and various biomedical applications (hypocholesterolemic effect, genetic material 

transfection, wound healing promotion) [104]. 

1.5.3 Chitosan Derivatives 

Chitosan dissolves in acidic aqueous solutions and is easily modified under controlled 

conditions. In addition to the primary amino group, chemical modifications can be achieved 

through reactions involving the primary and secondary hydroxyl groups at C2, C3, and C6. To 

improve the solubility of chitosan in physiological fluids, enhance its biocompatibility, 

mucoadhesiveness, and adsorption properties, and add new functionalities, many chitosan 

derivatives have been synthesized or formulated over the past decades, while retaining their 

overall beneficial qualities in physiological environments. Here, some chemical strategies for 

modifying chitosan are reviewed. 

1.5.3.1 Hydrophobic Modifications 

Several hydrophobic modifications have been developed to tailor the properties of 

chitosan for specific applications. The most important of these are presented in the following 

section: 

N/O-Acyl Chitosans: Acylation of chitosan enables the attachment of hydrophobic side 

groups to amino and/or alcohol groups, providing great flexibility for chemical modification. 

N-Acylation can be easily achieved by reacting chitosan with anhydrides or acyl halides in 

various aqueous and organic solvents, or through coupling reactions. These methods can be 

precisely controlled due to the different reactivities of amino and hydroxyl groups. As a result, 

many chitosan derivatives with amphiphilic properties have been developed. Attaching 

hydrophobic side groups significantly changes the physicochemical properties of the 

polymers. This modification results in the formation of various chitosan-based 

macromolecular assemblies, including hydrogels, membranes, films, and fibers, which are 

used in biomedical and technical applications across the chemical and pharmaceutical 

industries [105]. 
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N-Alkyl Chitosans: N-alkylation targets the primary amino group of chitosan, which reacts 

with aldehydes and ketones to produce an intermediate reaction product, such as a 

carbinolamine. This intermediate dehydrates to form Schiff bases (aldimines and ketimines), 

which are then converted into N-alkyl derivatives upon treatment with suitable reducing 

agents, such as sodium cyanoborohydride, enabling selective reduction of imines. N-

alkylation of chitosans may enhance blood clotting. Wang et al. [106] synthesized N-alkylated 

chitosans with different carbon chain lengths and used these materials to create nanofiber 

membranes via electrospinning. Various tests assessing biocompatibility and blood 

coagulation properties showed that membranes made from N-alkylated chitosan nanofibers 

were non-cytotoxic and demonstrated effective blood clotting abilities by activating 

coagulation factors and platelets.  

1.5.3.2 Hydrophilic Modifications 

Hydrophilic modifications are another important strategy used to improve the 

properties of chitosan. These modifications are presented in the following section: 

N/O-Carboxyalkyl Chitosans: Carboxyalkyl chitosans have been developed in various 

forms and extensively researched for potential applications in medicine and industry. Most are 

derivatives of carboxymethyl chitosan (CMCS), which can be synthesized as N-, O-, N,O-, or 

N,N-CMCS, depending on reaction conditions and reagents used [107]. 

Quaternized Chitosan Derivatives: Chitosan to greatly increase its solubility. One effective 

method is quaternization of chitosan or its derivatives, which converts the primary amino 

groups into quaternary ammonium ions and adds positive charges to the polymer. In addition 

to improving solubility, quaternized chitosans exhibit increased antimicrobial activity and 

have enhanced mucoadhesiveness, epithelial absorption, and drug/DNA delivery capabilities 

compared to unmodified chitosan [108]. 

1.5.4 Electrospinning of Chitosan 

It’s difficult to produce nanofibers via electrospinning because its polycationic nature, 

arising from the many amino groups in its structure, increases the solution's surface tension. 

[109]. 

A study reports the optimal conditions for electrospinning chitosan with different 

molecular weights using various acid solutions, including acetic, hydrochloric, formic, and 

lactic acids. It was found that only solutions containing 80%, 85%, and 90% acetic acid 
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produced uniform fibers, with the best conditions being 3 wt% chitosan in a 90% acetic acid 

solution [110]. 

Three distinct molecular weight chitosan samples were dissolved in TFA. The fibers 

from low-Mw chitosan exhibit branching, whereas those from medium- and high-Mw 

chitosan form uniform fibers with nanofiber diameters ranging from 70 to 108 nm [111]. The 

spinnability of chitosan was reportedly improved by alkaline hydrolysis over various 

durations (0.75-48 hours). The molecular weight decreased from 1095 to 416 kDa at 24 hours 

and to 294 kDa after 48 hours of hydrolysis. It was observed that reducing the molecular 

weight made spinnability easier and resulted in more uniform fiber formation, especially for 

fibers derived from hydrolyzed chitosan (48 hours) [112]. Additionally, fibers could be 

produced at lower acetic acid concentrations (70 vol%) from solutions containing hydrolyzed 

chitosan at up to 7.5 wt%. 

1.6 Molecular Dynamics Simulation (MD) 

Understanding the structures of biomolecules under various conditions is essential for 

grasping their interactions and functions. However, directly measuring the real-time, time-

dependent behavior of biological molecules across all conditions is challenging. Therefore, 

developing a thorough understanding of complex, dynamic biological processes, including 

protein stability and folding, conformational changes, ion transport, and enzymatic reactions, 

is vital to progress in fields such as pharmaceutical research. Simulations help address this 

challenge by using computational techniques. They also help reduce long-term time and cost 

issues. Experimental biological samples are expensive, and if a trial fails, researchers incur 

significant time and financial losses.  

Molecular Dynamics (MD) simulation is a computational technique that uses Newton's 

equations of motion to model the motion of atoms and molecules over time, revealing 

dynamic behaviors and conformational changes in biomacromolecules. Several software 

programs are available for conducting molecular dynamics simulations of biomolecules, 

including GROMACS, VMD, and UCSF Chimera. GROMACS is a highly valuable, fast, 

free, user-friendly, and high-performance molecular dynamics software package developed at 

the University of Groningen in the Netherlands. [113]. 

1.6.1  Steps for Running a GROMACS MD Simulation 

Running an effective simulation typically involves a series of sequential steps, as 

shown in Figure 9. 
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Figure 9. General steps to run a GROMACS MD simulation. The workflow begins with system preparation, 

including generating the initial structure file, selecting an appropriate force field, defining the simulation box, 

performing water solvation, and adding ions. This is followed by energy minimization using gmx grompp and 

gmx mdrun to remove unfavorable contacts. Equilibration is then performed under NVT and NPT ensembles to 

stabilize the system. A production MD run is subsequently carried out to generate trajectories for the system of 

interest. Finally, the resulting simulation data are analyzed to extract structural, dynamical, and thermodynamic 

properties. 

The simulation setup begins with Model Selection: a system of interest must be 

chosen. In many cases, complete structural models are readily available for direct use. 

However, when suitable models are unavailable, researchers may construct an initial structure 

from scratch using computational tools such as CHARMM-GUI before proceeding with the 

simulation setup. The next step is to select and apply a suitable force field. Examples of force 

fields supported by GROMACS include AMBER, CHARMM, GROMOS, and OPLS. The 

choice of force field for a specific simulation primarily depends on the molecular system and 

the desired level of complexity. These can be classified into two groups: bonded and 

nonbonded. The terms representing bonded interactions account for bond stretching, valence 

angle bending, and dihedral rotation. The terms representing nonbonded interactions aim to 

capture electrostatics, dispersion, and Pauli exclusion. For example, the Amber ff14sb force 

field includes bonded terms (bonds, angles, dihedrals) representing intra-molecular 

interactions and nonbonded terms (van der Waals, electrostatics) capturing inter-molecular 

forces, providing a comprehensive description of molecular behavior in simulations [114]. 

After completing the force-field specification, a simulation cell is created by applying 

periodic boundary conditions. This step ensures that the simulation is not influenced by 

interactions with the surrounding environment, typically a vacuum. The created simulation 

box helps to reduce edge effects between the two different domains [113]. Next, the final step 

in the setup stage is to solvate the target molecule and add ions. During this step, molecules in 

the simulation box are surrounded by water and salt ions, which are added either to neutralize 
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the system's overall charge or to impose a net positive charge. The common, straightforward 

water models TIP3P and SPCE are most frequently used in MD simulations because they are 

computationally economical [115]. 

After selecting a force field and water model and configuring an appropriate 

simulation box, the GROMACS simulation begins. This phase starts with energy 

minimization, which aims to eliminate steric clashes and poor geometric features in the 

molecule's structure under study. [116]. The next step involves NPT and NVT equilibration, 

after which the system is designated as an isobaric–isothermal ensemble and a canonical 

ensemble, respectively. NVT ensures that a constant number of atoms N, a fixed volume V, 

and a fixed temperature T are maintained throughout the simulation. Conversely, NPT 

guarantees that a constant number of atoms N, as well as a constant pressure P and 

temperature T, are preserved during the simulation. Calibrating the system this way helps 

ensure that temperature, pressure, or volume fluctuations are minimal during analysis of the 

modeling results. It also allows for a more direct comparison to real-world processes, which 

are typically performed at relatively constant temperature and pressure [116]. 

After completing all these previous steps, the MD simulation can finally be executed. 

The length of the simulation will ultimately depend on the complexity of the model built 

during the earlier steps.  

1.6.2 Applications 

MD simulations have a wide range of applications not only in the biological sciences 

but also in physics, chemistry, and meteorology. We will focus on the applications of MD 

simulations in biological complexes. 

• Determination of structures and movements of biomolecules: Structures identified 

through experimental methods such as X-Ray Crystallography or NMR studies provide only 

an average estimate of what the actual structure might be. However, computational simulation 

techniques enable a more accurate assessment of the structural fluctuations that molecules 

undergo. By analyzing these simulations, one can measure the movements of different regions 

of the molecule at equilibrium and the types of structural fluctuations that occur [117]. These 

simulations can also reveal the dynamic behavior of water molecules and salt ions, which are 

often essential for the proper function of proteins and ligand binding. 

• Analyzing MD simulation results of various systems helps answer questions about the 

roles of structure, flexibility, and interactions among different biomolecules that are difficult 

to study experimentally. 
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• Provides insights into molecular interactions over time: Molecular dynamics 

simulation generates detailed views of atomic-level changes in biomolecular systems. Using 

the temporal scale of MD simulations enables us to predict various cellular interactions and 

behaviors, allowing modifications to existing structures to be observed. It is highly useful for 

studying the properties of samples that could serve as effective drugs. 

• Docking is the process by which two or more molecular structures align themselves to 

bind and form a stable complex. MD simulation is commonly used to examine interactions 

such as protein-ligand, protein-protein, DNA-protein, and DNA-ligand. Researchers are eager 

to investigate the effects of new molecular interactions. Therefore, docking is performed first, 

followed by MD simulation to observe how interactions evolve over time [118].  

1.7 Literature Review 

Electrospinning natural polymers like chitosan and collagen poses significant 

challenges due to their limited solubility, high molecular weight, polycationic nature, and 

complex hydrogen-bonding networks [119]. 

Collagen is especially difficult to electrospin because of its intricate hierarchical 

structure and triple-helical organization, which provide stability but poor solubility. Many 

studies have highlighted that collagen’s limited solubility is a major obstacle to 

electrospinning and that this challenge is closely related to its unique molecular architecture. 

Visser et al. [120] reported that challenges in electrospinning collagen nanofibers 

extend beyond solvent choice: even with non-fluorinated solvents such as acetic acid and 

ethanol, these solvents can disrupt the triple-helical structure, thereby affecting the nanofibers' 

mechanical and biological properties. To address this, Anaya Mauricio et al. [121] 

successfully applied a bicomponent solvent system of glacial acetic acid and ultrapure water 

(1:1), thereby preserving the triple helix of Type I collagen. Similarly, Bürck et al. [122] 

provided a detailed analysis of structural changes during electrospinning, showing that 

collagen almost completely unfolds in fluorinated solvents but partially retains its folded 

structure in HAc/EtOH, a mixed solvent of acetic acid (HAc) and ethanol (EtOH). 

Interestingly, their work showed that the electrospinning process itself induces partial 

refolding, thereby increasing the abundance of polyproline II (PP-II) helices. However, this 

refolding remains limited, with the PP-II fraction not exceeding 42% across all initial solvent 

systems. These findings emphasize that both solvent composition and the spinning process are 

crucial in determining the final secondary structure of electrospun collagen nanofibers. 
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Collagen’s hierarchical structure and extensive crosslinking add complexity, requiring 

controlled solubilization conditions that depend on the collagen source and intended use 

[123]. Supporting this, a study comparing acetic acid (HAc), hydrochloric acid (HCl), and 

phosphoric acid (H₃PO₄) at pH ≈ 3.0 found that collagen largely kept its triple-helical 

structure in all three solvents. The authors attributed this to the high proton concentration at 

low pH, which maintains a favorable surface charge on collagen, allowing slight loosening of 

the helix and better dispersion without losing structural integrity [124]. 

In addition to solvent effects, hydration is the key environmental factor affecting 

collagen stability. Interchain hydrogen bonds maintain the triple helix and are mostly 

unaffected by temperature and pressure, but water content directly influences mechanical 

properties and structural integrity. At low hydration, tightly bound water enhances 

intermolecular interactions and stabilizes fibrils, while at high hydration (>130%), water acts 

as a lubricant, enabling molecular sliding and partial disassembly [125]. These hydration-

driven changes regulate collagen’s stiffness.  

At the molecular level, specific amino acids and their spatial arrangements within 

tropocollagen also play crucial roles. Glycine, proline, and hydroxyproline are especially 

important because they promote triple-helix formation and provide thermal stability. Gautieri 

et al. [126] demonstrated that these amino acids, along with surrounding water molecules, are 

vital for maintaining thermal stability, while other studies show that bond ruptures under 

tensile stress tend to occur at specific residues, notably proline in the X-position, indicating 

weak points in the structure. Research by Lees et al. [127] revealed that water content and 

intermolecular cross-link density influence fibril packing and organization, leading to quasi-

hexagonal or rectangular arrangements that vary across tissues. 

Overall, this research demonstrates that collagen’s limited solubility and 

electrospinning behavior are affected not only by solvent chemistry but also by its complex 

hierarchical structure. This hierarchical organization is crucial to collagen’s stability and 

functional properties, so many studies focus on understanding the physicochemical basis of 

triple-helix stability and its influence on fibril formation. Different collagen types and sources 

have unique structural and functional characteristics. For example, bovine collagen is 

abundant and widely used in biomedical applications, yet it often shows heterogeneity and 

partial loss of structural integrity during extraction and processing. Researchers are 
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increasingly exploring recombinant or synthetic collagen as a more consistent and 

controllable alternative to address these issues. 

However, producing collagen outside its natural environment is very challenging. It 

requires specific post-translational modifications, most importantly the hydroxylation of 

proline residues, and controlled conditions to mimic the natural self-assembly process that 

forms ordered fibrils. Doing both steps is technically difficult. Additionally, even in native 

collagen, tropocollagen molecules assemble into supramolecular fibrils in a partially random 

way, resulting in areas of tightly packed and loosely packed molecules. The ways in which 

this natural heterogeneity affects collagen’s structural organization, mechanical properties, 

and biological functions remain poorly understood. Because these mechanisms are not yet 

fully known in nature, predicting or controlling how collagen produced through recombinant 

or synthetic methods will assemble remains very difficult, making this an important area for 

further research. 

The same issue applies to chitosan. Electrospinning chitosan is difficult mainly 

because of its limited solubility, which is strongly influenced by the degree and pattern of N-

acetylation. The N-acetyl groups control intramolecular hydrogen bonding and electrostatic 

interactions; higher degrees of acetylation make the chains more rigid and less soluble, mainly 

when the acetyl groups are unevenly distributed [128]. Other studies indicate that disrupting 

chitosan’s crystallinity through chemical or physical methods can significantly improve its 

solubility across a broader pH range, highlighting crystallinity as a significant structural 

barrier to dissolution [129]. 

To understand these mechanisms at the molecular level, researchers have used 

molecular dynamics simulations to explore how acetylation and self-assembly influence 

chitosan’s properties. One study examined the self-assembly of chitosan with various degrees 

and patterns of acetylation and found that 10-mer chitosan chains with 50% acetylation, 

whether arranged in blocks or in alternating patterns, spontaneously formed ordered 

nanofibrils composed mainly of antiparallel chains, consistent with fiber diffraction data for 

deacetylated chitosan. Regardless of the acetylation pattern, fibril sheet formation was 

stabilized by similar intermolecular hydrogen bonds, with water-mediated interactions 

supporting the stacking of these sheets. Notably, acetylated units participated directly in 

forming strong hydrogen bonds (NH–O6 and O6H–O7), providing a molecular explanation for 

the experimental observation that higher acetylation reduces solubility [130].  
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Complementary MD studies explored water absorption and structural changes in 

chitosan nanohydrogels, highlighting the effects of protonation, cross-linking, and pH. These 

studies confirmed that chitosan nanohydrogels can absorb water and swell regardless of the 

degree of cross-linking, but swelling relies heavily on pH, aligning with chitosan’s known 

solubility below pH 6.5 and insolubility above it. At the molecular level, increased 

protonation reduces intramolecular hydrogen bonding, thereby affecting solubility and the 

nanohydrogels' structural behavior [131]. Additional MD simulations compared chitin and 

chitosan nanoparticles to investigate how chain arrangement influences conformation and 

solubility in water. The results showed that the spatial arrangement of polymer chains is a 

critical factor affecting structural properties and water interactions, ultimately determining 

solubility [132]. 

In response to these challenges, two main strategies have been developed to improve 

the electrospinnability of chitosan and collagen. First, dissolving the polymers in concentrated 

acidic solutions such as acetic acid or trifluoroacetic acid enhances solubility and reduces 

surface tension without significantly increasing solution viscosity; however, this approach 

may affect the biocompatibility of the final nanofibers [133]. Second, mixing these natural 

polymers with synthetic copolymers, such as polyvinyl alcohol (PVA) (Figure 10), has 

proven highly effective [134]. PVA forms strong hydrogen bonds with chitosan and collagen, 

stabilizing the spinning solution, lowering surface tension, and aiding in the production of 

uniform, continuous nanofibers, while also providing biodegradability, strength, and 

flexibility useful for biomedical applications [135]. 

 

Figure 10. Chemical structure of polyvinyl alcohol (PVA). 

Despite these advances, a significant gap remains. It is still unclear how the molecular 

structure of natural polymers affects their solubility in water and, consequently, their ability to 

form stable nanofibers. Understanding these relationships is essential for improving polymer 

solubility, ensuring solution uniformity, and refining electrospinning methods to reliably 

produce high-quality nanofibers. 
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1.8 Research Aim 

1.8.1 Tropocollagen Architecture 

To understand how variations in tropocollagen packing influence collagen fibril 

structure and stability, this study will utilize molecular dynamics (MD) simulations to 

compare tightly packed (hexameric) and loosely packed (heptameric) assemblies enriched 

with proline or hydroxyproline residues. The aim is to uncover how these different packing 

arrangements govern supramolecular organization and the long-term stability of collagen 

fibrils. 

1.8.2 Solution Properties in Electrospinning: Insights from Molecular Modeling and 

Experiments 

To investigate how polymer–solvent interactions influence solubility and nanofiber 

formation during electrospinning, this study combines electrospinning experiments with MD 

simulations on polyvinyl alcohol (PVA), chitosan, and collagen. The experimental work will 

evaluate nanofiber formation and morphology, while simulations will analyze hydrogen 

bonding, solvation, and intra- and inter-chain interactions that affect electrospinnability. The 

aim is to identify key molecular factors that restrict the electrospinning of natural polymers. 

1.8.3 Computational and Experimental Study of PVA-Biopolymer Blends  

This study combines experimental and computational methods to investigate how 

blending PVA with natural polymers improves solubility and spinnability and how molecular 

interactions within these blends affect nanofiber formation. The experimental part will 

electrospin chitosan–PVA and collagen–PVA blends to analyze fiber formation and 

morphology. At the same time, MD simulations will examine solubility and key molecular 

interactions, including hydrogen bonding, within these blends. The goal is to understand how 

PVA blending stabilizes the spinning solution and enables the production of uniform, high-

quality nanofibers. 
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Chapter 2: Tropocollagen Architecture 

2.1  Summary 

Collagen is the most prevalent protein in living organisms, playing diverse roles across 

multiple tissues. Its hierarchical structure relies on the assembly of tropocollagen, the 

fundamental building block of collagen fibrils. This assembly occurs in a predominantly 

random manner, allowing for variations in packing. This randomness can lead to regions of 

both tight and non-tight packing within the fibrils. The mechanisms by which these regions 

influence collagen’s packing configurations, structural organization, and functional properties 

remain poorly understood. Previous studies have shown that synthetic collagen peptides 

designed using computational models can form fibers that mimic the hierarchical structure of 

native collagen. These fibers exhibit mechanical and structural properties similar to those of 

natural collagen [136], highlighting the practical applications of simulation-driven design. 

Using molecular dynamics simulations, this chapter provides a focused comparison of tightly 

packed (hexameric) and less tightly packed (heptameric) tropocollagen configurations 

enriched in proline or hydroxyproline residues. 

2.2  Methods 

2.2.1  Simulation Systems 

In this study, molecular dynamics (MD) simulations were employed to model the 

behavior of hexameric and heptameric tropocollagen strands in water. These simulations 

provide critical insights into the roles of tropocollagen assembly and the impact of proline and 

hydroxyproline on the structural stability and dynamic properties of collagen fibrils. Each 

system was simulated in water without added ions to create the controlled environment of the 

synthetic laboratory. This method differs from how collagen forms in living organisms. In 

those situations, various biomolecules, such as enzymes, and factors, such as ion 

concentration, temperature, and pH, add complexity to the process. Adding ions could alter 

collagen's structural integrity, diffusion dynamics, and fibril formation. Ions can also 

influence hydration shells and molecular charge distributions, leading to artificially induced 

conformational changes that may not accurately reflect the intrinsic behavior of tropocollagen 

in isolation. Therefore, eliminating ions ensures that the observed structural and dynamic 

properties are influenced solely by the molecular composition of tropocollagen rather than 
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external ionic effects. The simulations were carried out in a cubic box, and the number of 

molecules in each system is detailed in Table 1. 

Table 1. The molecular composition of the four systems (hydroxyproline-rich hexamer, proline-rich hexamer, 

hydroxyproline-rich heptamer, and proline-rich heptamer) includes the number of protein atoms, protein chains, 

total atoms, water molecules, and simulation box volume (nm³). 

Tropocollagen Systems Protein 

Atoms 

Protein 

Chains 

Total 

Atoms 

Water 

Molecules 

Box Volume 

(nm3) 
hydroxyproline-rich hexamer 6390 18 171510 55040 1749.6 

proline-rich hexamer 6228 18 173250 55674 1773.5 

hydroxyproline-rich heptamer 7455 21 171510 54685 1749.6 

proline-rich heptamer 7266 21 173241 55325 1773.5 

2.2.2  Force Field 

The force field parameters for all molecules used in this study are compatible with 

Amber99sb, a version designed to accurately predict the secondary structure of peptides, 

including α-helices and β-hairpins [137]. The TIP3P model was employed for water [138]. 

2.2.3  Model Systems 

In our study, model tropocollagen structures were employed either glycine-proline-

hydroxyproline (Gly-Pro-Hyp) triplets in the hydroxyproline-rich hexamer and heptamer 

systems or glycine-proline-proline (Gly-Pro-Pro) triplets in the proline-rich hexameric and 

heptameric tropocollagen systems. 

2.2.4  Simulation Protocol 

The molecular dynamics simulation employed the LINCS algorithm to constrain bond 

lengths, utilizing a time step of 2 fs [139]. A constant pressure of 1 bar was maintained using 

the Parrinello-Rahman barostat to scale the box volume isotropically [140]. The simulation 

temperature was set to 300 K and controlled using the V-rescale thermostat, which 

independently regulates polymer and solvent groups [141]. Non-bonded atom pairs were 

updated every ten simulation steps (nstlist = 10), and Lennard-Jones interactions were 

truncated at 1.0 nm (rvdw = 1.0), with energy and pressure dispersion corrections applied to 

mitigate cutoff length effects and ensure compatibility with the Amber99sb force field. 

Periodic boundary conditions were enforced in all dimensions (xyz). Electrostatic interactions 

were computed using particle-mesh Ewald (PME) summation [142], employing an 

interpolation order of 6, a direct sum tolerance of 10-5, and a real-space cutoff of 1.0 nm. 

These simulations were conducted using the GROMACS 2020 software package [143]. 
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2.2.5   Analysis 

VMD software was used to render the primary structures of the hexamer and heptamer 

tropocollagen, as shown in Figure 11. 

 

Figure 11. Configurations of tropocollagen: (A) Hexamer composed of six tropocollagen strands; (B) Heptamer 

composed of seven tropocollagen strands. 

The study commenced with a preliminary 100 ns simulation. Initial configurations 

were generated using the g_cluster program with the grooms method. This method is the most 

widely used clustering algorithm in GROMACS for clustering trajectories by RMSD [144]. In 

this approach, the protein backbone atoms of all structure pairs (extracted from the simulation 

frames) were calculated and grouped according to a 1.0 nm cutoff. The structure with the 

highest number of atoms was designated as the central structure, and all structures within this 

cutoff distance were assigned to the same cluster. The algorithm removed this cluster from the 

remaining structures and repeated the clustering process to generate groups of non-

overlapping clusters, each with a central structure. Following this selection, each system 

underwent a 2000 ns production run using the configuration of the central structure from the 

largest cluster. Consequently, four systems were analyzed: hydroxyproline-rich hexamer, 

proline-rich hexamer, hydroxyproline-rich heptamer, and proline-rich heptamer. Data from 

these 2000 ns runs were analyzed and are presented. 

2.2.6  Tropocollagen Interactions 

To understand interactions among tropocollagen strands, the gmx mindist tool was 

used to count contacts between each triple helix and the other helices in the system. In our 

case, contacts are defined by a distance cutoff of 0.6 nm. The propensity for hydrogen 

bonding was determined by counting the occurrences of hydrogen-bond formation between 

atoms that donate and accept hydrogen bonds within (intramolecular) and between 

(intermolecular) triple helices. A hydrogen bond was recorded when the angle between the 

hydrogen bond donor, the hydrogen-bonded hydrogen, and the hydrogen bond acceptor was 

between 150° and 180°, and the distance between the donor and acceptor atoms was less than 

0.35 nm [145]. The plot_hbmap script was used to calculate the percentage of hydrogen bonds 
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over the simulation time (2000 ns) [146]. The gmx sasa program calculated the solvent-

accessible surface area (SASA), enabling us to explore how amino acid composition affects 

collagen’s interaction with water molecules. The analysis categorized atoms into two groups: 

"Hydrophobic," including those in the system with charges ranging from -0.2 to 0.2, and 

"Hydrophilic," comprising those outside this range. These, along with the total solvent-

accessible surface area, are presented for each system. The gmx rmsf tool calculates the root-

mean-square fluctuation (RMSF) of the protein group for each system. This helps us 

understand how the fluctuations of individual amino acids, such as proline and 

hydroxyproline, influence the system's stability [147]. The gmx msd program was used to 

calculate the mean-squared displacement (MSD) of each helix, providing insight into the 

dynamic behavior of collagen over time. The Einstein relation was employed to calculate the 

diffusion coefficient.  The gmx energy program was used to calculate the Coulombic and 

Lennard-Jones interaction energies between each triple helix and the remaining helices in the 

system. This analysis reveals the comparative roles of electrostatic and van der Waals forces 

in stabilizing the collagen triple helices. 

2.3  Results and Discussion 

The collagen models used in this study are denoted as [(Gly-Pro-Hyp)30]3 and [(Gly-

Pro-Pro)30]3 and contain 90 amino acid residues per tropocollagen strand. This truncation was 

necessary due to computational limitations, as the full-length collagen molecule, which is 300 

nm long, is too large for atomistic simulations. However, shorter fragments still provide 

atomistic insight into interactions between tropocollagen strands [148]. Gly-Pro-Pro 

sequences resist most peptidases due to proline's structural properties, allowing them to enter 

the bloodstream and retain biological activity. Gly-Pro-Pro peptides are proposed to serve 

important roles as atheroprotective and anticoagulant agents [149]. Additionally, this motif is 

essential for collagen stability, as proline affects ring puckering and backbone dihedral angles, 

which influence the packing and organization of the collagen triple helix [150]. The Gly-Pro-

Hyp sequence is crucial for stabilizing the collagen triple helix. Its high abundance in collagen 

greatly contributes to the strength and flexibility of connective tissues, emphasizing its vital 

role in supporting various biological functions [151]. 

Hexameric and heptameric configurations of tropocollagen were selected for their 

relevance to proposed models of collagen molecular packing [152]. The hexamer structure 

represents the hexagonal arrangement observed in protofibrils, in which triple helices are 

organized in a symmetric pattern that contributes to the cylindrical lattice found in native 
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collagen fibers [153]. According to Orgel et al. [154], several conflicting microfibril models 

existed, including one with seven molecular chains arranged in a quasi-hexagonal lattice, with 

one central strand surrounded by a hexagon of six additional strands. This model has 

subsequently been established [155]. This is the heptamer, and it is considered quasi-

hexagonal because the chains are not identical. Comparing these two arrangements provides 

insights into how variations in strand number and spatial organization affect inter-strand 

interactions, hydrogen bonding, molecular dynamics, and the overall stability of collagen 

assemblies. This approach deepens understanding of native collagen structure and guides the 

development of biomimetic materials. 

2.3.1  Number of Contacts Between Tropocollagen Strands 

Table 2 shows the average number of contacts with the number of contacts per 

tropocollagen in the proline- and hydroxyproline-rich tropocollagen strands in both hexameric 

and heptameric forms.  

Table 2. The average number of contacts, along with the number of contacts per tropocollagen (Contacts per TC) 

and the standard error (SE), was calculated for each tropocollagen system: hydroxyproline-rich hexamer, proline-

rich hexamer, hydroxyproline-rich heptamer, and proline-rich heptamer. 

Tropocollagen Systems 
Number of Contacts 

Avg SE Contacts per TC 

hydroxyproline-rich hexamer 7561.3 0.2 1260 

proline-rich hexamer 7128.4 0.2 1188 

hydroxyproline-rich heptamer 8527.8 0.2 1218 

proline-rich heptamer 7589.0 0.3 1084 

The results in Table 2 show that hydroxyproline-rich systems have more contacts than 

proline-rich systems. This suggests that hydroxyproline helps create a more stable molecular 

structure. The contacts indicate where the tropocollagen strands interact more frequently, 

suggesting tighter packing. This is notable despite the Hyp-containing tropocollagen strands 

having an extra OH group. The extra space provided for the OH group induces tighter packing 

between the strands even without the formation of covalent cross-links. The higher number of 

contacts in hydroxyproline-rich systems suggests enhanced structural stability and potentially 

higher resistance to deformation, key characteristics for effective fibril assembly. The tighter 

packing afforded by Hyp could be why hydroxyproline enhances collagen's structural stability 

more effectively than proline does [156]. This phenomenon is observed in both the heptamer 

and the hexamer. The additional triple helix in the heptamer increases interactions and binding 

with surrounding molecules, thereby enhancing stability. Consequently, the heptamer is more 

rigid and stable than the hexamer, making it better suited for tissues that require high 
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mechanical support. Therefore, collagen stability is influenced by residue-residue contacts, 

impacting its overall mechanical properties. This emphasizes the need to maintain these 

contacts to prevent the structural dissociation into individual tropocollagen strands. 

2.3.2  Hydrogen Bonds Both Within and Between Tropocollagen Strands 

Table 3 provides the average number of hydrogen bonds observed within and between 

the tropocollagen strands, along with the total number of bonds for the hydroxyproline-rich 

hexamer, proline-rich hexamer, hydroxyproline-rich heptamer, and proline-rich heptamer 

systems. The number of hydrogen bonds within the tropocollagen strands was slightly higher 

in the proline-rich systems than in the hydroxyproline-rich ones. However, the Hyp-rich 

tropocollagens had more hydrogen bonds between tropocollagen strands than the proline-rich 

systems did. While these intramolecular bonds contribute to the stability of tropocollagen, 

their influence is relatively minor compared to those of glycine, with its small size, and 

proline, with its fixed ϕ angle [157]. Glycine, the smallest amino acid, perfectly fits the tight 

spaces within the triple helix structure. Its presence in every third residue is critical for 

compactly packing the triple helix and vital for maintaining its stability [158]. Studies show 

that hydrogen bonds between the NH groups of glycine and the CO groups of adjacent amino 

acids are essential for maintaining the triple helix structure at the molecular level [159]. The 

fixed ϕ angle is crucial for properly aligning collagen chains, enabling the formation of the 

triple helical structure. Various studies have shown that alterations in proline or glycine 

residues destabilize helices [160]. 

Table 3. The average number of bond interactions, the number of bonds per tropocollagen (Avg/TC), and the 

total number of bonds (Sum/TC) were observed for each system: hydroxyproline-rich hexamer, proline-rich 

hexamer, hydroxyproline-rich heptamer, and proline-rich heptamer. The standard error (SE) reflects the 

variability of the averages across the runs. 

Tropocollagen Systems 

Hydrogen Bonds 

Within Tropocollagen 

Strands 

Between Tropocollagen 

Strands 
Total 

Avg SE Avg/TC Avg SE Avg/TC Sum Sum/TC 

hydroxyproline-rich hexamer 23.8 0.1 3.9 3.8 0.3 0.6 27.6 4.6 

proline-rich hexamer 24.2 0.2 4 1.9 0.2 0.3 26.1 4.3 

hydroxyproline-rich heptamer 23.6 0.1 3.3 3.4 0.4 0.5 27 3.8 

proline-rich heptamer 24.0 0.2 3.4 0.0 0.0 0.0 24.0 3.4 

These results are similar to those shown in Figure 12, which presents the average 

number of hydrogen bonds within and between the tropocollagens in each system.  Most 

hydrogen bonds within tropocollagens are formed between the amide nitrogen of a glycine 

residue (acting as a hydrogen bond donor) and the amide oxygen of a proline residue (acting 

as a hydrogen bond acceptor. Additionally, hydroxyproline is essential in forming hydrogen 
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bonds between the tropocollagens. Specifically, most of the hydrogen bonds were formed 

between the oxygen atom in the hydroxyl group (-OH) bonded to the γ-carbon of the 

pyrrolidine ring of a hydroxyproline residue, acting as a hydrogen bond donor, and the oxygen 

(O) of a glycine or hydroxyproline residue, acting as a hydrogen bond acceptor. 

Figure 12. The average number of hydrogen bonds for each system: (A) within individual tropocollagen strands, 

(B) between strands. Systems analyzed include hydroxyproline-rich hexamer (Hyp_TC(6)), proline-rich hexamer 

(Pro_TC(6)), hydroxyproline-rich heptamer (Hyp_TC(7)), and proline-rich heptamer (Pro_TC(7)). 

Adding a triple helix increases the number of these intermolecular bonds. The 

heptamer system has a higher number than the hexamer system.  The cross-linking of 

tropocollagen is theorized to enhance its stability, not by improving the inherent stability of 

the triple helix, but through the properties of cross-linking and intermolecular interactions. 

Various studies support this perspective, emphasizing the role of cross-linking in improving 

collagen's thermal and mechanical properties [161]. 

2.3.3  Total, Hydrophobic, and Hydrophilic Solvent-Accessible Surface Area (SASA) of 

Tropocollagen Fragments 

The surface area of a polymer that is available for interacting with neighboring 

molecules and solvent particles is known as the solvent-accessible surface area [162]. This 

factor is crucial for interacting with other environmental entities, including other polymers, 

proteins, carbohydrates, therapeutics, and small molecules [163]. These accessible regions 

have been divided into hydrophilic and hydrophobic regions, which can further predict how 

the molecule will partition between hydrophobic and hydrophilic media, such as the surface 

or the interior of a membrane, or between other hydrophobic or hydrophilic polymers or 

drugs. Figure 13 shows that over 2000 ns, the average SASA values remained stable across 

all systems, indicating minimal fluctuations in the accessible surface areas of the total, 

hydrophobic, and hydrophilic regions. This is expected in the fixed aqueous environment, 
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since changes in surface area are most likely driven by large perturbations to the system or 

solvent. 
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Figure 13. Average SASA over time of each system: hydroxyproline-rich hexamer (Hyp_TC(6)), proline-rich 

hexamer (Pro_TC(6)), hydroxyproline-rich heptamer (Hyp_TC(7)), and proline-rich heptamer (Pro_TC(7)). The 

black line represents the total SASA, the red line indicates the hydrophobic region, and the blue line denotes the 

hydrophilic region. 

 

As noted in Table 4, the heptamers' average total solvent-accessible surface areas are 

higher than those of the hexamers. This increase in SASA is attributed to an additional 

tropocollagen strand, which exposes a larger molecular surface area to solvent than in the 

corresponding hexamer. This is important for protein interactions and stability, especially 

since mutations associated with diseases often occur in regions of limited solvent accessibility 

[164]. This highlights the significance of SASA in protein functionality. When comparing the 

hydroxyproline-rich tropocollagens to the proline-rich ones, it is observed that 

hydroxyproline-rich systems have larger hydrophilic surface areas due to the additional 

hydroxyl group in hydroxyproline. This feature promotes enhanced interactions with water 

and other molecules, allowing these polymers to engage more effectively with hydrophilic 

molecules and surfaces, contributing to better assembly and fibril formation than proline-rich 

systems [165]. Simply converting the Hyp residues to Pro reduced the hydrophilic SASA by 

nearly half, a change greater than expected. These results suggest that this conversion could 
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shift collagen from hydrophilic to hydrophobic regions, alter the types of molecules that 

interact with collagen, and significantly alter its interactions with small molecules such as 

drugs and other therapeutics, both in molecular type and in kinetics and dissociation rates. 

Although proline-rich tropocollagen is not entirely hydrophobic, it is interesting to see the 

degree to which segments rich in proline and glycine contribute to its largely hydrophobic 

surface area [166]. 

The enlarged hydrophilic solvent-accessible surface area in hydroxyproline facilitates 

water interactions, influencing collagen’s role in tissues and its molecular binding properties. 

In contrast, due to proline's amphiphilic nature, proline displays a lower hydrophilic SASA. It 

acts as a hydrotrope, assisting in the solubilization of hydrophobic molecules while 

maintaining a balance between hydrophilic and hydrophobic interactions. These findings 

underscore the importance of amino acid composition, particularly hydroxyproline and 

proline, in enhancing collagen stability. 

Table 4. The average SASA values in nm² for the total surface in four systems (hydroxyproline-rich hexamer, 

proline-rich hexamer, hydroxyproline-rich heptamer, and proline-rich heptamer) are categorized by hydrophobic 

and hydrophilic regions. Includes percentages of hydrophobic and hydrophilic areas. The standard error (SE) is 

included to indicate the variability in the measurements. 

 

Tropocollagen Systems 

Solvent Accessible Surface Area (SASA) (nm2) 

Total Hydrophobic Hydrophilic 

Avg SE Avg SE % Avg SE % 

hydroxyproline-rich hexamer 274.9 0.02 188.5 0.01 68.5 86.4 0.01 31.4 

proline-rich hexamer 252.6 0.02 215.8 0.02 85.4 36.8 0.01 14.5 

hydroxyproline-rich heptamer 287.5 0.02 196.1 0.02 68.2 91.3 0.01 31.8 

proline-rich heptamer 299.1 0.03 246.6 0.03 82.4 52.4 0.01 17.5 

2.3.4  Root Mean Square Fluctuation (RMSF) of the Protein Group within the 

Tropocollagens 

RMSF is a measure commonly used to indicate the displacement of a specific atom or 

group of atoms from a reference structure [167]. The RMSF analysis offers insights into the 

dynamic regions of proteins and polymers, particularly flexible loops. Additionally, it can 

highlight the importance of specific regions in conformational changes and polymer 

interactions.  
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Figure 14 presents the average RMSF values for the protein group in each 

analyzed system at 400 ns intervals (400, 800, 1200, 1600, and 2000 ns). The data reveal that 

RMSF values stabilize at longer simulation times (e.g., 1200 ns, 1600 ns, and 2000 ns), 

indicating the system’s approach to equilibrium. The analysis revealed that the heptamer and 

hexamer hydroxyproline-rich systems exhibited lower RMSF than the proline-rich systems. 

This finding suggests that hydroxyproline-rich tropocollagen structures may exhibit greater 

resistance to motion in an aqueous environment than proline-rich structures. The hydroxyl 

group in hydroxyproline is expected to promote additional hydrogen bonding and other polar 

interactions with solvent, small molecules, and surfaces in its environment, ultimately 

contributing to the structure's increased overall rigidity and stability [168].  

Figure 14. The average RMSF values of the protein group were calculated at 400 ns intervals for each of the 

four systems: hydroxyproline-rich hexamer (Hyp_TC(6)), proline-rich hexamer (Pro_TC(6)), hydroxyproline-

rich heptamer (Hyp_TC(7)), and proline-rich heptamer (Pro_TC(7)). 

 

Xu et al. [156] found that regions with a lower Hydroxyproline content are less stable 

and more susceptible to initial thermal disruption. This indicates that these areas are less rigid 
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and more flexible, especially under thermal stress, making them the initial sites of unfolding. 

Proline's flexible region affects the backbone parameters of alpha-helices, causing deviations 

that produce a kink of about 20-30 degrees. This distortion impacts the structural integrity and 

packing of proteins, especially in membrane and globular proteins [169]. 

Furthermore, our comparison of the tropocollagen heptamers and hexamers revealed a 

higher RMSF in the heptameric systems than in the hexameric ones, both in the case of the 

hydroxyproline and proline-rich tropocollagen. This higher RMSF indicates greater 

fluctuation. One possible explanation for this difference is that the greater number of chains in 

heptamers may confer greater flexibility. These results show that, although structural 

flexibility naturally increases with system size, hydroxyproline-rich systems exhibit a smaller 

increase in RMSF, indicating that hydroxyproline contributes to greater stability and 

resistance to dynamic fluctuations, even in larger assemblies. 

2.3.5  Mean-Squared Displacements (MSD) 

The mean-squared displacement is a parameter commonly used to characterize atomic 

movement [170]. Specifically, global mobility, as measured by MSD, reflects how the entire 

tropocollagen molecule responds to its environment, including diffusion, hydration effects, 

and larger-scale conformational changes, which are important in processes such as fibril 

assembly, network formation, and integration into extracellular matrices [171]. The diffusion 

coefficient (D) quantifies molecular mobility by indicating how easily molecules spread in a 

medium. A higher diffusion coefficient yields a greater MSD over time, whereas a lower 

diffusion coefficient results in restricted motion and a lower MSD. Figure 15 shows that 

systems rich in hydroxyproline exhibit higher MSD than those rich in proline. The higher 

MSD observed in hydroxyproline-rich tropocollagen systems is primarily due to the strong 

interactions between hydroxyproline’s hydroxyl groups and surrounding water molecules. 

These –OH groups are highly hydrophilic and form extensive hydrogen bonds with water, 

creating a dynamic and structured hydration shell around the collagen molecule [172]. This 

hydration shell facilitates greater solvent molecular mobility, thereby increasing global motion 

in molecular dynamics simulations. Importantly, this increased MSD does not indicate 

reduced structural stability. On the contrary, hydroxyproline stabilizes the collagen triple helix 

by forming intermolecular hydrogen bonds between adjacent collagen chains, leading to 

tighter packing, increased contact numbers, and decreased RMSF values as previously noted. 

Thus, hydroxyproline-rich systems exhibit a unique behavior in which the internal structure 

remains rigid and stable, while the entire molecule undergoes greater motion in the solvent 
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environment. This dual effect results from hydroxyproline's polar nature and its ability to 

polarize water molecules in its hydration shell, enhancing solubility and adaptability without 

compromising mechanical integrity. 

As seen in Table 5, the lower diffusion coefficient observed in proline-rich systems 

aligns with their lower MSD, indicating reduced global mobility and a more rigid overall 

structure. This suggests that proline contributes to tighter molecular packing or stronger 

internal cohesion, thereby limiting overall molecular movement and creating a more compact 

environment [173]. However, this increased rigidity does not necessarily imply greater 

internal structural stability. In contrast, hydroxyproline-rich systems, despite exhibiting higher 

diffusion coefficients and MSD due to enhanced solvent interactions, demonstrate stronger 

internal stability [174]. 

Table 5. The average diffusion coefficient (D) in the four systems: hydroxyproline-rich hexamer, proline-rich 

hexamer, hydroxyproline-rich heptamer, and proline-rich heptamer. is presented, along with the standard error 

(SE). 

Systems 
Diffusion Coefficient (D) (nm2/s) 

Avg SE 

hydroxyproline-rich hexamer 0.3 0.0 

proline-rich hexamer 0.1 0.2 

hydroxyproline-rich heptamer 0.2 0.1 

proline-rich heptamer 0.1 0.1 

 

Figure 15. Average MSD for each of the four systems: hydroxyproline-rich hexamer (Hyp_TC(6)), proline-rich 

hexamer (Pro_TC(6)), hydroxyproline-rich heptamer (Hyp_TC(7)), and proline-rich heptamer (Pro_TC(7)). 

To evaluate whether the tropocollagen strands experience vertical (Z-axis) sliding 

during the simulation, we calculated the MSD of each strand along the Z-axis. Table 6 

presents the average MSD for each system over the 2 μs simulations. It shows that inter-

strand hydrogen bonding correlates with the MSD values. In both the hexamer and heptamer, 

the hydroxyproline-rich systems formed more hydrogen bonds and had lower MSD values 

than the respective Pro-rich systems.  
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Together, these results reveal a dual effect: hydroxyproline increases hydration and 

global motion while stabilizing the triple helix structure more effectively than proline, 

highlighting the complex balance between dynamics and structural integrity in collagen-like 

systems. Previous experimental studies have shown that flexible regions of collagen are more 

hydrophilic than rigid regions, potentially enhancing cell attachment and nutrient exchange. 

This increased hydrophilicity also aids adaptation to irregular bone defect shapes, helping 

maintain space for bone regeneration [175]. Conversely, rigid domains in collagen play a 

critical role in mechanical reinforcement. This indicates that the increase in stress with strain 

results from the initiation of stretching in these rigid regions of collagen molecules. This 

suggests that while flexible regions initially store energy, the rigid regions help the tendon 

resist further deformation at higher strains [176].  

Table 6. Average mean-squared displacement and average number of intermolecular hydrogen bonds between 

tropocollagen strands in each of the four systems. 

Tropocollagen Systems MSD (nm2) 
Intermolecular 

Hydrogen Bonds 

hydroxyproline-rich hexamer 320.5 3.8 

proline-rich hexamer 333.4 1.9 

hydroxyproline-rich heptamer 208.4 3.4 

proline-rich heptamer 337.9 0.0 

2.3.6  Interaction Energies 

The interactions among contacts were examined in the four systems: hydroxyproline-

rich hexamer, proline-rich hexamer, hydroxyproline-rich heptamer, and proline-rich heptamer 

to determine if they were driven by electrostatic or Lennard-Jones (LJ) interactions. Although 

PME handles long-range Coulombic interactions computationally, this study did not 

specifically investigate the role of electrostatic ordering over larger distances, such as 

collective dipole alignment. Table 7 shows the total interaction energies, including the 

average Coulombic and Lennard-Jones energies for each system and for each tropocollagen. 

The total interaction energy was higher in hexamer systems compared to heptamer systems. 

This difference can be attributed to the distinct structural features of hexamers and heptamers, 

which significantly affect their interaction energies through variations in packing efficiency, 

hydrogen bonding, and overall stability. Hexamers, comprising six units, can achieve a more 

compact, optimal packing arrangement than heptamers, which consist of seven units. This 

efficient packing in hexamers allows closer intermolecular interactions, resulting in reduced 

inter-unit distances and enhanced attractive forces [177], ultimately leading to higher 
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interaction energies. Conversely, an additional unit in heptamers can introduce steric 

hindrance, disrupting optimal arrangements and weakening interactions.  

Table 7. The total interaction energies, including the average Coulombic and Lennard-Jones energies in the four 

systems: hydroxyproline-rich hexamer, proline-rich hexamer, hydroxyproline-rich heptamer, and proline-rich 

heptamer, as well as for each tropocollagen, are presented. The standard error (SE) indicates the variability in 

measurements for each tropocollagen. 

Tropocollagen 

Systems 

Interaction Energy (kJ·mol-1) 

Coulombic LJ Total 

Avg SE Avg/TC Avg SE Avg/TC Sum Sum/TC 

hydroxyproline-rich 

hexamer 
-10865.7 3.7 -1811 -793.7 9.5 -132.2 -11659.4 -1943.2 

proline-rich hexamer -10281.6 13.3 -1713.6 -771.2 9.3 -128.5 -11052.8 -1842.1 

hydroxyproline-rich 

heptamer 

 

-9853.9 

 

3.3 -1407.7 -737.4 8.7 -105.3 -10591.3 -1513 

proline-rich heptamer -8688.7 3.4 -1241.2 -686.8 8.5 -98.1 -9375.5 -1339.3 

Figure 16 shows that Coulombic (electrostatic) interactions are the dominant 

contributors to the total interaction energy in all four tropocollagen systems, accounting for 

approximately 90% of the total. This effect is particularly pronounced in the hydroxyproline-

rich systems. The presence of the polar hydroxyl (-OH) group in hydroxyproline significantly 

enhances Coulombic stabilization by enabling extensive hydrogen bonding and polar 

interactions. Specifically, the -OH group of hydroxyproline forms a stronger hydrogen-bond 

network than that of standard proline [178]. In addition to forming direct interchain hydrogen 

bonds, the hydroxyl group also forms water bridges between adjacent peptide chains. These 

interactions contribute substantially to the structural stability of the collagen triple helix, 

underscoring the critical role of hydroxyproline in maintaining collagen integrity [179]. In 

contrast to the dominant electrostatic interactions, Lennard-Jones (LJ) interactions 

representing van der Waals and hydrophobic forces contribute a smaller fraction (~7–10%) of 

the total interaction energy in the four tropocollagen systems. These nonpolar interactions 

support close physical packing of the strands. Despite the presence of the polar hydroxyl 

group in hydroxyproline, the hydroxyproline-rich systems maintain strong LJ interactions, 

indicating that the added polarity does not significantly disrupt van der Waals compatibility 

[180]. 

These results underscore the importance of a delicate interplay between van der Waals 

forces and electrostatic interactions in stabilizing tropocollagen structures. While LJ 

interactions establish the foundational packing framework, the electrostatic forces, 

particularly those enhanced by hydroxyproline-mediated hydrogen bonding and water 
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bridging, provide additional stability and resilience to the structure. This balance between 

packing and polarity is essential for collagen's biological performance, enabling it to provide 

mechanical strength and elasticity to tissues. 

 
Figure 16. Average interaction energies, including Coulombic and Lennard-Jones energies in the four systems: 

hydroxyproline-rich hexamer (Hyp_TC(6)), proline-rich hexamer (Pro_TC(6)), hydroxyproline-rich heptamer 

(Hyp_TC(7)), and proline-rich heptamer (Pro_TC(7)). 

2.3.7  Hyp and Pro-rich Tropocollagen are more Stable as a Hexamer than a Heptamer. 

Both the heptamers and hexamers showed similar trends in the properties of the Hyp 

and Pro-enriched tropocollagens. This demonstrates that the effects of the Pro and Hyp 

residues are prevalent across multiple tropocollagen configurations. The aim of computing 

hexameric and heptameric Hyp and Pro-enriched tropocollagens is also to compare the 

relative stability of each configuration. To facilitate this comparison, the number of contacts, 

hydrogen bonds, and interaction energies were computed per tropocollagen strand, making the 

values of the two configurations comparable. Adding the tropocollagen strand to the Hyp and 

Pro-enriched system slightly increased the number of contacts per strand. It slightly decreased 

the number of hydrogen bonds per strand in the case of Pro, whereas it remained constant in 

Hyp. Most tellingly, the total interaction energy per strand decreased from -1943.2 to -1513 

kJ·mol-1 by adding a tropocollagen strand to the Hyp-enriched system and from -1842.1 to -

1339.3 kJ·mol-1 when adding a tropocollagen strand to the Pro-rich system. With stronger per-

strand interactions in the hexamer, the hexameric form seems more stable in both the Hyp and 
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Pro-enriched systems. The difference between them is minor. Both cases support the stability 

of the Hyp-rich system and the flexibility of the Pro-rich system. A higher hydroxyproline 

content enhances the thermal stability of collagen by reinforcing intermolecular hydrogen 

bonds, which take more energy to break, making the structure more resistant to heat-induced 

denaturation. Flexibility, however, is vital for enabling movement and providing dynamic 

mechanical support to joints. Without it, the skeletal system would become too rigid, severely 

limiting mobility. Tendons, for instance, achieve their flexibility through a unique collagen 

cross-linking profile that includes a higher frequency of small-diameter fibrils. This 

organization allows interfibrillar sliding, facilitating elongation during skeletal development 

and improving the tissue's overall adaptability and resilience. 

 This comparative analysis examines how variations in tropocollagen size and 

composition affect the dynamic characteristics of collagen fibrils. The observed patterns 

across different hexameric and heptameric configurations reveal a fascinating aspect of 

tropocollagen assembly: its highly modular nature. This modularity allows tropocollagen 

strands to flexibly adjust their interactions, seamlessly accommodating different structural 

configurations and adapting to fulfill various biological functions. Such adaptability 

underscores the intricate versatility of collagen in maintaining tissue integrity and 

functionality. 

2.4  Conclusions 

This study provides in-depth insights into the molecular behaviors of hydroxyproline-

rich and proline-rich tropocollagen in hexameric and heptameric configurations. The findings 

highlight crucial factors that influence collagen's stability and functionality, focusing on the 

effects of amino acid composition and strand arrangement. Hexameric structures exhibit 

exceptional packing efficiency, resulting in stronger intermolecular interactions and greater 

stability. In contrast, heptameric structures, while less efficient in packing, offer distinct 

advantages, such as increased solvent accessibility and a larger hydrophilic surface area, 

which improve their interactions with the surrounding environment. The study also highlights 

the distinct roles of hydroxyproline and proline: hydroxyproline enhances intermolecular 

hydrogen bonding and contributes to local structural rigidity. In contrast, proline increases 

residue-level flexibility but reduces overall molecular mobility. These insights advance our 

understanding of collagen’s hierarchical organization, molecular stability, and interactions. 

Furthermore, this study lays a foundational framework for experimental efforts to design 

synthetic collagen that mimics the structural and functional properties of its natural 
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counterpart. By understanding these principles, researchers can develop materials tailored to 

specific applications. 
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Chapter 3: Solution Properties in Electrospinning: Insights 

from Molecular Modeling and Experiments. 

  

3.1  Summary 

This chapter combines electrospinning experiments with molecular dynamics 

simulations to identify molecular factors that affect the electrospinning of polyvinyl alcohol, a 

synthetic polymer, as well as chitosan and collagen, natural polymers. The experimental part 

focuses on electrospinning solutions of these three polymers to assess nanofiber formation 

and morphology. Simultaneously, molecular dynamics simulations examine the solubility and 

structural properties of PVA, chitosan, and collagen molecules in water. These simulations 

analyze key polymer–solvent interactions, including hydrogen bonding, solvation behavior, 

and intra- and inter-chain interactions, that determine solution homogeneity and 

electrospinnability.  

3.2  Materials and Methods 

3.2.1  Experimental 

3.2.1.1  Materials 

High molecular weight chitosan (MW = 310-375 kDa; degree of deacetylation (DD) 

>75%) and collagen from bovine achilles tendon (MW = 300 kDa) were purchased from 

Sigma-Aldrich (Merck Life Science Kft, Budapest, Hungary). Glacial acetic acid (99.5%) and 

hydrochloric acid (35%) were supplied by Sigma-Aldrich. Polyvinyl alcohol (PVA) (MW≈ 72 

kDa) was purchased from BioChemica (Dublin, Ireland). All chemicals received were used 

without further purification. 

3.2.1.2  Preparation of Electrospinning Solutions 

A 10% (w/v) polyvinyl alcohol solution was prepared by dissolving 5 g of PVA 

powder in 50 mL of demineralized water. The mixture was heated to 80-90 °C and stirred 

continuously with a magnetic stirrer at 600 rpm for 2 hours to obtain a homogeneous solution. 

To make the chitosan solution, 0.1 g of chitosan powder was dissolved in 50 mL of 

demineralized water containing 0.1 M acetic acid. The solution was stirred continuously with 

a magnetic stirrer at 40-50 °C for 24 hours until the chitosan was fully dissolved.  

The method described by Yang et al. [181] was used for dissolving type I collagen, 

which was extracted from bovine achilles tendon. A 0.1% collagen solution was prepared by 
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dissolving 50 mg of collagen powder in 50 mL of demineralized water containing 0.01 M 

hydrochloric acid (HCl). The solution was stirred overnight using a magnetic stirrer in a 

refrigerator at 3°C. The resulting solution appeared transparent, with a few small particles 

present and relatively low viscosity. 

3.2.1.3  Electrospinning Procedure 

The electrospinning experiments were performed using a custom-made, single-

capillary system. A 10 mL syringe was used to deliver the polymer solution to a needle 

through a silicone rubber tube. The syringe was managed and connected to a syringe pump 

(Aitecs SEP-10S, Vilnius, Lithuania). The needle’s tip was securely fastened with a steel bolt. 

After placing the syringe in the pump, the bolt touching the needle was connected to the 

positive terminal of the power supply (MA2000 NT 65/P, Nagykanizsa, Hungary) via a high-

voltage cable. The electrospun fiber was placed on a grounded metallic collector and covered 

with aluminum foil taped to the collector for easier handling and sample storage. Each sample 

was electrospun continuously for 1 hour. The process was carried out under controlled 

conditions at 25.0 ± 2 °C and 34 ± 2% relative humidity. The technical parameters, such as 

needle gauge (G), flow rate (mL/h), applied voltage (kV), and the distance between the needle 

and collector (cm), were kept constant for the respective PVA, chitosan, and collagen 

solutions, as detailed in Table 8. 

Table 8. The technical parameters, including needle diameter Gauge (G), flow rate (mL/h), voltage (kV), and 

needle-collector distance (cm), were used to prepare nanofiber mats for PVA, chitosan, and collagen solutions. 

Sample 
Needle Gauge 

(G) 

Flow Rate 

(mL/h) 

Voltage 

(kV) 

Needle-Collector 

Distance (cm) 

PVA 25 0.7 27 20 

Chitosan 20 0.5 27 21 

Collagen 25 0.3 25 24 

 
3.2.1.4  Characterization of Electrospun Nanofibers 

The surface morphology of the nanofiber mats was investigated with a scanning 

electron microscope (SEM) (JEOL 6380 LA, Japan). Before the SEM examination, the 

nanofiber samples were sputter-coated with a gold-palladium (Au-Pd) alloy for 30 s. The 

nanofiber diameters were measured in ImageJ by randomly selecting 100 nanofibers from the 

SEM images. 

3.2.2  Molecular Modeling 

3.2.2.1  Simulation Systems 

This study employed molecular dynamics simulations to investigate the structural 

properties of PVA, chitosan, and collagen. A 2.5% (w/v) solution was prepared for each 
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material in water, with each containing 30 repeating units per polymer chain. In the 

experiments, polymer concentrations were determined by solubility limits and electrospinning 

requirements (10% PVA, 0.2% chitosan, 0.1% collagen), whereas in simulations, a standard 

intermediate concentration (2.5% w/v) was used to ensure computational feasibility and allow 

meaningful comparisons across systems. The MD results were not intended to precisely match 

the experimental concentrations but to provide molecular-level insights into solubility and 

chain interactions that explain the observed electrospinning behavior. No ions were added to 

the PVA and collagen systems because these materials were electrically neutral. This choice 

allowed us to concentrate on their natural structure and behavior in water without interference 

from additional ions. However, 180 chloride (Cl⁻) ions were included in the chitosan system 

to balance the positive charge from the protonated amino groups on the chitosan chains. This 

created an electrically balanced system, providing a more realistic representation of chitosan. 

The simulations were performed in a cubic box, and the molecular composition of the three 

systems is detailed in Table 9. 

Table 9. The molecular composition of the three systems (PVA, chitosan, and collagen) includes the number of 

polymer chains, the total number of atoms, water molecules, ions (if applicable), the size of the simulation box 

(nm)3, and the concentration (w/v%). 

Systems 

Number of 
Box Size 

(nm)3 
 

Chains Atoms 
Water 

Molecules 
Cl- Ions 

2.5% (w/v) PVA 16 3392 46900 - (11.24)3  

2.5% (w/v) Chitosan 6 4158 70620 180 (12.86)3  

2.5% (w/v) Collagen 4 4388 78900 - (13.36)3  

 

3.2.2.2  Model Systems 

A model of PVA consisting of repeating units of (–CH₂–CHOH–) was created. The 

Polymer Builder tool available in CHARMM-GUI was used to generate this structure. In 

addition, poly-D-glucosamine was employed to replicate the chitosan structure, as it 

represents the deacetylated form of chitin and distinguishes it from N-acetyl-D-glucosamine, 

which retains the acetyl groups found in chitin.  This choice aligns with the characteristics of 

Sigma-Aldrich product 419419, which was crucial to our experimental procedures. The 

Glycan Reader & Modeler tool in CHARMM-GUI was used to construct this model [182]. 

Furthermore, our study used the crystal structure of a triple-helical collagen-like peptide 

model (PDB ID: 1QSU) consisting of (Pro-Hyp-Gly)₄-Glu-Lys-Gly-(Pro-Hyp-Gly)₅, obtained 

from the RCSB Protein Data Bank [151]. The structures of PVA, chitosan, and collagen are 

illustrated in Figure 17. 
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Figure 17. Molecular structures of the polymers used in this study: PVA, chitosan, and collagen. The repeating 

unit of PVA is (–CH₂–CHOH–), while chitosan consists of β-(1→4)-linked D-glucosamine units. Collagen is 

modeled as a peptide with the repeating tripeptide unit (Gly–Xxx–Yyy), where Xxx and Yyy are predominantly 

proline (Pro) and hydroxyproline (Hyp). 

3.2.2.3  Simulation Protocol 

The simulations were conducted using the GROMACS 2021 software package [143]. 

The force field parameters for all molecules used in this study are compatible with the 

CHARMM36m force field [183]. The TIP3P model was utilized for water [138]. Energy 

minimization was performed for all systems using the steepest-descent method for 50,000 

steps to address any bad contacts. Following this minimization, equilibration was performed 

under the canonical (NVT) ensemble at 300 K for 5 ns. During this phase, the LINCS 

algorithm constrained all bond lengths involving hydrogen atoms, applying a time step of 2 fs. 

The temperature throughout the simulation was regulated by the Nosé-Hoover thermostat, 

with the polymer and solvent controlled independently. Initial velocities were generated at 

300 K based on a Maxwell–Boltzmann distribution. The systems then entered a second 

equilibration stage under the isothermal-isobaric (NPT) ensemble for 5 ns, during which 

bonds remained constrained. The Parrinello-Rahman barostat was implemented to maintain a 

constant pressure of 1 bar while isotropically scaling the box volume. This included a pressure 

coupling relaxation time of 5 ps and a compressibility of 4.5e-5 bar⁻¹. Non-bonded atom pairs 

were updated every 20 simulation steps, and the Lennard-Jones interactions were cut off at 

1.2 nm. The Verlet cutoff scheme was employed for neighbor searching. Periodic boundary 

conditions were enforced in all dimensions (xyz). The electrostatic interactions were 

evaluated using the Particle-Mesh Ewald summation with a real-space cutoff of 1.2 nm. 
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3.2.2.4  Analysis 

Each system was simulated for 500 ns, and the data from each 500 ns period were 

used for the analysis. All analysis programs mentioned in this section are part of the standard 

release of the GROMACS 2021 program package. The gmx polystat program analyzes the 

static properties of polymers in molecular simulations. It calculates important metrics, such as 

the average end-to-end distance and the radius of gyration of polymer chains. This provides 

insights into their structural characteristics and conformational changes over time. With 

option -p , the persistence length is determined. The gmx sasa program calculated the solvent-

accessible surface area (SASA), and the analysis categorized atoms into two groups: 

"Hydrophobic" and "Hydrophilic". The gmx hbond program calculates hydrogen bonds. The 

gmx energy program calculated the Coulombic and Lennard-Jones interaction enthalpies for 

each system. The gmx density tool computes and visualizes the molecular density distribution 

across the simulation box.  

 3.3  Results and Discussion 

3.3.1  Experimental 

3.3.1.1  Morphological Analysis Using Scanning Electron Microscopy (SEM) 

The SEM images in Figure 18 showed that the PVA fibers are smooth and uniform in 

diameter, averaging 233.9 nm (Table 10). This uniformity indicates sufficient chain 

entanglement within the polymers in solution, effectively preventing bead formation during 

jet formation. These features characterize the high quality and consistency of the electrospun 

PVA nanofibers, as noted by Shalihah et al. [184]. The concentration of the PVA solution 

significantly influences viscosity and conductivity during electrospinning. A higher PVA 

concentration promotes uniform fiber formation by increasing solution viscosity, thereby 

facilitating adequate entanglement of polymer chains and reducing bead formation in 

nanofibers [185]. 

 

Figure 18. SEM images showing the surface morphology of nanofibers formed from pure PVA.  
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Efforts to produce nanofibers from chitosan solutions have encountered significant 

challenges. Of the conditions tested, only the concentration specified in the method section 

was chosen, even though the chitosan was not fully dissolved. This concentration was chosen 

because other formulations performed worse and were completely unsuitable for 

electrospinning. Repeated attempts to increase chitosan concentration, add more acetic acid, 

or use alternative solvents did not improve spinnability; instead, they led to incomplete 

dissolution, high viscosity, or unstable solutions, thereby preventing fiber formation. When 

dissolved in acetic acid, chitosan becomes protonated, resulting in strong charge repulsion 

along the polymer chains that promotes chain elongation. However, the highly polar and ionic 

nature of pure chitosan also increases the solution's surface tension, hindering the 

electrospinning jet from stretching into fine fibers. As a result, pure chitosan solutions tend to 

form spherical droplets to minimize surface energy rather than producing continuous 

nanofibers [186]. Collagen, like chitosan, also poses challenges for electrospinning due to its 

poor solubility and limited chain entanglement. However, unlike chitosan, which has high 

surface tension due to protonation, collagen solutions maintain low viscosity even at high 

concentrations, presenting a different challenge. Electrospinning collagen from the bovine 

Achilles tendon source is particularly difficult due to its low solubility, which obstructs the 

formation of stable electrospun mats. Others note that collagen's triple-helical structure is 

sensitive to solvents, leading to degradation during electrospinning [187].  

Table 10. Average nanofiber diameters with standard errors (SE) for the PVA samples. 

 

 

 

3.3.2  Molecular Modeling 

3.3.2.1  The Structural Properties of PVA, Chitosan, and Collagen. 

Table 11 summarizes the morphological properties of PVA, chitosan, and collagen, 

including end-to-end distance, radius of gyration, persistence length, aspect ratio, and 

anisotropy. These properties reflect the polymers' flexibility, compactness, and conformational 

behavior. 

The PVA system exhibited the shortest average end-to-end distance of 2.2 nm and the 

smallest radius of gyration at 0.9 nm compared to chitosan and collagen, indicating the most 

compact and tightly coiled polymer structure.  A related study demonstrated that the PVA 

chains are not extended but remain compact and tightly coiled. This compactness reveals that 

Sample Volume 
(mL) 

Average Diameter of 

Nanofibers (nm) 

SE 
(nm) 

PVA 30 233.9 1.1 
Chitosan 30 - - 

Collagen 30 - - 
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the chains are closely packed [188]. Another important property of PVA is its persistence 

length of 2.7 nm, close to the end-to-end distance, indicating its rigidity and ability to 

maintain its shape. This is an important feature in electrospinning, where the jet stability 

depends on the polymer’s ability to resist deformation under an applied electric field. 

Furthermore, PVA exhibits isotropic segmental motion (Table 11), as indicated by its 

extremely low anisotropy value of 0.1. Others have shown that PVA's chains undergo uniform 

movement in aqueous solution. This effect reduces chain constraints and enhances flexibility, 

which is crucial for electrospinning, as polymer dynamics significantly impact the final 

material properties [189]. 

Table 11. The structural properties of PVA, chitosan, and collagen, including end-to-end distance, radius of 

gyration, persistence length, aspect ratio, and anisotropy, along with their respective standard errors (SE). 

Systems 

End-to-End 

Distance (nm) 

Radius of 

Gyration (nm) 

Persistence Length 

(nm) Aspect Ratio Anisotropy 

Avg SE Avg SE Avg SE 

PVA 2.2 0.01 0.9 0 2.7 0.1 2.4 0.1 

Chitosan 13.2 0.02 4.1 0 0.8 0 3.2 0.05 

Collagen 5.0 0.01 1.7 0 2.4 0.2 2.9 0.1 

In contrast, the chitosan system exhibited an average end-to-end distance of 13.2 nm 

and a radius of gyration of 4.1 nm, indicating an extended and flexible configuration. This is 

in agreement with the findings of Shariatinia et al. [190], the significant end-to-end distance 

of the chitosan system suggests that the polymer chains are more stretched than coiled. This 

extended configuration reflects the polymer’s capacity to adjust its conformation in response 

to solvent interactions and electrostatic repulsion, promoting a more elongated structure in 

solution. The persistence length of chitosan is 0.8 nm, indicating that it is highly flexible. The 

flexibility of chitosan is significantly influenced by the glycosidic linkages between its sugar 

units. These linkages can adopt different conformations, allowing for more chain bending and 

flexibility [191]. Chitosan has an aspect ratio of 3.2, indicating that it adopts an elongated 

conformation in solution. Its low isotropy value of 0.05 suggests that this extended shape is 

consistent across orientations, reflecting a stable, uniform molecular configuration. 

In comparison, the collagen system showed an average end-to-end distance of 5.0 nm 

and a radius of gyration of 1.7 nm, indicating a semi-extended conformation rather than a 

tightly packed structure. Collagen is semi-flexible, and this characteristic varies among 

different types, sources, and environmental conditions, affecting its structural properties and 

hydration behavior [192]. The persistence length of collagen (2.4 nm) suggests that it is more 

rigid than chitosan but less stiff than PVA. This intermediate flexibility allows collagen to 

adopt extended yet adaptable conformations, which is important for its biological role in 
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providing structural support while maintaining elasticity. Unlike highly flexible polymers, 

collagen maintains an extended conformation with limited bending, preserving its overall 

molecular shape while allowing for some conformational adaptability in response to 

environmental forces. The aspect ratio of collagen (2.9) contributes to fiber alignment and 

organization, optimizing its ability to form strong, stable fibrillar structures. Additionally, 

collagen exhibits isotropic properties; however, it may exhibit slight directional dependence 

due to molecular alignment [193]. 

3.3.2.2  Total, Hydrophobic, and Hydrophilic Solvent-Accessible Surface Area (SASA) 

The Solvent Accessible Surface Area (SASA) analysis is crucial for understanding the 

interactions of molecules such as PVA, chitosan, and collagen with water, particularly for 

distinguishing their hydrophobic and hydrophilic regions. This is vital for electrospinning 

solutions, as it influences the molecular interactions between the polymer and solvent, 

affecting solubility and electrospinnability. PVA's solvent-accessible surface area shows a 

nearly balanced hydrophilic-hydrophobic ratio (54.2% hydrophilic vs. 45.8% hydrophobic), 

as indicated in Table 12, making it highly water-compatible. This water solubility is mainly 

driven by the abundance of hydroxyl (-OH) groups, which enhance water absorption and 

retention. As the concentration of PVA increases, these hydroxyl groups promote strong 

hydrogen bonding, further reinforcing the polymer’s hydrophilic nature [194]. The high 

hydrophilic SASA of PVA correlates with strong polymer-water interactions, as confirmed by 

hydrogen bond analysis. This hydrophilicity is crucial in electrospinning, as it ensures that the 

polymer forms a homogeneous, stable solution that can be efficiently processed into 

nanofibers. 

Table 12. The average SASA values in nm² for the total surface in three systems (PVA, chitosan, and collagen) 

are categorized by hydrophobic and hydrophilic regions. Includes percentages of hydrophobic and hydrophilic 

areas. The standard error (SE) is included to indicate the variability in the measurements. 

 

 Systems 

Solvent Accessible Surface Area (SASA) (nm2) 
        Total Hydrophobic Hydrophilic 

Avg SE Avg SE % Avg SE % 

PVA 262.5 0.1 120.2 0.1 45.8% 142.3 0.1 54.2% 

Chitosan 345.5 0.0 136.1 0.0 39.4% 209.3 0.0 60.6% 

Collagen 213.1 0.1 137.2 0.1 64.4% 75.9 0.0 35.6% 

Chitosan, with a hydrophilic solvent-accessible surface area (SASA) ratio of 60.6%, 

shows a strong affinity for water. This hydrophilicity is mainly due to its amino (-NH₂) and 

hydroxyl (-OH) functional groups, which form hydrogen bonds with surrounding water 

molecules, as evidenced by its high average polymer–water hydrogen-bonding (940.2 bonds). 

This strong interaction enhances chitosan’s water absorption capacity, making it highly 
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suitable for biomedical applications, such as wound dressings, where moisture retention and 

biocompatibility are crucial. Additionally, chitosan’s solubility and flexibility are closely 

related to its degree of acetylation (DA): lower DA (more deacetylated) chitosan chains are 

more flexible and soluble because of increased hydrogen bonding potential, while highly 

acetylated forms tend to cluster into rigid structures with decreased solubility [128]. These 

variations directly influence its processing behavior, particularly in aqueous systems and 

formulations for electrospinning and drug delivery. 

Collagen has a high hydrophobic solvent-accessible surface area ratio of 64.4%, 

indicating its limited interaction with water. This is primarily due to its triple-helix structure, 

where nonpolar proline and hydroxyproline residues are oriented outward. In contrast, 

residues without hydrophobic side chains, such as glycine, are buried within the core. This 

structural configuration not only stabilizes the helix but also encourages aggregation into 

dense, self-assembled fibrils. Although collagen contains hydrophilic amino acids, the 

relatively low hydrophilic SASA (35.6%) and fewer polymer–water hydrogen bonds (totaling 

687.6) imply restricted water accessibility. These characteristics contribute to collagen’s low 

solubility and minimal swelling behavior compared to more hydrophilic polymers, such as 

PVA and chitosan. Consequently, collagen maintains high structural integrity, making it 

suitable for tissue-supporting functions; however, it is more difficult to process in aqueous 

applications, such as electrospinning, unless modified or blended with more hydrophilic 

polymers. 

3.3.2.3  Hydrogen Bonds 

Table 13 presents the hydrogen bonding characteristics of PVA, chitosan, and 

collagen. It details the interactions between polymer chains (polymer-polymer) and between 

the polymer and water (polymer-water), as well as the total number of hydrogen bonds. PVA 

does not form significant interchain hydrogen bonds; it has 3.8 hydrogen bonds per chain. 

This disruption occurs because water interferes with polymer-polymer interactions. Water 

molecules compete with PVA chains for hydrogen-bonding sites, thereby weakening 

intermolecular interactions and preventing the formation of stable inter-chain hydrogen bonds 

[195].  Furthermore, PVA compensates for its weak inter-chain bonding by forming numerous 

hydrogen bonds with water, producing an average of 869.5 total polymer-water interactions. 

This strong affinity for water makes PVA ideally suited for applications that require a 

hydrated, gel-like state, thereby ensuring its stability and solution processability [196]. 
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Chitosan exhibits more intra-chain hydrogen bonding than PVA, forming an average 

of 10.4 bonds per chain. These bonds are primarily of the O–H···O and N–H···O types, 

involving hydroxyl and amine groups located within the same monomer unit. With an average 

occupancy of 26.5% during the simulation, these interactions help stabilize the conformation 

of individual monomer units by limiting internal motion within the sugar rings, thereby 

supporting the polymer chain's cohesion and consistent organization in solution. Interestingly, 

chitosan doesn’t form significant inter-chain hydrogen bonds; it's stabilized by strong 

intramolecular hydrogen bonding, which links nitrogen atoms to adjacent ring oxygen atoms 

and hydroxymethyl groups. This internal stabilization prevents extensive interchain bonding 

[197], thereby differentiating it from other hydrogen-bonding polymers.  However, chitosan 

exhibits a strong hydrogen-bonding interaction with water, forming approximately 940.2 

polymer-water hydrogen bonds. Its polar amine (-NH2) and hydroxyl (-OH) groups facilitate 

this strong interaction, which involves dipole-dipole interactions and hydrogen bonding with 

water molecules [198]. Despite chitosan’s capacity to form hydrogen bonds, Ogawa et al. 

[199] found that chitosan's hydrogen bond strength is weaker than cellulose's. This is because 

chitosan’s amino groups are less effective hydrogen-bond donors than the hydroxyl groups in 

cellulose, which act as both donors and acceptors. Consequently, these weaker hydrogen 

bonds contribute to chitosan's lower water solubility. 

Collagen exhibits a relatively high level of intra-chain hydrogen bonding, with an 

average of 17.3 hydrogen bonds per chain and an average occupancy of 30.4% observed 

during the simulation. These interactions primarily involve backbone functional groups, such 

as amine (–NH) and carbonyl (C=O) groups, as well as side-chain carboxylate and hydroxyl 

groups. The presence of these hydrogen bonds contributes to local conformational stability by 

reinforcing specific regions of each chain and supporting its organized structure. Beyond 

intra-chain interactions, collagen also forms inter-chain hydrogen bonds between adjacent 

chains, with an average occupancy of 85.5% observed during the simulation. These 

intermolecular interactions occur predominantly between backbone amide and carbonyl 

groups, as well as between polar side chains. By reinforcing lateral associations between 

chains, these hydrogen bonds enhance the alignment and cohesion of collagen fibrils, playing 

a crucial role in stabilizing its triple-helical architecture [200]. In addition to intra- and inter-

chain hydrogen bonding, collagen forms approximately 687.6 hydrogen bonds with 

surrounding water molecules, highlighting its affinity for hydration. These hydrogen bonds 

are primarily formed between polar functional groups on the collagen surface, such as amine, 
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carbonyl, and hydroxyl groups, and water molecules. Some water molecules are tightly 

associated with the polymer, contributing to local conformational stability, while others 

remain more loosely bound and mobile. This dynamic hydration shell facilitates molecular 

flexibility and solvent interaction, influencing collagen’s behavior in aqueous environments. 

The balance between bound and free water is critical for maintaining collagen’s hydrated 

state, which is essential for its function and stability in biological and biomedical applications 

[201]. 

Table 13. Hydrogen bonding characteristics in PVA, chitosan, and collagen are categorized into polymer–

polymer and polymer–water interactions. Values are reported as averages per chain, between chains, and total 

counts across each system. Standard error (SE) values are included to reflect measurement variability. 

Systems 

Hydrogen Bonds 

Polymer-Polymer Polymer-Water Total 

Between 

Chains 

Within 

Chains Total 
Per Chain Total 

 

Per 

Chain 

Total 

 
Avg SE Avg SE Avg SE 

PVA 

(16 Chains) 
0.1 0.0 3.8 0.1 61.6 54.3 0.1 869.5 58.1 931.1 

Chitosan 

(6 Chains) 
0.0 0.0 10.4 0.1 62.5 156.7 0.1 940.2 167.1 1002.7 

Collagen 

(4 Chains) 
2.0 0.7 17.3 1.3 79.6 171.9 2.0 687.6 189.2 767.2 

3.3.2.4  Interaction Enthalpies 

The intra- and inter-chain interaction enthalpies, as well as solution (polymer-water) 

interaction enthalpies, for PVA, chitosan, and collagen were studied to understand how these 

interactions shape the properties of polymers in solution. Table 14 compares the intra-chain 

interaction enthalpies of PVA, chitosan, and collagen by separating contributions from 

Coulombic and Lennard-Jones (LJ) interactions. PVA exhibits the lowest overall intra-chain 

interaction enthalpies, with Coulombic enthalpy contributing only 6.4% and LJ interactions 

contributing –2.3% of the total, indicating minimal electrostatic and van der Waals forces. 

This is primarily due to the dominance of hydrogen bonding with water rather than in PVA 

chains. As a result, PVA chains demonstrate low self-interaction and are highly mobile, 

enhancing their solubility and making them well-suited for processing applications such as 

film formation and electrospinning. In contrast, chitosan and collagen exhibit significantly 

stronger intra-chain interactions, with Coulombic contributions of 94% and 93%, respectively. 

These high values result primarily from protonated amino groups in chitosan and charged 

amino acid residues, such as lysine, in collagen, both of which promote strong electrostatic 

stabilization. The LJ contributions, accounting for 6% of the total intra-chain interaction 

enthalpy in chitosan and 7% in collagen, represent short-range van der Waals interactions that, 



 Molecular Design and Electrospinnability of Biopolymer Nesreen Alkanakri 

 Nanofibers: Mechanisms and Modeling Insights 

59 
 

although weaker than Coulombic forces, enhance molecular packing. In chitosan, van der 

Waals interactions between the sugar rings further support the formation of tightly packed, 

extended chains [202]. In collagen, LJ forces help maintain the triple helix's tight alignment, 

contributing to the fibrillar structure's overall compactness. 

Table 14. The intra-chain interaction enthalpy for PVA, chitosan, and collagen comprises Coulombic and 

Lennard-Jones (LJ) interactions. The average (Avg), standard error (SE), average enthalpy per chain (Avg/C), 

total enthalpy (Sum), and total enthalpy per chain (Sum/C) are reported for each system. 

Systems 

Intra-Chain Interaction Enthalpy (kJ·mol-1) 

Coulombic LJ Total 

Avg SE Avg/C Avg SE Avg/C Sum Sum/C 

PVA 4.3 × 10³ 0.4 2.7 × 10² –9.8 × 10¹ 0.3 -6.1 4.2 × 10³ 2.6 × 10² 

Chitosan –1.4 × 10⁴ 0.6 –2.4 × 10³ –3.7 × 10² 0.2 -62.5 –1.4 × 10⁴ –2.4 × 10³ 

Collagen –2.1 × 10⁴ 
 

11.4 –5.2 × 10³ –1.2 × 10³ 7.6 -300.3 –2.2 × 10⁴ –5.5 × 10³ 

As shown in Table 15, PVA shows weak inter-chain interactions, with a total enthalpy 

of -3.4 kJ·mol⁻¹. Only small contributions come from Coulombic (1.6%) and Lennard-Jones 

(1.4%) interactions, reflecting the polymer’s hydrophilic nature. PVA contains numerous 

hydroxyl groups that prefer to form hydrogen bonds with surrounding water molecules rather 

than other PVA chains. This limited polymer–polymer interaction explains PVA’s excellent 

dispersion and solubility in aqueous environments. Chitosan, in contrast, displays no 

measurable inter-chain interaction enthalpy in this analysis; neither Coulombic nor van der 

Waals contributions are present. This indicates that chitosan chains do not interact 

significantly with one another, and that stabilization primarily occurs through strong intra-

chain forces. These forces include hydrogen bonding and electrostatic interactions within the 

polymer backbone, which contribute to its rigid structure and poor solubility, particularly 

under neutral conditions.  

Table 15. The inter-chain interaction enthalpy for PVA, chitosan, and collagen comprises Coulombic and 

Lennard-Jones (LJ) interactions. The average (Avg), standard error (SE), average enthalpy per chain (Avg/C), 

total enthalpy (Sum), and total enthalpy per chain (Sum/C) are reported for each system. 

Systems 
Inter-Chain Interaction Enthalpy (kJ·mol-1) 

Coulombic LJ Total 
Avg SE Avg/C Avg SE Avg/C Sum Sum/C 

PVA -1.8 0.2 -0.1 -1.6 0.2 -0.1 -3.4 -19.2 
Chitosan 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Collagen -231.1 6.5 -57.7 -211.3 6.9 -52.8 -442.4 -110.6 

Collagen exhibits the highest inter-chain interaction enthalpy among the studied 

polymers, totaling –442.4 kJ·mol⁻¹. Coulombic interactions contribute about 52%, while LJ 

interactions account for approximately 48%, indicating strong and balanced electrostatic and 

van der Waals forces between collagen molecules. These interactions are consistent with 

collagen’s natural tendency to form compact, fibrous aggregates in solution. They also explain 
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its partial insolubility: only a fraction of collagen dissociates into soluble units, while the rest 

remains stable in fibrillar form [203]. 

Table 16 presents the interaction enthalpies between each polymer and solvent, 

offering insight into their hydration behavior and solubility. For PVA, the Coulombic 

interaction enthalpy with water is – 2.07×10⁶ kJ·mol-¹, reflecting strong electrostatic 

interactions. This high value is attributed to the formation of numerous hydrogen bonds with 

surrounding water molecules. These interactions facilitate excellent hydration, promote 

isotropic segmental motion, and allow uniform chain dispersion. This behavior contributes to 

PVA’s solubility, making it well-suited for hydrogels, coatings, and electrospinning 

applications. On the other hand, chitosan’s interaction with water displays a strong Coulombic 

enthalpy of –3.39 × 10⁶  kJ·mol-¹ (Table 16), indicating significant electrostatic interactions 

between chitosan’s polar functional groups (-NH₂, -OH) and water molecules. This interaction 

promotes extensive hydrogen bonding, improving chitosan’s hydration and affecting its 

structural behavior in solution. However, the Lennard-Jones (LJ) enthalpy indicates that 

chitosan molecules aggregate in solution due to intra-hydrogen bonding. However, the 

hydration shell formed by water molecules hinders intramolecular hydrogen bonding, thereby 

reducing aggregation [131]. This interplay between hydration and self-association explains 

chitosan’s limited solubility under neutral conditions. Collagen shows the strongest polymer–

solvent Coulombic interaction among the polymers. However, despite this strong interaction 

with water, collagen does not fully dissolve. Instead, water hydrates the fibrillar structure 

without disrupting its organization, thereby maintaining mechanical stability. As a result, 

collagen typically exists in aqueous environments as a mixture of soluble and insoluble forms 

[125]. 

Table 16. Total interaction enthalpy for PVA, chitosan, and collagen in solution, including Coulombic and 

Lennard-Jones (LJ) interactions. The table presents the average (Avg), standard error (SE), and total enthalpy 

(Sum) for each system. 

Systems 
Total Interaction Enthalpy (kJ·mol-1) for Polymer-Solvent 

Coulombic LJ Total 
Avg SE Avg SE Sum 

PVA           –2.07×10⁶ 0.3 2.07 × 10⁵ 0.2 –1.87 × 10⁶ 
Chitosan –3.39 × 10⁶ 0.4 3.17 × 10⁵ 0.3 –3.07 × 10⁶ 
Collagen –3.69 × 10⁶ 1.1 3.47 × 10⁵ 0.9 –3.34 × 10⁶ 

3.3.2.5  Density 

Calculating density in molecular dynamics simulations is essential for accurately 

modeling polymer behavior in solution, as it directly affects stability and fiber formation in 

electrospinning. The PVA system demonstrates a low average density at 1011.1 kg·m⁻³, as 
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shown in Table 17. This system also maintains remarkable consistency in density, with only 

minor fluctuations, indicating that MD simulations can reproduce experimentally determined 

values, as shown in Figure 19. The interaction between PVA and water molecules helps 

maintain a density similar to that of water, as the polymer chains are well dispersed, allowing 

a uniform structure within the solution. 

Table 17. Average bulk densities (kg·m⁻³) and standard errors for PVA, chitosan, and collagen systems. 

Systems 
Density (kg·m⁻³) 

Avg SE 

PVA 1011.1 0.1 

Chitosan 1018.2 0.1 

Collagen 1012.1 0.2 

The average collagen density was slightly higher at 1012.1 kg·m⁻³. Figure 19 

illustrates that the collagen system undergoes an initial decline in density, likely due to 

hydration-induced expansion and a temporary disruption of inter-chain hydrogen bonds. 

Following this, the relatively higher fluctuations in density suggest a dynamic competition 

between hydration effects and the self-association of collagen chains. The strong inter-chain 

interactions (as shown in Table 15) indicate that collagen retains significant intermolecular 

cohesion. Additionally, high hydrogen bonding stabilizes the triple-helix conformation of 

collagen, reinforcing its structural integrity. These findings confirm that intermolecular 

bonding and helix stability influence fiber packing efficiency, directly impacting density and 

mechanical properties. 

 

Figure 19. Density variations of PVA, chitosan, and collagen systems plotted as a function of the coordinate 

distance along the Z-axis (in nanometers).  
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In contrast, the chitosan system has the highest average density, at 1018.2 kg·m⁻³, with 

minor fluctuations. This result is due to strong intra-chain hydrogen bonding and electrostatic 

interactions, as confirmed by interaction enthalpy and hydrogen-bond analyses. Unlike PVA, 

which exhibits weak intra-chain interactions and greater molecular flexibility, chitosan’s 

highly cohesive intra-chain interactions limit its solubility. The strong hydration shell formed 

by polymer-water hydrogen bonds further compacts chitosan molecules, restricting 

aggregation while maintaining a dense structure. According to Sigma-Aldrich, the reported 

density of chitosan is 1000 kg·m⁻³, which is within 2% of the computed value of 1018.2 

kg·m⁻³, thereby confirming the accuracy of the simulation method. Compared to collagen, 

chitosan’s dense molecular arrangement enhances its stability in solution, making it well-

suited for applications that require structured hydrogels. 

3.4  Conclusion 

In the experimental section, this study examines the morphology of electrospun 

nanofibers. The results show that the synthetic polymer PVA readily forms uniform, bead-free 

nanofibers due to sufficient molecular entanglement and stable jet formation. In contrast, the 

natural polymers chitosan and collagen faced significant challenges and did not produce 

continuous fibers, highlighting the inherent differences in electrospinnability between 

synthetic and natural polymers. 

Molecular dynamics (MD) simulations support experimental findings by providing a 

detailed molecular-level understanding of the solubility issues associated with chitosan and 

collagen. While both biopolymers contain functional groups capable of hydrogen bonding 

with water, their intrinsic molecular structures limit their solubility and processability. In 

chitosan, strong intra-chain hydrogen bonds and significant electrostatic interactions promote 

self-association, yielding viscous, heterogeneous solutions that are difficult to electrospin. 

Likewise, collagen's extensive network of inter- and intra-chain hydrogen bonds and its 

predominant hydrophobic interactions result in fibrillar aggregation and poor water solubility. 

These molecular insights align with experimental reports describing challenges in dissolving 

chitosan and collagen into uniform solutions, which hampers their use in electrospinning. As a 

result, they often require chemical modification or blending with more hydrophilic polymers 

to improve solubility, processability, and electrospinning suitability. In contrast, PVA offers 

highly favorable electrospinning characteristics, including excellent water compatibility, high 

chain flexibility, and strong polymer–solvent interactions. These properties enable it to 
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dissolve efficiently and form homogeneous, stable solutions, findings that support the 

experimental observations. 
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Chapter 4: Computational and Experimental Study of 

PVA-Biopolymer Blends. 

 

4.1  Summary 

In this chapter, a combined experimental and computational approach is employed, 

integrating electrospinning experiments with atomistic molecular dynamics simulations to 

systematically examine collagen–PVA and chitosan–PVA blends. The MD simulations 

provide insights into molecular interactions, hydrogen-bonding networks, and conformational 

changes induced by blending with PVA. Three blend ratios (1:1, 1:2, and 2:1) are analyzed for 

both collagen–PVA and chitosan–PVA systems to understand how composition influences 

solubility, spinnability, and structural integrity. This combined approach aims to identify 

optimal blending ratios that promote uniform molecular mixing and the production of high-

quality nanofibers. 

4.2  Materials and Methods 

4.2.1  Experimental 

4.2.1.1  Preparation of Electrospinning Solutions 

We used the same materials as described in Section 3.2.1.1. The polyvinyl alcohol, 

chitosan, and collagen solutions were prepared separately, as presented in Section 3.2.1.2, 

before being combined. The PVA and chitosan solutions were mixed at room temperature at 

the following ratios of chitosan to polyvinyl alcohol: 1:1, 1:2, and 2:1. Next, the collagen and 

PVA solutions were combined in the ratios of collagen to polyvinyl alcohol (1:1, 1:2, and 2:1) 

and stirred for one hour. The performance of each solution was evaluated in subsequent 

electrospinning protocols. 

4.2.1.2  Electrospinning Procedure 

Electrospinning experiments were conducted using the same custom-built single-

capillary setup described in Section 3.2.1.3. The technical parameters, such as needle gauge 

(G), flow rate (mL/h), applied voltage (kV), and the distance between the needle and collector 

(cm), were kept constant for the respective chitosan-PVA and collagen-PVA solutions, as 

detailed in Table 18. 

 



 Molecular Design and Electrospinnability of Biopolymer Nesreen Alkanakri 

 Nanofibers: Mechanisms and Modeling Insights 

65 
 

Table 18. The technical parameters used to prepare various nanofiber mats for chitosan-PVA and collagen-PVA 

solutions. 

Sample 
Needle Gauge 

(G) 

Flow Rate 

(mL/h) 

Voltage 

(kV) 

Needle-Collector 

Distance (cm) 

Chitosan-PVA 21 0.5 27 27 

Collagen-PVA 25 0.2 25 24 

4.2.1.3  Characterization of Electrospun Nanofibers 

The surface morphology of the nanofiber mats was investigated with a scanning 

electron microscope (SEM) (JEOL 6380 LA, Japan).  

4.2.2   Molecular Modeling 

4.2.2.1  Simulation Systems 

This study used molecular dynamics simulations to examine the structural properties 

of collagen-PVA and chitosan-PVA solutions. A 2.5% (w/v) solution was prepared for each 

material in water, with each containing 30 repeating units per polymer chain. No ions were 

added to the PVA and collagen systems because these materials were electrically neutral. 

However, chloride (Cl⁻) ions were included in the chitosan system to balance the positive 

charge from the protonated amino groups on the chitosan chains. The simulations were 

performed in a cubic box, and the molecular composition of the systems is detailed in Table 

19. 

Table 19. The molecular composition of the collagen-PVA and chitosan-PVA systems includes the mixing ratio, 

the number of polymer chains, the total number of atoms, water molecules, ions (if applicable), and the 

simulation box size (nm)3. 

Systems 
Mixing Ratio Number of Box Size 

(nm)3 Chains Atoms Water Molecules Cl- Ions 

collagen-PVA 

1:1 8-8 10472 86210 - (18.00)3 

1:2 8-16 12168 97356 - (17.00)3 

2:1 16-8 19248 161272 - (20.00)3 

chitosan-PVA 

1:1 8-8 7240 55660  240 (17.86)3 

1:2 8-16 8936  66800 240 (17.86)3 

2:1 16-8 12784 100160 480 (17.86)3 

4.2.2.2  Simulation Protocol 

The molecular models of PVA, chitosan, and collagen used in this chapter are the same 

as those in Section 3.2.2.2. All molecular dynamics simulations conducted here follow the 

same protocol outlined in Section 3.2.2.3. Briefly, simulations were performed using 

GROMACS 2021, with the CHARMM36m force field, and the TIP3P water model. Systems 

were energy-minimized using the steepest descent algorithm, then equilibrated in the NVT 

and NPT ensembles at 300 K and 1 bar. Bond constraints were managed with the LINCS 

algorithm, temperature and pressure were controlled by the Nosé–Hoover thermostat and 

Parrinello–Rahman barostat, respectively, and long-range electrostatics were handled using 
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the Particle-Mesh Ewald method. The analysis methods used in this chapter follow those 

outlined in Section 3.2.2.4. In brief, trajectories from the 1000 ns production runs were 

examined. Solvent-accessible surface area (SASA), hydrogen bonding, and interaction 

enthalpies were calculated with gmx sasa, gmx hbond, and gmx energy, respectively.  

4.3  Results and Discussion 

4.3.1  Experimental 

4.3.1.1  Morphological Analysis Using Scanning Electron Microscopy (SEM) 

The scanning electron microscope images in Figure 20(a) showed that the 2:1 

chitosan-to-PVA ratio produces irregular morphology, with visible beads and an average 

diameter of 98.5 nm (Table 20). In contrast, the 1:1 chitosan-to-PVA ratio (Figure 20(b)) 

produced more uniform, continuous fibers with fewer beads and an average fiber diameter 

that was 13.8% smaller than in Figure 20(a).  A higher PVA ratio (1:2 chitosan-to-PVA) 

(Figure 20(c)) enhances electrospinning, producing smoother, more uniform nanofibers with 

an average diameter 22.4% smaller and minimal bead formation compared to Figure 20(a). A 

previous study found that changes in chain entanglements due to molecular weight, 

concentration, and chitosan-additive ratios significantly influence electrospinning instabilities, 

leading to variations in jet behavior and fiber morphology and ultimately affecting the 

stability of the electrospinning process [204]. Others also emphasize this and suggest that 

lower chitosan-to-PVA ratios are preferable for producing uniform nanofibers [205]. 

Furthermore, researchers indicate that increasing the chitosan-to-PVA ratio results in larger 

fiber diameters, shorter fiber lengths, and more beads and droplets, demonstrating the 

significant impact of chitosan on nanofiber quality [206]. This aligns with our results.  

 

Figure 20. Morphological analysis of nanofiber using SEM imaging. (a) Chitosan-PVA (2:1), (b) Chitosan-PVA 

(1:1), (c) Chitosan-PVA (1:2), (d) Collagen-PVA (2:1), (e) Collagen-PVA (1:1), and (f) Collagen-PVA (1:2). 

At a 2:1 collagen-to-PVA ratio (Figure 20(d)), the fibers are irregular, with beads and 

diameter variations; the average diameter is 90.7 nm. The electrospinning process becomes 
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more challenging due to phase separation and reduced chain entanglement. This increases the 

solution's resistance to flow, reduces jet stability, and prevents uniform fiber elongation. 

Conversely, at 1:1 (Figure 20(e)) and 1:2 (Figure 20(f)) collagen-to-PVA ratios, increasing 

the PVA-to-collagen ratio reduces bead formation and enhances fiber uniformity. Compared 

with Figure 20(d), the fiber diameter decreases by approximately 18.6% and 25.7%, 

respectively.  Resulting in more uniform fibers with minimal bead formation.  This finding 

agrees with Kan et al. [207], who observed that increasing the PVA ratio in the collagen–PVA 

solution decreased the diameter of the electrospun nanofibers. This effect can be attributed to 

the solution's enhanced viscosity and conductivity, facilitating finer fiber formation during 

electrospinning.  

Both chitosan–PVA and collagen–PVA systems showed that increasing the PVA ratio 

improves electrospinning performance by enhancing jet stability and reducing bead formation. 

A previous study reported that, in chitosan-based systems, strong intermolecular hydrogen 

bonding restricts polymer-chain mobility and hinders stable jet elongation under applied 

electric fields. Similarly, collagen-based systems exhibit limitations, including structural 

instability and poor aqueous stability. These challenges can be effectively mitigated by 

blending with synthetic polymers [208]. 

Table 20. Mixing ratios, solution volumes, and average nanofiber diameters, with standard errors (SE) for the 

Chitosan-PVA and Collagen-PVA samples. 

Sample 
Mixing Ratio 

 

Volume 

(mL) 

Average Diameter of 

Nanofibers (nm) 

SE 

(nm) 

 

Chitosan:PVA 

 

2:1 30 98.5 1.4 

1:1 20 84.9 1.9 

1:2 30 76.4 2.4 

 

Collagen:PVA 

 

2:1 30 90.7 1.6 

1:1 20 73.8 1.2 

1:2 30 67.4 1.7 

4.3.2   Molecular Modeling 

4.3.2.1 Physical Properties of Blended Polymer Systems 

To better understand the structural behavior of the polymer systems, several physical 

parameters were analyzed, including the end-to-end distance, radius of gyration, and aspect 

ratio, as summarized in Table 21. The end-to-end distance characterizes the overall extension 

of a polymer chain, whereas the radius of gyration reflects the chain's spatial distribution and 

compactness around its center of mass. The aspect ratio indicates the anisotropy and 

elongation of the molecular structure. These parameters are important in electrospinning 
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because polymer-chain extension and flexibility strongly influence chain entanglement and 

solution viscoelasticity. Previous studies have reported that during electrospinning, a high 

stretching rate leads to the formation of a non-equilibrium supermolecular structure, which is 

crucial to the properties of electrospun polymer nanofibers and underscores the importance of 

polymer chain entanglement [209]. 

In the chitosan-PVA systems, chitosan exhibited significantly larger end-to-end 

distance and radius of gyration than PVA, indicating a more extended, less compact molecular 

conformation. In contrast, PVA exhibited lower values for both parameters, indicating a more 

compact, flexible chain structure. The more extended conformation of chitosan can be 

attributed to its rigid polysaccharide backbone and a strong intermolecular and intramolecular 

hydrogen-bonding network. Previous studies have reported that hydrated chitosan forms 

complex two-fold helical chain arrangements and stable hydrogen-bonded structures, 

including both direct and water-mediated hydrogen bonds, which contribute to its structural 

stability and extended molecular organization [210]. Meanwhile, the more flexible carbon–

carbon backbone of PVA allows greater chain mobility and a more compact molecular 

arrangement. A previous study reports that the electron diffraction patterns of PVA suggest a 

zigzag C-atom chain structure with side-chain clustering, indicating a compact arrangement. 

This configuration contributes to the polymer's flexibility and high elasticity by distorting the 

main chain [211]. 

Blending chitosan and PVA solutions at a 1:1 volume ratio reduced both the end-to-

end distance and the radius of gyration relative to the isolated chitosan system (Table 21). The 

decrease in these structural parameters indicates that the polymer chains adopted a more 

compact, less extended configuration after blending.  Similar behavior has been reported in 

chitosan-polyvinylpyrrolidone blends, where good compatibility and low heterogeneity 

between the polymers were associated with stronger intermolecular interactions and restricted 

chain mobility [212]. In the present study, the decrease in the structural parameters after 

blending indicates that interactions between chitosan and PVA limit the spatial extension of 

the chitosan chains, resulting in a more constrained molecular configuration. The 1:2 

chitosan–PVA blend exhibits a distinctive structural setup, characterized by increased end-to-

end distance and radius of gyration, indicating a more expanded shape than the 1:1 blend. 

Still, these values are lower than those of pure chitosan, implying a controlled molecular 

structure supported by PVA. This balance promotes better polymer chain organization while 

avoiding excessive expansion. In contrast, the 2:1 chitosan-rich blend exhibited the largest 



 Molecular Design and Electrospinnability of Biopolymer Nesreen Alkanakri 

 Nanofibers: Mechanisms and Modeling Insights 

69 
 

end-to-end distance and radius of gyration among the chitosan–PVA blend systems, with 

values of 10.7 nm and 3.3 nm, respectively. Compared with the 1:1 and 1:2 blends, these 

higher structural parameters indicate that the polymer chains adopt a more extended, less 

compact molecular configuration when chitosan is present in higher amounts than PVA. The 

aspect ratio of chitosan-PVA blends offers insight into their structural behavior. Chitosan 

exhibits a higher aspect ratio than PVA, and this shape is preserved in the blends, which have 

aspect ratios of (3.1-3.2). This suggests that while PVA is added, it does not reduce the 

anisotropic nature of chitosan; instead, it affects the spatial arrangement and density of the 

polymer chains.  

Table 21. Structural properties of chitosan–PVA systems at three mixing ratios (1:1, 1:2, and 2:1), including the 

end-to-end distance, radius of gyration, and aspect ratio, along with their respective standard errors (SE). 

Mixing Ratios 

end-to-end distance 

(nm) 

radius of gyration     

(nm) 

 

aspect ratio 

Avg SE Avg SE 

1:1 

Chitosan 13.0 0 4.1 0 3.1 

PVA 1.5 0 0.6 0 2.5 

Chitosan–PVA 4.2 0.4 1.3 0.4                      3.2 

1:2 

Chitosan 13.0 0 4.1 0 3.1 

PVA 1.4 0 0.5 0 2.8 

Chitosan–PVA 7.6 0.1 2.4 0.1 3.1 

2:1 

Chitosan 13.1 0.1 4.1 0 3.1 

PVA 1.1 0 0.5 0 2.2 

Chitosan–PVA 10.7 0.1 3.3 0.1 3.2 

The structural behavior of the isolated single-polymer chains in the collagen–PVA 

systems was evaluated in Table 22. The results showed that collagen exhibited larger end-to-

end distance and radius of gyration values than PVA, indicating that collagen adopts a more 

extended molecular conformation, whereas PVA remains relatively compact. The relatively 

extended conformation of collagen can be attributed to its organized triple-helical molecular 

structure and intermolecular hydrogen-bonding interactions, which help maintain a stable, 

elongated chain arrangement in aqueous environments [213]. 

Blending collagen and PVA solutions at a 1:1 volume ratio reduces the end-to-end 

distance and radius of gyration compared with the isolated collagen chain (Table 22), 

indicating that PVA limits the spatial extension of collagen chains. This is likely because PVA 

segments partially wrap around collagen, resulting in a more ordered structure. This matches 

what Lan et al. [214] reported: in similar collagen-PVA blend systems at a 1:1 ratio, PVA 

segments partially wrap around collagen, leading to a more ordered structure that improves 

mechanical properties. The 1:2 collagen-to-PVA blend exhibited an end-to-end distance lower 
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than that observed for the 1:1 ratio (Table 22). This reduction indicates that the collagen 

chains adopted a less extended configuration in the PVA-rich system. The more compact 

arrangement may result from intermolecular interactions between collagen and PVA, which 

can restrict the spatial extension of the collagen chains within the blended system. In the 

collagen-PVA 2:1 system, the end-to-end distance and radius of gyration were 3.3 nm and 1.2 

nm, respectively, showing only small changes compared with the other collagen–PVA blend 

systems. Unlike the 2:1 chitosan-PVA system, no increase in the end-to-end distance or radius 

of gyration was observed, indicating that increasing the collagen content did not promote 

greater chain extension. Instead, the values suggest that the collagen chains remained 

comparatively compact and spatially constrained despite the higher collagen concentration. 

This behavior may be attributed to the rigid triple-helical structure of collagen, which limits 

large-scale conformational flexibility within the blended system [215]. 

Table 22. Structural properties of collagen–PVA systems at three mixing ratios (1:1, 1:2, and 2:1), including the 

end-to-end distance, radius of gyration, and aspect ratio, along with their respective standard errors (SE). 

Mixing Ratios 

end-to-end distance 

(nm) 

radius of gyration     

(nm) 

 

aspect ratio 

Avg SE Avg SE 

1:1 

Collagen 4.2 0.1 1.5 0 2.8 

PVA 2.3 0 1.0 0 2.3 

Collagen–PVA 3.8 0.2 1.3 0.2                      2.9 

1:2 

Collagen 4.1 0.1 1.5 0 2.7 

PVA 2.3 0 1.0 0 2.3 

Collagen–PVA 3.5 0.1 1.3 0.2 2.6 

2:1 

Collagen 3.4 0.1 1.3 0 2.6 

PVA 2.2 0 1.0 0 2.2 

Collagen–PVA 3.3 0.1 1.2 0.1 2.7 

The aspect ratios of the collagen–PVA blended systems further support these 

observations. Across the three blending ratios, the aspect ratios of the collagen–PVA systems 

remained within a relatively narrow range of 2.6–2.9 (Table 22), which is close to the values 

observed for isolated collagen chains. This indicates that blending with PVA did not 

significantly alter the overall anisotropic and elongated molecular character of collagen. 

Instead, the primary effect of PVA appears to be modifying intermolecular interactions and 

molecular packing within the blended environment rather than fundamentally changing the 

overall shape of the collagen chains. 
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4.3.2.2  Total, Hydrophobic, and Hydrophilic Solvent-Accessible Surface Area (SASA) 

SASA analysis was performed on both chitosan–PVA and collagen–PVA blends at 

three different mixing ratios (1:1, 1:2, and 2:1) to examine how variations in polymer 

composition affect molecular surface exposure and solvent interactions. Since effective 

electrospinning relies on a balance between polymer–solvent compatibility and sufficient 

chain cohesion, understanding the extent of each system’s hydrophilicity or hydrophobicity is 

crucial for predicting solubility, molecular behavior, and packing. 

The SASA results for the chitosan–PVA blends listed in Table 23 show that at the (1:1) 

ratio, the composition has a total SASA of 554.5 nm² and a highly hydrophilic surface (62%), 

indicating an open, solvent-exposed structure in which chitosan and PVA interact to form a 

hydrated interface. When the ratio changes to 1:2, the total SASA decreases slightly to 531.5 

nm², while the hydrophobic fraction increases to 45%, indicating the influence of the higher 

PVA content. This rise in hydrophobic exposure suggests that excess PVA causes the complex 

to pack more tightly, reducing overall solvent accessibility [216]. In contrast, the 2:1 ratio 

results in a significant increase in total SASA to 938.2 nm², the most solvent-exposed 

structure among all, mainly due to the dominance of chitosan’s polar groups, which raise 

hydrophilic SASA to 58%. Although this structure is highly hydrated, its large SASA 

indicates an overly open, swollen configuration where polymer chains are too dispersed. 

Table 23. The average SASA values (nm²) for the total surface area in chitosan–PVA systems at the three mixing 

ratios (1:1, 1:2, and 2:1) are categorized into hydrophobic and hydrophilic regions. The table includes the 

percentage contributions of hydrophobic and hydrophilic areas, and the standard error (SE) is provided to show 

measurement variability. 

Mixing Ratios 

Solvent Accessible Surface Area (SASA) (nm2) 

Total Hydrophobic Hydrophilic 

Avg SE Avg SE % Avg SE % 

1:1 

Chitosan 447.2 0.1 175.9 0 39% 271.2 0.1 60% 

PVA 56.3 0 41.1 0 73% 15.2 0 27% 

Chitosan–PVA 554.5 0.1 208.3 0.1 37% 346.2 0.1 62% 

1:2 

Chitosan 449.8 0.1 177.1 0 39% 272.6 0.1 60% 

PVA 101.6 0.1 75.0 0.1 73% 26.6 0 26% 

Chitosan–PVA 531.5 0.2 242.4 0.1 45% 289.1 0.1 54% 

2:1 

Chitosan 893.9 0.1 352.2 0 39% 541.6 0.1 60% 

PVA 63.7 0 47.1 0 73% 16.5 0 26% 

Chitosan–PVA 938.2 0.1 389.8 0.1 41% 548.3 0.1 58% 

Across all ratios, chitosan consistently exhibits high hydrophilic exposure [217], while 

PVA appears more hydrophobic despite its OH groups due to its carbon-rich backbone. These 

contrasting properties explain why SASA-ratio-dependent shifts affect electrospinning 



 Molecular Design and Electrospinnability of Biopolymer Nesreen Alkanakri 

 Nanofibers: Mechanisms and Modeling Insights 

72 
 

performance. Effective electrospinning requires a balance between solubility and chain 

cohesion: the polymers must be sufficiently hydrated to dissolve well, yet compact enough to 

entangle and form a stable jet [218]. The 1:2 chitosan–PVA blend achieves this balance best 

because its moderate hydrophilicity ensures solvation, while its higher hydrophobic exposure 

promotes chain cohesion. In comparison, the 1:1 blend is adequately hydrated but less 

compact, whereas the 2:1 blend is overly extended, resulting in weak chain entanglement. 

The SASA results for the collagen–PVA systems shown in Table 24 demonstrate clear 

changes in surface exposure with varying mixing ratios. In the 1:1 blend, the complex exhibits 

a total SASA of 559.3 nm², with a dominant hydrophobic surface (67%) and a smaller 

hydrophilic area (32%). When the ratio shifts to 1:2, the total SASA increases to 612.2 nm², 

and the hydrophilic SASA rises to 41%, while hydrophobic exposure decreases to 58%. This 

change reflects the increasing influence of PVA, whose flexible chains and numerous 

hydroxyl groups migrate toward the solvent interface, exposing more hydrophilic regions 

[194].  

Table 24. The average SASA values (nm²) for the total surface in collagen–PVA systems at the three mixing 

ratios (1:1, 1:2, and 2:1) are categorized into hydrophobic and hydrophilic regions. The table includes the 

percentage contributions of hydrophobic and hydrophilic areas, and the standard error (SE) is provided to show 

measurement variability. 

Mixing Ratios 

Solvent Accessible Surface Area (SASA) (nm2) 

Total Hydrophobic Hydrophilic 

Avg SE Avg SE % Avg SE % 

1:1 

Collagen 460.9 0.7 298.3 0.4 64% 162.5 0.2 35% 

PVA 164.5 0.2 122.6 0.2 74% 41.8 0.1 25% 

Collagen–PVA 559.3 1.1 375.1 0.7 67% 184.2 0.3 32% 

1:2 

Collagen 497.5 0.6 317.7 0.4 63% 179.7 0.2 36% 

PVA 263.1 0.1 121.5 0.1 46% 141.5 0.1 53% 

Collagen–PVA 612.2 1.1 358.7 0.6 58% 253.4 0.4 41% 

2:1 

Collagen 885.4 0.8 567.4 0.5 64% 317.9 0.3 35% 

PVA 140.1 0.1 64.4 0 45% 75.6 0 53% 

Collagen–PVA 945.4 1.1 588.3 0.6 62% 357.1 0.4 37% 

Consequently, the PVA-rich system becomes more water-facing and significantly more 

hydrophilic compared to the 1:1 system. Conversely, the 2:1 collagen-rich blend shows the 

highest total SASA at 945.4 nm², with 62% hydrophobic and 37% hydrophilic surface areas. 

This strong hydrophobic dominance occurs because the higher collagen content reveals more 

hydrophobic residues, such as proline and hydroxyproline [219], resulting in a highly 

expanded, solvent-accessible structure. Among the three systems, the PVA-rich 1:2 ratio has 

the most hydrophilic surface, the collagen-rich 2:1 ratio exhibits the most expanded, 

hydrophobic structure, and the 1:1 system remains intermediate, though still primarily 
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hydrophobic. Considering electrospinning needs, which require good solubility, sufficient 

hydrophilic exposure, and proper chain cohesion, the 1:2 collagen–PVA mixture offers the 

best balance, providing improved hydrophilicity without the excessive expansion seen in the 

collagen-rich system. 

4.3.2.3  Hydrogen Bonds 

The hydrogen-bonding results for the chitosan–PVA mixtures shown in Table 25 offer 

detailed insights into polymer–polymer and polymer–water interactions. In the 1:1 chitosan–

PVA blend, only 13.3 hydrogen bonds form between chitosan and PVA, a significant decrease 

from pure chitosan (83.1) and pure PVA (81.1). This suggests that when mixed in equal 

proportions, chitosan and PVA do not interact strongly, likely because their functional groups 

face outward and form hydrogen bonds with surrounding water rather than each other. This is 

supported by the high number of polymer–water hydrogen bonds, reaching 704.7 for chitosan 

and 226.6 for PVA, indicating a hydration-focused structure of the blend. These findings are 

consistent with the SASA results, which indicate a hydrophilic, solvent-exposed surface. 

Figure 21 shows a representative configuration of chitosan and PVA chains from MD 

simulations, visualized with VMD. One chain from each polymer is displayed to highlight the 

intermolecular arrangement and solvent exposure related to the hydrogen-bonding behavior 

discussed in Table 25. 

 

 

Figure 21. Representative molecular configuration of the chitosan–PVA system obtained from the molecular 

dynamics trajectory and visualized with VMD. For clarity, one polymer chain from each component is shown, 

with chitosan in blue and PVA in orange.  

When the ratio shifts to 1:2 (chitosan: PVA), the hydrogen-bonding pattern changes to 

reflect a more organized and stable mixture. The number of chitosan–PVA hydrogen bonds 

increases to 23.1, indicating that chitosan and PVA interact more effectively than in the 1:1 

blend. Simultaneously, both polymers form more hydrogen bonds with water. Chitosan–water 

bonding rises sharply to 1237.8, and PVA–water bonding increases to 502.0, contributing to a 

high level of hydration in the mixture. Although the polymers interact, much of their surface 



 Molecular Design and Electrospinnability of Biopolymer Nesreen Alkanakri 

 Nanofibers: Mechanisms and Modeling Insights 

74 
 

remains accessible to water. This aligns with the SASA findings, which indicate that the 1:2 

mixture is highly hydrated yet remains compact. The additional PVA enables its flexible –OH-

rich chains to partially encase chitosan, regulating its expansion while still exposing many 

hydrophilic groups to water.  

Table 25. Hydrogen-bonding characteristics in chitosan–PVA systems at three mixing ratios (1:1, 1:2, and 2:1), 

classified as polymer–polymer and polymer–water interactions. Values are given as the average hydrogen-bond 

counts per interaction type and the total number of hydrogen bonds in each system. Standard errors (SE) are 

included to indicate measurement variability. 

Mixing Ratios 

Hydrogen Bonds 

Polymer-Polymer Polymer-Water 
Total 

Avg SE Avg SE  

1:1 

Chitosan 83.1 0 704.7 0.4  787.8  

PVA 81.1 0 226.6 0.1  307.7  

Chitosan–PVA 13.3 0 - -  -  

1:2 

Chitosan 83.6 0.1 1237.8 0.3  1321.4  

PVA 179.9 0.1 502.0 0.2  681.9  

Chitosan–PVA 23.1 0.1 - -  -  

2:1 

Chitosan 178.3 0.2 2822.1 2.8  3000.4  

PVA 90.4 0.1 312.4 1.0  402.8  

Chitosan–PVA 22.2 0.1 - -  -  

In the 2:1 chitosan-rich blend, the number of chitosan–PVA hydrogen bonds was 22.2, 

similar to the 1:2 ratio, indicating that increasing chitosan content does not strengthen 

chitosan–PVA intermolecular cohesion. Instead, the system becomes dominated by hydrogen 

bonding with water. Chitosan forms a very high number of hydrogen bonds with water 

(2822.1), and PVA also contributes additional hydration through 312.4 polymer–water bonds. 

This strong hydration indicates that both polymers prefer to interact with water rather than 

with each other, resulting in highly solvated, dispersed polymer chains. The SASA results 

support this, revealing that the 2:1 mixture has the highest total SASA (938.2 nm²) and adopts 

a more open, expanded structure. Despite its strong hydrophilicity, the large number of 

polymer–water bonds causes excessive swelling and poor chain entanglement. This makes the 

2:1 blend structurally unstable and unsuitable for electrospinning, despite its high water 

affinity. 

The hydrogen-bonding patterns observed in collagen–PVA are detailed in Table 26. In 

the 1:1 collagen–PVA mixture, the number of collagen–PVA hydrogen bonds formed is 

relatively low at 33.9, which is significantly less than the strong intermolecular bonds in pure 

collagen (161.2). It is only slightly lower than in pure PVA (35.5). This suggests that when 

collagen and PVA are present in equal amounts, they do not interact strongly and instead 



 Molecular Design and Electrospinnability of Biopolymer Nesreen Alkanakri 

 Nanofibers: Mechanisms and Modeling Insights 

75 
 

orient their functional groups toward the solvent. This is reflected in the polymer–water 

hydrogen-bonding: collagen forms 164.3 bonds with water, while PVA forms 378.5, 

indicating that PVA interacts more readily with water. The difference is due to their chemical 

structures: PVA has numerous accessible hydroxyl (–OH) groups along a flexible backbone, 

making it highly capable of hydrogen bonding with water [220]. In contrast, collagen’s triple-

helix structure limits access to many of its polar groups [221]. As a result, the 1:1 blend 

becomes mainly hydration-driven, with both polymers preferring interaction with water over 

forming strong intermolecular bonds with each other. To further illustrate the intermolecular 

arrangement in the collagen–PVA system, a representative configuration from the molecular 

dynamics trajectory was analyzed using VMD (Figure 22). One collagen chain and one PVA 

chain were selected to highlight polymer–polymer proximity and chain organization. As 

shown in the figure, PVA chains tend to cluster closely with collagen through their hydroxyl-

rich backbone. 

 

Figure 22. Representative molecular configuration of the collagen–PVA system extracted from the molecular 

dynamics trajectory and visualized using VMD. One polymer chain from each component is shown for clarity, 

with collagen displayed in blue and PVA displayed in orange.  

When the ratio shifts to 1:2 (collagen: PVA), significant changes in hydrogen-bonding 

behavior occur, indicating a more organized blend structure. The collagen–PVA hydrogen 

bonds increase markedly from 33.9 at the 1:1 ratio to 74.7, indicating that the interaction 

between collagen and PVA becomes much stronger at higher PVA concentrations. This 

improvement happens because PVA’s flexible chains and numerous hydroxyl (–OH) groups 

are more accessible, enabling more of them to engage with the collagen surface. As a result, 

more PVA chains can align with collagen’s hydrogen-bonding sites, enhancing intermolecular 
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cohesion. At the same time, the mixture becomes significantly more hydrated, mainly due to 

PVA. PVA forms 737.9 hydrogen bonds with water, nearly doubling its hydration level 

compared to the 1:1 system (378.5). Collagen–water bonding remains nearly the same at 

162.8, indicating that collagen’s triple-helical structure limits further exposure of its polar 

groups. Since PVA dominates the surface at this ratio, its extensive –OH–water interactions 

primarily drive hydration [222]. This results in a surface environment that is highly water-

attracting but still stabilized by improved collagen–PVA interactions. These hydrogen-bond 

patterns align directly with the SASA results. The increased PVA content leads to a surface 

abundant in hydrophilic –OH groups, explaining the higher hydrophilic SASA percentage 

observed in the system with more PVA.  

Table 26. Hydrogen-bonding characteristics in collagen–PVA systems at three mixing ratios (1:1, 1:2, and 2:1) 

are categorized into polymer–polymer and polymer–water interactions. Values are reported as average hydrogen-

bond counts per interaction type and as total hydrogen-bond counts per system. Standard errors (SE) are included 

to indicate measurement variability. 

Mixing Ratios 

Hydrogen Bonds 

Polymer-Polymer Polymer-Water 
Total 

Avg SE Avg SE  

1:1 

Collagen 161.2 0.1 164.3 4.4  325.5  

PVA 35.5 0.1 378.5 0.3  414.0  

Collagen–PVA 33.9 0.1 - -  -  

1:2 

Collagen 152.0 0.1 162.8 3.8  314.8  

PVA 76.9 0.1 737.9 0.5  814.8  

Collagen–PVA 74.7 0.2 - -  -  

2:1 

Collagen 306.3 0.2 2735.7 0.9  3042.0  

PVA 33.0 0.1 383.8 0.3  416.8  

Collagen–PVA 34.9 0.1 - -  -  

In the collagen-rich 2:1 system, collagen primarily governs the interactions, as 

indicated by the hydrogen-bonding data. It forms a very high number of polymer–water 

hydrogen bonds (2735.7), much more than in the 1:1 or 1:2 mixtures. This increase is simply 

due to the greater amount of collagen present, which exposes more functional groups to the 

solvent. The higher collagen concentration provides more amide, hydroxyl, and carbonyl 

groups for water to interact with, greatly improving the system's hydration [223]. In contrast, 

PVA–water hydrogen bonding is fairly low (383.8) because collagen mainly covers the 

surface. With most of the accessible area covered by collagen, PVA’s hydroxyl groups are less 

exposed and contribute less to water bonding. Meanwhile, the number of collagen–PVA 

hydrogen bonds (34.9) remains low, indicating weak interactions. This suggests that although 

the system interacts strongly with water, it does not form strong internal cohesive bonds. This 

very high level of hydration causes collagen chains to swell and separate. Water molecules 



 Molecular Design and Electrospinnability of Biopolymer Nesreen Alkanakri 

 Nanofibers: Mechanisms and Modeling Insights 

77 
 

infiltrate between the chains, preventing them from coming close enough to form a dense or 

entangled structure [224]. This agrees with the SASA results. 

4.3.2.4  Interaction Enthalpies 

Inter-chain interaction enthalpy is vital for understanding the structural features of 

polymer blends, as it influences their miscibility, stability, and overall physical properties. The 

strength of these interactions determines how closely polymer chains associate, which in turn 

affects their density and entanglement density. By analyzing interaction enthalpies across 

various mixing ratios, one can observe how changes in composition affect polymer cohesion 

and how these variations influence processing performance, such as suitability for 

electrospinning. 

Table 27 displays the interaction enthalpies for the chitosan–PVA systems at three 

different mixing ratios. In the 1:1 chitosan–PVA system, the interaction enthalpy is only -

1121.8 kJ·mol⁻¹. The Coulombic component is –820.5 kJ·mol⁻¹ because both chitosan and 

PVA contain polar functional groups that produce limited electrostatic interactions [225], 

while the Lennard-Jones interaction of –301.3 kJ·mol⁻¹ remains weak due to poor chain 

packing at this ratio. In their pure forms, both chitosan and PVA exhibit much higher 

interaction enthalpies of –62420.2 kJ·mol⁻¹ and –7500.2 kJ·mol⁻¹, respectively. Chitosan, with 

its high density of polar groups, forms strong self-associations [226], while PVA demonstrates 

moderate cohesion through hydrogen bonds along its backbone. When blended in equal parts, 

these strong self-interactions are broken, but they are not replaced by equally strong chitosan–

PVA bonds. Consequently, the mixture does not form a stable, cohesive network and remains 

loosely connected.  

In the 1:2 chitosan–PVA system, the overall interaction enthalpy increases slightly to –

1193.2 kJ·mol⁻¹, indicating a modest increase in inter-chain attraction compared to the 1:1 

blend. This mainly results from a stronger Coulombic interaction (–884.4 kJ·mol⁻¹), showing 

enhanced electrostatic interactions between the polymers. The increase occurs because the 

higher PVA content provides more hydroxyl groups, which facilitate better alignment with 

chitosan’s amino and hydroxyl groups. As a result, the polymers come into closer contact and 

form more interactions than in the 1:1 ratio. The Lennard-Jones interaction (–308.7 kJ·mol⁻¹) 

remains similar to that in the 1:1 system, indicating that van der Waals interactions do not 

change significantly, and the improvement in stability is mainly due to stronger polar 

interactions rather than increased packing density. Although the interaction enthalpy remains 
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much lower than in the pure polymers, indicating that the blend remains much weaker than 

chitosan–chitosan or PVA–PVA self-associations, the increase confirms that the polymers 

interact more effectively when PVA is in excess.  

In the 2:1 chitosan–PVA system, the overall interaction enthalpy is higher at –1618.3 

kJ·mol⁻¹, indicating stronger inter-chain attraction than in the 1:1 and 1:2 blends. This mainly 

results from the high Coulombic interaction (–1161.8 kJ·mol⁻¹), which reflects increased 

density of chitosan’s polar and partially protonated groups when it is in excess. With more 

chitosan chains available, electrostatic interactions between amino and hydroxyl groups occur 

more frequently, leading to greater energetic stability [227]. Additionally, the Lennard-Jones 

interaction is high (–456.5 kJ·mol⁻¹), indicating slightly improved van der Waals interactions 

as chitosan chains interact more directly with one another rather than with PVA.  

Table 27. The inter-chain interaction enthalpy for chitosan–PVA systems at the three mixing ratios (1:1, 1:2, and 

2:1) includes Coulombic and Lennard-Jones (LJ) interactions. The table reports the average enthalpy (Avg), 

standard error (SE), average enthalpy per chain (Avg/C), total enthalpy (Sum), and total enthalpy per chain 

(Sum/C) for each system.  

Mixing Ratios 

Inter-Chain Interaction Enthalpy (kJ·mol-1) 

Coulombic LJ Total 

Avg SE Avg/C Avg SE Avg/C Sum Sum/C 

1:1 

Chitosan -58711.9 1.2 -7338.9 -3708.3 1.1 -463.5 -62420.2 -7802.5 

PVA -5560.3 1.3 -695.0 -1939.9 0.4 -242.4 -7500.2 -937.5 

Chitosan–PVA -820.5 0.8 -51.2 -301.3 0.3 -18.8 -1121.8 -70.1 

1:2 

Chitosan -58854.9 1.1 -7356.8 -3713.0 1.1 -464.1 -62567.9 -7820.9 

PVA -11673.5 2.1 -729.5 -3679.6 0.6 -229.9 -15353.1 -959.5 

Chitosan–PVA -884.4 0.8 -36.8 -308.8 0.8 -12.8 -1193.2 -49.7 

2:1 

Chitosan -117247 1.7 -7327.9 -7467.4 1.5 -466.7 -124714 -7794.6 

PVA -5398.8 1.5 -674.8 -2094.5 0.5 -261.8 -7493.3 -936.6 

Chitosan–PVA -1161.8 0.8 -48.4 -456.5 0.3 -19.0 -1618.3 -67.4 

Table 28 illustrates how the inter-chain interaction enthalpies for collagen–PVA vary 

with the three different mixing ratios, demonstrating the influence of composition on 

Coulombic and Lennard-Jones (LJ) interactions. In the 1:1 collagen–PVA blend, the overall 

interaction enthalpy is –2548.4 kJ·mol⁻¹, significantly lower than that of the pure polymers. 

Collagen alone shows a much higher value (–55279.3 kJ·mol⁻¹) due to its dense electrostatic 

and van der Waals interactions within its triple-helical structure [222], while pure PVA (–

10861.1 kJ·mol⁻¹) exhibits moderate cohesion. When combined equally, these strong self-

interactions are reduced but are not replaced by substantial collagen–PVA interactions, as 

indicated by the weak Coulombic (–1204.7 kJ·mol⁻¹) and Lennard-Jones (–1343.7 kJ·mol⁻¹) 

interactions. This suggests poor alignment and packing of the polymers, resulting in a loosely 
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connected structure rather than a cohesive network. This weak interaction supports the 

hydrogen-bonding results.  

In the 1:2 collagen–PVA blend, the overall interaction enthalpy rises to –5338.9 

kJ·mol⁻¹, indicating stronger intermolecular attraction than in the 1:1 system. This increase is 

mainly due to a higher Coulombic interaction energy (–2633.7 kJ·mol⁻¹), suggesting that 

adding more PVA enhances electrostatic compatibility between the polymers. With more 

PVA, extra hydroxyl groups can interact with collagen’s polar residues, leading to better 

alignment and stronger polar interactions than in the balanced mixture. The Lennard-Jones 

interaction also becomes more significant (–2705.2 kJ·mol⁻¹), showing tighter chain packing 

and improved van der Waals forces, which were limited in the 1:1 blend. Despite these 

increases, the interaction enthalpy remains much lower than those of pure collagen (–

115069.2 kJ·mol⁻¹) and pure PVA (–10861.1 kJ·mol⁻¹), indicating that both still favor self-

association over blending. However, the increase in Coulombic and LJ interactions at a 1:2 

ratio suggests stronger interactions between collagen and PVA when PVA is in excess.  

Table 28. The inter-chain interaction enthalpy for collagen–PVA systems at the three mixing ratios (1:1, 1:2, and 

2:1) includes Coulombic and Lennard-Jones (LJ) interactions. The table reports the average enthalpy (Avg), 

standard error (SE), average enthalpy per chain (Avg/C), total enthalpy (Sum), and total enthalpy per chain 

(Sum/C) for each system.  

Mixing Ratios 

Inter-Chain Interaction Enthalpy (kJ·mol-1) 

Coulombic LJ Total 

Avg SE Avg/C Avg SE Avg/C Sum Sum/C 

1:1 

Collagen -46204.2 2.4 -5775.5 -9075.1 2.0 -1134.3 -55279.3 -6909.9 

PVA -9710.6 2.5 -1213.8 -1150.5 0.8 -143.8 -10861.1 -1357.6 

Collagen–PVA -1204.7 1.5 -75.2 -1343.7 1.3 -83.9 -2548.4 -159.2 

1:2 

Collagen -46558.4 2.4 -5819.8 -8897.6 1.1 -1112.2 -55456.0 -6932.0 

PVA -18894.2 3.1 -1180.8 -2218.1 1.2 -138.6 -21112.3 -1319.5 

Collagen–PVA -2633.7 2.8 -109.7 -2705.2 2.4 -112.7 -5338.9 -222.4 

2:1 

Collagen -96527.2 1.2 -6032.9 -18542 2.1 -1158.8 -115069.2 -7191.8 

PVA -9835.5 2.0 -1229.4 -1194.5 1.1 -149.3 -11030.0 -1378.7 

Collagen–PVA -1244.7 2.2 -51.8 -1337.6 1.9 -55.7 -2582.3 -107.5 

In the 2:1 collagen–PVA blend, the total interaction enthalpy is –2582.3 kJ·mol⁻¹, 

staying relatively low despite the higher collagen content. The Coulombic (–1244.7 kJ·mol⁻¹) 

interaction shows only a slight change from the 1:1 mixture, indicating that adding more 

collagen does not strengthen electrostatic interactions with PVA. This is because collagen 

already dominates the polar interactions, and excess collagen chains mainly interact with 

water rather than forming new electrostatic contacts with PVA. The Lennard-Jones interaction 

(–1337.6 kJ·mol⁻¹) also remains weak, showing that chains do not pack more tightly or have 
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improved van der Waals interactions at this ratio. In contrast, the pure polymers exhibit very 

strong self-association, with pure collagen at –115069.2 kJ·mol⁻¹ and pure PVA at –10861.1 

kJ·mol⁻¹, indicating that both polymers are more inclined to interact with their own chains 

rather than with each other. In the 2:1 blended system, interactions between the two polymers 

decrease because excess collagen becomes highly hydrated, as shown by hydrogen-bond 

analysis. Water molecules occupy available interaction sites, preventing collagen chains from 

bonding with one another or with PVA. As a result, the polymer network becomes more 

dispersed rather than more cohesive. 

4.4  Conclusion 

This study investigates the morphology of nanofibers made from chitosan–PVA and 

collagen–PVA blends. The results show that adding PVA to chitosan and collagen solutions is 

essential for enhancing nanofiber quality. PVA increases solution viscosity, reduces bead 

formation, and promotes the formation of uniform, continuous fibers. These improvements 

are due to greater molecular chain entanglement, which stabilizes the electrospinning process 

and leads to more consistent fiber production. 

Molecular dynamics (MD) simulations complement experimental results by providing 

a molecular-level understanding of how chitosan–PVA and collagen–PVA blends' molecular 

interactions affect solution behavior. Producing stable nanofibers depends on balancing 

hydration, intermolecular compatibility, and chain packing. Molecular dynamics results 

indicate that this balance is significantly affected by the polymer ratio: PVA-rich blends 

promote better mixing, more stable interactions, and a solution environment suitable for 

continuous jet formation. Conversely, mixtures with higher polymer content tend to 

overhydrate or separate between chains, leading to structures lacking the cohesion necessary 

for effective fiber formation. In all analyses, the 1:2 polymer-to-PVA blends consistently 

exhibited optimal structural balance. Higher PVA content enhanced compatibility with 

biopolymers and improved molecular interactions without compromising solubility. All 

computational metrics, such as SASA, hydrogen-bonding patterns, and interaction enthalpies, 

confirmed that the 1:2 systems were the most compact, organized, and stable configurations. 

The simulation results closely matched the experimental electrospinning findings. The 1:2 

blends produced the most consistent and well-formed nanofibers, while other ratios showed 

defects consistent with their expected molecular instability.  
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Chapter 5: Summary 

Understanding how a polymer’s molecular structure dictates its macroscopic behavior 

during processing is essential for designing high-performance materials. While 

electrospinning is a premier method for fabricating advanced nanofibers, its success depends 

entirely on the structural organization and interactions within the polymer solution. To link 

these molecular mechanisms to macroscopic processing outcomes, this study integrates 

atomistic molecular dynamics (MD) simulations with empirical electrospinning experiments. 

By systematically evaluating three distinct polymers, PVA, chitosan, and collagen, this 

investigation clarifies how polymer architecture shapes solution dynamics, governs jet 

stability, and ultimately determines nanofiber morphology. 

Natural polymers such as collagen and chitosan are highly attractive candidates for 

advanced applications. However, their complex molecular structures pose significant 

challenges for solution processing and electrospinning. Collagen has a rigid triple-helical 

structure maintained by specific amino-acid sequences, extensive hydrogen bonding, and 

hierarchical assembly into fibrils. While this structure is vital for collagen’s mechanical 

strength and biological function in native tissues, it greatly reduces its water solubility and 

chain flexibility, making it difficult to form stable electrospinning jets. Although less 

structurally complex than collagen, chitosan presents unique processing challenges, mainly 

due to its degree and pattern of N-acetylation. These structural features affect chain rigidity, 

crystallinity, and the distribution of hydrogen-bonding sites along the polymer backbone. In 

acidic solutions, protonation of amino groups induces strong electrostatic repulsion between 

chains, promoting chain extension but also increasing the solution's surface tension and 

instability. As a result, chitosan solutions often show poor chain entanglement and unstable jet 

behavior, restricting the formation of continuous nanofibers during electrospinning. 

To fundamentally understand these macroscopic processing challenges for collagen, 

we found it critical to refocus our investigation on collagen's core structural unit, 

tropocollagen. Recognizing that bulk material performance originates at this foundational 

level, we determined that isolating tropocollagen's behavior is a prerequisite for elucidating 

macroscopic mechanisms. To accomplish this, Molecular dynamics simulations were used to 

analyze hexameric and heptameric tropocollagen assemblies rich in proline or hydroxyproline 

residues, isolating the effects of packing density and amino acid composition on 
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intermolecular interactions. The results show that hydroxyproline-rich tropocollagen 

assemblies form more contacts, display stronger intermolecular hydrogen bonding, and have a 

larger hydrophilic solvent-accessible surface area. These structural features increase overall 

stability while moderating interactions with water, explaining differences in rigidity, hydration 

behavior, and resistance to structural disruption. Comparisons between hexameric and 

heptameric assemblies further indicate that supramolecular packing plays a key role in 

controlling flexibility, molecular mobility, and the ability of collagen structures to withstand 

dynamic fluctuations. By linking these nanoscale structural mechanisms to macroscopic 

mechanical behavior and processing responses, the tropocollagen-level analysis offers 

mechanistic insight into how collagen’s intrinsic molecular organization governs its behavior. 

Following our analysis of tropocollagen, we expanded our study to investigate solution 

behavior during electrospinning across three polymers: PVA, chitosan, and collagen. This 

allowed us to systematically analyze how molecular-level differences among these materials 

affect their macroscopic solution properties. Electrospinning experiments showed that PVA 

easily forms uniform, bead-free nanofibers, while pure chitosan and collagen solutions fail to 

produce stable nanofibers under similar conditions. Molecular simulations provide a structural 

explanation for these results. PVA chains assume compact, isotropic shapes and form 

extensive hydrogen bonds with water, resulting in homogeneous solutions with enough chain 

cohesion for stable jet formation. In contrast, collagen’s rigid triple-helical structure and 

relatively low hydrophilic surface area limit its interaction with water and decrease chain 

mobility in solution, whereas chitosan’s highly extended, flexible chains form extensive 

hydrogen bonds with water, leading to strong solvation and chain separation rather than 

effective intermolecular bonding.  

Consequently, blending natural polymers with PVA was systematically evaluated to 

improve electrospinning performance. Both experimental results and MD simulations show 

that PVA stabilizes collagen–PVA and chitosan–PVA systems by modifying hydrogen-

bonding networks, solvent-accessible surface areas, and chain packing. The blend ratio is key. 

PVA-rich blends offer better solubility, improved hydration balance, and stronger 

intermolecular cohesion, which help produce uniform nanofibers with fewer beads. In 

contrast, polymer-rich blends tend to become excessively hydrated and structurally expand, 

leading to weak chain entanglement and poor electrospinning performance. These findings 

indicate that successful electrospinning depends on both the chemical composition and the 

reorganization of molecular structures within the blended systems. 
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Overall, this work demonstrates that understanding polymer behavior at the molecular 

scale can systematically guide formulation design and optimize electrospinning conditions. 

By explaining how polymer architecture and intermolecular interactions govern solution 

dynamics and jet stability, this study reduces reliance on trial-and-error methods in nanofiber 

production. As a result, biopolymer electrospinning processes can become fundamentally 

more reproducible, use raw materials more efficiently, and generate significantly less waste, 

ultimately promoting the sustainable fabrication of advanced biopolymer-based nanofibrous 

materials. 
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Chapter 6: New Scientific Results 

My PhD research's main findings are summarized, with an emphasis on the new 

scientific contributions of this work. 

1st Thesis 

 Insights into collagen structure can be gained by studying the smaller, more 

computationally accessible tropocollagen. In this thesis, molecular dynamics simulations were 

used to characterize, for the first time, model hexameric and heptameric tropocollagen 

assemblies enriched in proline or hydroxyproline residues. The principal scientific 

contributions of this work are summarized as follows: 

a) Hexameric tropocollagen exhibits tighter molecular packing and stronger interactions than 

the heptameric assembly. 

Hydrogen bond analysis showed that the hexamer forms more hydrogen bonds than 

the heptamer in both Pro- and Hyp-enriched systems. This observation is further supported by 

the higher per-strand interaction energy in the hexameric assemblies, indicating stronger 

interactions. Collectively, these findings demonstrate that the hexameric architecture promotes 

more efficient molecular packing and is predicted to provide greater structural stability than 

the heptameric architecture. 

b) Heptameric tropocollagen provides enhanced solvent accessibility, which may facilitate 

intermolecular interactions and broaden its functional applicability. 

Solvent-accessible surface area analysis showed that the heptameric assemblies have 

higher average solvent-accessible surface areas than the corresponding hexamers. Increased 

solvent accessibility is expected to promote interactions with surrounding molecules. 

Furthermore, these findings are relevant because disease-associated mutations frequently 

occur within regions of limited solvent accessibility [164], suggesting that differences in 

assembly architecture may influence the structural and functional consequences of such 

mutations. 

2nd Thesis 

Molecular dynamics simulations elucidated the molecular mechanisms governing the 

electrospinnability of PVA, chitosan, and collagen by revealing how molecular conformation, 
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intermolecular interactions, and polymer–solvent interactions collectively determine solution 

processability and nanofiber formation. The principal scientific contributions of this work are: 

a) PVA exhibits molecular characteristics that promote efficient electrospinning and the 

formation of uniform nanofibers. 

Experimental electrospinning produced smooth, bead-free PVA nanofibers, while 

molecular dynamics simulations showed that this behavior arises from the polymer's balanced 

hydrophilic–hydrophobic surface, high chain flexibility, weak polymer–polymer interactions, 

and strong polymer–water hydrogen bonding. These molecular characteristics enable efficient 

dissolution and sufficient chain entanglement, providing the molecular basis for PVA's 

superior electrospinning performance. 

b) Chitosan exhibits intramolecular interactions that limit its electrospinnability despite its 

strong affinity for water. 

Molecular dynamics simulations revealed that chitosan possesses strong intra-chain 

hydrogen bonding, pronounced electrostatic interactions, and extensive polymer–water 

hydrogen bonding. Together, these molecular interactions promote the formation of a dense 

hydration shell and highly viscous solutions, limiting chain rearrangement and preventing the 

formation of a uniformly dispersed, well-entangled polymer solution required for stable 

electrospinning. 

c) Collagen exhibits strong intermolecular cohesion that favors fibrillar aggregation over 

electrospinnable solution formation. 

The simulations showed that collagen forms an extensive network of intra- and inter-

chain hydrogen bonds, along with strong hydrophobic and intermolecular interaction 

enthalpies that stabilize its fibrillar architecture. These interactions reduce solvent 

accessibility, limit effective dissolution, and promote molecular aggregation despite 

substantial polymer–water interactions.  

3rd Thesis 

The combined experimental and molecular dynamics investigation established that the 

electrospinnability of collagen–PVA and chitosan–PVA blends is governed by the molecular 

balance between polymer hydration and intermolecular cohesion. Increasing the PVA content 

shifts this balance toward homogeneous molecular organization, yielding stable 

electrospinning solutions and improved nanofiber formation. 
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a) Molecular dynamics simulations elucidated the molecular mechanisms underlying the 

superior electrospinnability of PVA-rich blends. 

SASA analysis showed that increasing PVA content promotes a more homogeneous 

molecular organization by maintaining an appropriate balance between solvent accessibility 

and molecular packing. Hydrogen-bond analysis further demonstrated that PVA-rich blends 

form a cohesive intermolecular network while preserving sufficient polymer–water 

interactions to ensure effective solvation. These molecular characteristics promote 

homogeneous solution structures that sustain continuous electrospinning. 

b) Excessive polymer content limits effective polymer–PVA interactions and molecular 

organization. 

Increasing the chitosan or collagen content shifts the balance among polymer–

polymer, polymer–PVA, and polymer–water interactions. Higher biopolymer concentrations 

expose more polar functional groups to the solvent, strengthening interactions with water and 

promoting self-association among similar polymer chains rather than enabling effective 

polymer–PVA integration. As a result, polymer chains adopt a more expanded, solvent-

exposed conformation, reducing chain proximity, molecular packing efficiency, and the 

formation of a continuous, entangled network with PVA. 

Overall, this thesis established a molecular-level understanding of how structural 

organization and polymer–solvent interactions govern the stability and processability of 

collagen- and chitosan-based systems. The tropocollagen study showed that variations in 

molecular assembly architecture influence collagen stability, packing efficiency, and solvent 

accessibility. The study further revealed that the molecular characteristics of PVA, chitosan, 

and collagen directly govern their electrospinnability through differences in chain flexibility, 

hydrogen bonding, hydration behavior, and intermolecular interactions. Finally, the polymer 

blending study demonstrated that optimizing the polymer-PVA ratio is essential for balancing 

hydration and cohesion: excessive biopolymer content promotes excessive hydration, 

resulting in a more extended and less compact chain arrangement with reduced molecular 

organization, whereas appropriate PVA incorporation enables stable solutions and uniform 

nanofiber formation. Collectively, these findings highlight that molecular-scale interactions 

provide the fundamental basis for controlling biomaterial structure, processing behavior, and 

nanofiber performance, offering new insights for the rational design of advanced natural 

polymer-based materials. 
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