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Development of a skin scaffold of PHB from P. xenovorans LB400 and gelatin for 

dermal tissue regeneration 

 

Abstract 

The extracellular matrix (ECM) of the skin should provide mechanical support, regulates 

cellular activities and may facilitate the transportation of the nutrient and metabolic wastes 

needed for cells to survive and function effectively. Scaffolds should resemble not only the 

composition but also the topography and properties of the ECM. Polyhydroxybutyrate (PHB) 

is a hydrophobic polyester produced by a wide variety of bacterial using different carbon 

sources. Paraburkholderia xenovorans LB400 has been described as a PHB producer using 

glucose, xylose and mannitol as sole carbon sources, and under nitrogen limiting conditions. 

PHB is a biodegradable and biocompatible polymer, which makes it suitable for biomedical 

applications; however, the biodegradation rate of PHB is low. Different studies in tissue 

engineering area have been developed combining PHB with gelatin (Ge), which is a 

hydrolyzed collagen highly used in tissue engineering that provides a better environment for 

cell attachment, growth, and proliferation. 

Electrospinning is an electrodynamic technique that enables the production of fibers using 

different polymers and obtaining highly porous materials and with large superficial area, 

which increase the biodegradation rate under physiological conditions. Thus, the aim of this 

work was to evaluate the physicochemical and biological properties of an electrospun skin 

scaffold created with the combination of nano and microfibers of Ge and PHB from P. 

xenovorans LB400 using xylose as the carbon source.  

The PHBs produced by P. xenovorans LB400 supplied with glucose, mannitol and xylose as 

sole carbon sources were chemically and mechanically characterized. Additionally, their 

potential use as a PHB-based electrospun scaffold for skin regeneration was evaluated in 

vitro (Chapter 3). 

The PHBs produced by P. xenovorans showed different molecular weights (determined by 

gel permeation chromatography); the largest value corresponded to PHBm. The X-ray spectra 

revealed that PHBs produced by P. xenovorans LB400 from the three carbon sources are less 
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crystalline than the commercially available polymer (PHBc). PHB-microfibers were obtained 

with the PHB produced by P. xenovorans LB400 using glucose (PHBg), xylose (PHBx) and 

mannitol (PHBm) as carbon sources under the same electrospinning process conditions as 

those optimized for the PHBc. The fibers with the best morphology index were obtained with 

the PHBg associated with the molecular weight similar to PHBc and PHBg. 

Moreover, the electrospinning process reduces their degree of crystallinity even further, from 

35% to 18%, which could lead to an improvement in the mechanical properties of the 

polymers. Relevantly, PHBx-microfibers exhibited mechanical characteristics similar to 

those of human skin, despite their low morphology index. None of the scaffolds 

manufactured with PHBs from P. xenovorans LB400 grown in different carbon sources 

showed adverse effects on fibroblast cell growth. Thus, modifying the sugar used as the 

carbon source may be useful for tuning the structural properties of PHB and its performance 

as a component of electrospun scaffolds, which may better fit to specific biomedical 

applications. 

On the other hand, different electrospinning conditions were tested to combine PHBc-

microfibers and Ge-nanofibers simultaneously (Chapter 4), such as polymer concentration, 

voltage and flow rate. The diameter and morphology of fibers were determined by scanning 

electron microscopy (SEM) using the ImageJ software. The manufactured scaffolds were 

crosslinked with genipin as the crosslinker agent after the electrospinning process. Physico-

mechanical properties, swelling, hydrophilicity of scaffolds made of PHB-microfibers, Ge-

nanofibers and their combination (Ge-PHB) were evaluated before and after crosslinking 

with genipin The biological properties of the scaffolds were evaluated in vitro, with fibroblast 

Balb 3T3 and in vivo, in wounds caused by secondary intention in diabetic rats. 

The electrospinning conditions evaluated showed a significant effect on fiber diameter. 

Continuous and smooth PHBc-microfibers were obtained at 8 %w/v, 25 kV and 0.5 mL/h 

with a diameter of 1.252 ± 0.174 µm and a MI of 0.950. On the other hand, Ge-nanofiber 

were obtained at 30 %w/v, 25 kV and 0.5 mL/h with a diameter of 0.222 ± 0.047 µm and a 

MI of 1.000. It was possible to combine PHBc-microfibers and Ge-nanofibers simultaneously 

by electrospinning with a high morphology index. All scaffolds showed excellent fibroblasts 

viability and attachment after incubation for 1, 3, and 7 days as well as low levels of 
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hemolysis. In vivo wound healing was evaluated in diabetic rats for 21 days, showing that 

the wounds treated with the scaffolds containing Ge showed faster healing. The wounds 

treated with the Ge-PHBc scaffolds proved to be in a late proliferative stage showing a higher 

hair follicle and sweat gland content and a lower fibroblast content compared with the control 

wounds. 

In this study the simultaneous combination of PHBx-microfibers manufactured with PHB 

from P. xenovorans LB400 with Ge-nanofibers was also described (Chapter 5). Scaffolds 

mechanical properties and biocompatibility studies were developed such as hemolytic 

activity, in vitro fibroblast Balb 3T3 viability and in vivo wound regeneration in diabetic rats 

and were compared with its counterpart Ge-PHBc manufactured with PHBc.  

The results showed that the Ge-PHBx scaffold is highly compatible with the tested cell line, 

with values over 100% at day 7. At day 3 and day 7, significant differences were observed 

between Ge-PHBx and Ge-PHBc. Ge-PHBx showed a significantly higher fibroblast viability 

than Ge-PHBc. Despite no significant differences being observed in the wound healing assay 

for a p value <0.05, at day 7 two main subsets were observed, where it can be emphasized 

that the Ge-PHBx scaffold achieved a clear improvement compared with the other scaffolds 

evaluated. Finally, it is important to highlight that there is no evidence of the scaffolds 

remaining in the wound bed. 

The results of this study indicate that the use of fibers manufactured by electrospinning with 

PHBx from P. xenovorans LB400 produced a scaffold with improved biological and 

mechanical properties as compared with those created from PHBc. 
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Thesis Outline  

The research reported in the thesis was conducted at the Scientific and Technological 

Bioresource Nucleus, Universidad de La Frontera, Temuco, Chile, at the Department of 

Pharmacy and Pharmaceutical Technology Faculty of Pharmacy, University of Santiago de 

Compostela  

The thesis consists of six chapters.  

The first chapter contains a brief introduction including the hypothesis and objectives of the 

study (Chapter 1: Introduction).  

The second chapter describes an overview of tissue regeneration and the use of poly-3-

hydroxyalkanoates in tissue engineering (Chapter 2: Theorical background).  

The third chapter reports the production of PHB from Paraburkholderia xenovorans LB400 

supplied with three different carbon sources, glucose, xylose and mannitol, and its effect over 

the physicochemical and mechanical properties of the polymers, and its applications for 

tissue regeneration (Chapter 3: Influence of carbon source on the properties of poly-(3)-

hydroxybutyrate produced by Paraburkholderia xenovorans LB400 and its electrospun 

fibers). 

The fourth chapter describes the optimization of the combination of microfibers of PHB and 

nanofibers of gelatin through electrospinning method (Chapter 4: One-step electrospun 

scaffold of Ge-nanofibers and PHB-microfibers to mimic natural extracellular matrix.).  

The fifth chapter reports a comparative study of the combination of PHBc-microfiber and Ge-

nanofibers and PHBx-microfibers and Ge-nanofibers at in vitro and in vivo level (Chapter 5: 

Combination of Ge-nanofibers and spiral-shaped PHBx-microfibers from P. xenovorans 

LB400).  

The sixth chapter analyzes the results of this thesis and summarizes some concluding remarks 

(Chapter 6: General discussion and concluding remarks). 
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1. Introduction 

Non-healing wounds are a cause of morbidity and death in adults of productive age and older 

adults. These can be caused by diabetes, obesity, venous vascular insufficiency in the lower 

extremities, among others (Han & Ceilley, 2017). The high incidence and high financial costs 

associated with these injuries have transformed them into a world-wide health and economic 

problem from which Chile has not escaped.  

Wound healing is a complex process triggered immediately upon injury to the skin in order 

to begin the process of repair and reinstate the skin’s protective barrier (Albanna & Holmes 

IV, 2016). Wound healing in skin is initiated by fibroblasts, which deposit a temporary tissue 

matrix, followed by inflammation and re-epithelization by keratinocytes. Further wound 

revascularization along with ECM deposition, angiogenesis, and remodeling takes place for 

wound healing and restoration (Vig et al., 2017; Y. Wu, Chen, Scott, & Tredget, 2007). 

Wound treatment mainly includes quick closure of a wound to reinstate the barrier function 

of skin and prevent infection, along with pain suppression and functional recovery. 

In this context tissue engineering is an evolving field, and newer procedures are being 

developed and adopted to generate skin substitutes for clinical applications (Vig et al., 2017). 

One of the most studied and promising application relates to the engineering of skin tissue, 

which has led to important advances in the development of skin substitutes (Colorado, 

Agudelo, & Moncada A., 2013). 

Over recent decades, various bioengineered and synthetic substitutes have been developed, 

like sponges, films, hydrogels and electrospun membranes which are generally positioned 

within the injury and provide the barrier function along with protection against 

microorganisms, reduction of pain in wounds, and promotion of wound healing by tissue 

regeneration (de Mel, Seifalian, & Birchall, 2012; Vig et al., 2017). Skin substitutes 

manufacturing seeks to produce an ideal wound dressing capable of fulfilling specific 

requirements such as: i) providing/ensuring a moist environment at the wound site; ii) 

improving epidermal migration, promoting angiogenesis and connective tissue synthesis; iii) 

allowing gas and nutrient exchanges; iv) providing protection against bacterial infection and, 
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v) being sterilizable, non-toxic, biodegradable and non-allergenic (Graça, Miguel, Cabral, & 

Correia, 2020). 

Electrospun fibers have many advantages that make them ideal for use as wound healing 

devices. First, the fibers resemble the structure of the native human extracellular matrix 

(ECMn). In addition, they provide great advantages in terms of a larger surface area as well 

as a physical and mechanical barrier to bacterial penetration and biofilm formation, yet they 

still retain the oxygen and gas transfer properties necessary for wound healing (Fahimirad & 

Ajalloueian, 2019). 

Electrospinning is a polymeric-fiber fabrication process typically referred to as a random-

type production method due to the nonwoven fibrous substrates it typically produces. This 

process is based on the generation of an electrical field between a polymeric solution placed 

in a capillary tube and a metal collector. When the electrical field reaches its critical value, 

repulsive electrostatic force overcomes the surface tension of the polymeric solution, and a 

charged jet is produced. This process is accompanied by rapid solvent evaporation and results 

in the formation of long and thin fibers (Brown, 2015; Kitsara, Agbulut, Kontziampasis, 

Chen, & Menasché, 2017; Tuzlakoglu et al., 2005). 

Polymer electrospinning has attracted interest in the tissue engineering community because 

of the easy acquisition of ultrafine fibers which can be fabricated from a broad range of 

polymeric materials: both natural and synthetic polymers or hybrid combinations of these 

have been electrospun in regenerative medicine research. Such fibers closely resemble those 

collagen fibers in the extracellular matrix (ECM) found in native tissue; they provide high 

porosity, pore interconnectivity, and a large specific area which makes them highly 

conducive to cell attachment and growth (Kitsara et al., 2017; Pham, Sharma, and Mikos, 

2006). 

Cell infiltration is essential for the formation of a three-dimensional cell-scaffold and to 

promote tissue ingrowth and facilitate the scaffold integration into the host-tissue (Wu and 

Hong, 2016). In this sense, hybrid scaffolds produced by the combination of microfibers with 

nanofibers can result in scaffolds with large and interconnected pores, taking advantage of 

nano-sized fibers to improve cell adhesion and proliferation while the micro-sized fibers 
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promote cell infiltration. Additionally, the combination of micro and nanofibers make it 

possible to take not only of the characteristics of the polymers but also permit to improve the 

scaffolds properties (Christopherson, Song, and Mao, 2009; Pham et al., 2006; J. Wu and 

Hong, 2016). 

Nevertheless, the fiber diameter size can be controlled during electrospinning considering 

various parameters, such as the polymer structure and the solvent used to solubilize it, 

solution properties (i.e., viscosity, conductivity, polymer molecular weight), process 

parameters (i.e., flow rate, applied potential) and ambient conditions (i.e., temperature, 

humidity) (Soliman et al., 2011). 

Gelatin (Ge) is among the biopolymer widely used for tissue regeneration in skin 

regeneration. It is a biodegradable and biocompatible polymer, and produced by collagen 

hydrolysis, the most abundant protein in the ECM. Ge may provide a better environment for 

cell attachment, growth, and proliferation (Naghibzadeh et al., 2018). 

Polyhydroxybutyrate (PHB) is a polymer used in tissue regeneration and is a natural 

hydrophobic polymer derived from polyhydroxyalkanoates (PHA). It is synthesized by a 

wide variety of bacteria from renewable carbon sources when their growth is restricted by an 

essential nutrient and in the presence of an excess carbon source, and it may account for up 

to 80% of the cost (Daranarong et al., 2014). The PHB is non-toxic, biocompatible, and 

biodegradable (Khorasani, Mirmohammadi, and Irani, 2011). Therefore, its potential as a 

tissue engineering material is well supported by the fact that its monomer (3-hydroxybutyric 

acid) is a common metabolite in higher organisms.  

Paraburkholderia xenovorans LB400 is a bacterial strain that produces PHB and can grow 

in glucose, mannitol, and xylose as the sole carbon source under limited-nitrogen conditions 

(Urtuvia, Villegas, González, and Seeger, 2014); however, the PHB produced by this strain 

under different carbon sources has not yet been characterized. 

Based on this background, the PHB produced by P. xenovorans LB400 under mannitol, 

glucose and xylose has been characterized at physicochemical and mechanical level. 

Additionally, the potential use of the PHB produced by P. xenovorans LB400 under different 

carbon sources on skin regeneration has been studied in this thesis. 
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Hypothesis: 

“An electrospun skin scaffold, elaborated with the combination of gelatin nanofibers and 

PHB microfibers from P. xenovorans LB 400 using xylose as carbon source will have 

improved biological and physicochemical properties as compared with those elaborated from 

commercial PHB”. 

Objectives:  

General Objective: 

• To evaluate the physicochemical and the biological properties of an electrospun skin scaffold 

elaborated with the combination of nano and microfibers of gelatin and PHB from P. 

xenovorans LB400 using xylose as carbon source.  

Specific Objectives: 

1. To characterize PHBs produced from P. xenovorans LB400 using xylose, mannitol 

and glucose as sole carbon source. 

2. To design an electrospun skin scaffold using PHB from P. xenovorans LB400 and 

gelatin according to porosity, pore size, morphological structure, and cell infiltration. 

3. To characterize the scaffold in terms of its biodegradation rate and physicochemical 

properties 
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Chapter 2  

Theoretical background 
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2. Introduction 

Skin is the largest organ of the human body and it acts as an effective barrier, which plays a 

vital role in preventing pathogen invasion and to protect internal organs. Wounds are 

produced by physical, chemical, or thermal injuries that result in skin integrity breaking, and 

are characterized by a substantial dermal matrix loss, compromising its functions (Schultz 

and Wysocki, 2009). Skin wound persistence due to diseases, bacterial contamination, and/or 

repeated trauma causes a chronic condition where the natural extracellular matrix (ECM) 

cannot be established, and the normal wound-healing cascade is unable to progress. These 

chronic wounds make the body more susceptible to microbial infections and represent a 

significant healthcare problem. 

In Chile, around 12% of the population has suffered from wounds like burns, diabetic 

foot, and venous ulcers, which have the most significant impact on people’s life quality as 

compared with other types of wounds, due to the prolonged healing time and the 

physiological aftermath involved (Ministerio de Salud de Chile, 2016). It is expected that the 

number of chronic wounds will increase worldwide due to the increase in age-related 

conditions and pathologies such as diabetes, obesity, and cardiovascular diseases (Budovsky 

et al. 2015).  

Wound healing is a complex process, and the typical response includes four stages: 

hemostasis, inflammation, proliferation, and matrix remodeling (Figure 2-1) (Diegelmann 

and Evans, 2004).  

Hemostasis is the first stage of wound healing after an injury appears. It starts with the 

vasoconstriction of damaged vessels. The platelets adhere, aggregate and activate in damaged 

tissue as a result of their contact with collagen of the damaged vessels. At this stage is formed 

a temporary matrix, cytokines and other growth factors are released, and interacts with ECM, 

which initiates the repairing process, preparing the wound bed to the next stage of the healing 

process, the inflammatory stage (Olczyk, Mencner, and Komosinska-Vassev, 2014). 

The inflammatory stage focuses on destroying bacteria and removing waste, essentially 

preparing the wound bed for the growth of new tissue and involves the activation of the 
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immune system. Neutrophils and monocytes are the major cells that migrate rapidly into the 

wound (Shukla, Sharma, Gupta, and Yashavarddhan, 2019). This phase often lasts from four 

to six days and may occur edema, erythema (skin redness), heat and pain. 

The proliferative stage has is aimed to regenerate the tissue and cover the wound and 

has three distinct stages: 

1.1 Wound tissue regeneration; where the bright and intense red granulation tissue 

fills the wound bed with connective tissue and new blood vessels are formed. 

2.1 Wound contraction; where the margins of the wound contract and pull towards 

the center of the wound. 

3.1 Coverage of the wound (epithelization). Epithelial cells arise from the bed or 

the margins of the wound and begin to migrate by jumping through the wound bed until the 

wound is covered with epithelium. The proliferation phase usually lasts from four to 24 days. 

Finally, the last stage is the matrix remodeling, where the new tissue slowly gains 

strength and flexibility. Here, the collagen fibers are rearranged, the tissue regenerates and 

matures and there is a general increase in tensile strength (although the maximum strength is 

limited to 80% of the previous wound resistance). The maturation phase varies greatly from 

one wound to another, and usually lasts from 21 days to two years.  

The healing process is remarkable, complex, and is also susceptible to interruptions 

due to local and systemic factors, including moisture, infection and maceration (local); and 

age, nutritional status, body type (systemic). 
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Figure 2-1 Phases of wound healing (Modified from Gurtner et al. (2008).  

 

2.1 Tissue engineering and skin scaffolds 

 

Tissue engineering and regenerative medicine are interdisciplinary fields, which 

combine life sciences principles, material sciences, and engineering to create different tissue 

substitutes. A biomaterial-based scaffold plays a fundamental role in tissue engineering, 

because it provides mechanical and structural support, cell attachment, proliferation, 

differentiation, and eventually promotes tissue regeneration (Sheng et al. 2017). 

Development of scaffolds with degradable biomaterials is essential in tissue engineering 

research; the material should not be extracted by surgery and the organism must be able to 

degrade it on their own. 

Skin is the largest organ of the human body, and its anatomy is complex. It is composed 

of a thin cellular epidermis and a relatively acellular dermis, comprised by a collagen-rich 

extracellular matrix. The epidermis has high impermeability, and is the outermost body 

barrier, which controls water loss, and protects the body from external factors. The dermis is 

composed by a predominant extracellular matrix (collagen, elastin, and glycosaminoglycans) 
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and a few cellular constituents, mainly fibroblasts (This layer provides physical strength, skin 

flexibility, and vascular support (Zhong et al. 2010). 

 

Figure 2-2 Schematic representation of skin (Modified from Gurtner et al. (2008)) . 

 

Natural extracellular matrix (ECMn) provides and maintains an adequate cellular 

microenvironment, providing structural information and biochemical cues to surrounding 

cells. Moreover, ECMn affects cell behavior, including cell shape, proliferation, cellular 

migration, and helps maintaining and promoting site-appropriate cell phenotypes (Sheng et 

al., 2017). These characteristics are the ones that tissue engineering requires to replicate in 

an artificial extracellular matrix (ECMa).  

The ECMn is composed by three main molecules: (1) fibrous protein as collagen, to 

give scaffold structure, (2) adhesive glycoprotein (such as, fibronectin, vitronectin, and 

laminin), and (3) glycosaminoglycans such as, hyaluronan and proteoglycans, which define 

scaffold pore size (Schultz and Wysocki, 2009). An ECMa must satisfy some important 
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characteristics, as being a semi-permeable barrier, which must allow cell addition. Also, it 

must be non-toxic, non-inflammatory, non-immunogenic, malleable, and biodegradable. 

This last aspect is very important, since scaffolds are not permanent implants, they must 

therefore, degrade under physiological conditions, and their degradation products should be 

able to exit the body without interfering with other organs (Bambole and Yakhmi, 2016). 

Degradation rate must be adequate to tissue; if scaffolds degrade too slowly, tissue formation 

will be blocked, and if scaffolds degrade too rapidly, the void space will be invaded by fibrous 

tissue, hence forming scars (Nune et al. 2017). 

In view of the fact that scaffolding must satisfy all those characteristics, an exhaustive 

polymer selection is necessary to incorporate the highest amount of biological features. 

However, it is really important to considerate scaffold elaboration technique, at the moment 

of choosing polymers.  

According to scaffold morphology, a few physical characteristics must be evaluated, 

including porosity, structural integrity, swelling, and elasticity. There are many techniques 

for scaffolding such as solvent casting/particle leaching, freeze-drying, gas foaming, 

electrospinning, micropatterning, and micromolding. Each technique has its own advantages 

and limitations (Kitsara et al. 2017). 

 

2.2 Electrospinning  

Among the techniques used to develop scaffolds, electrospinning is the only one that 

can be used for industrial applications, as it can be effectively up-scaled (Kitsara et al. 2017). 

This is a simple and straightforward method to produce nanomaterials and nanostructures, 

which can be combined with other technologies to expand its applications in a wide variety 

of fields. This technique has turned out to be a promising method for the production of 

innovative dressing for wound healing (Der et al. 2017). Electrospinning is an 

electrohydrodynamic process, where a polymeric solution is spun by the application of a high 

potential electric field to obtain fibers with different diameters. The conformation of this 

process consists of four main components: (i) a high voltage source (1–30 kV) usually 
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operated in direct current mode, though alternating current mode is also possible; (ii) a blunt 

ended stainless steel needle or capillary from where the polymer is ejected; (iii) a syringe 

pump, and (iv) a collector, either a flat plate or a rotating drum (Bhushani and 

Anandharamakrishnan, 2014). 

Briefly, in the traditional electrospinning process, a polymeric solution is fed through 

a thin needle, opposite to a collector and a high voltage is applied to form a jet of the solution 

that travels from the needle to the collector, where it is deposited in the form of dried 

nanofibers (Kitsara et al., 2017). The parameters can be adjusted for nanofiber formation, 

and include the solution properties (viscosity, conductivity, surface tension, molecular 

weight, concentration, and polymer architecture), the process parameters (electric potential, 

flow rate, needle-collector distance, collector shape and composition), and environmental 

parameters (temperature, humidity). This technique is well known for being easy to process 

and cost-effective (Kitsara et al., 2017). Electrospun fibers matrices are morphologically 

similar to ECMn, characterized by continuous fibers ranging from nano to micro scale, high 

surface-volume ratio, high porosity, and variable pore-size distribution. Efforts have also 

been made to modify fibers surfaces with several bioactive molecules to provide cells with 

the necessary chemical cues. In addition, fibers matrix physicochemical properties can be 

controlled by manipulating electrospinning parameters to meet the requirements of a 

particular application. 

The main advantage of electrospinning is still its low-cost and simplicity, besides it is 

a method that can be adapted in a biological laboratory and also it is easily scalable to 

industrial level (Persano et al. 2013). Consequently, it is becoming popular for biomedical 

applications, and it is most definitely the cutting-edge industrial application technique for 

manufacturing dressing that mimic ECM (Khorshidi et al., 2016). Nanofiber mechanical and 

structural properties facilitate production of scaffolds that are suitable for implanting 

different types of cells (Ladd et al. 2011).  

The electrospinning technique also offers precise control over the composition, 

dimension, and the alignment of fibers that have impact on the porosity, pore size 

distribution, and scaffold architecture. This method allows engineering a wide range of 

adjustable structural and mechanical properties as required by specific applications (Hasan 
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et al., 2014). Electrospun fiber morphology is affected by various parameters including 

density, viscosity, electrical conductivity, molecular weight, surface tension, applied voltage, 

flow rate, needle-collector distance, and environmental variables such as humidity and 

temperature. 

 

 

 

Figure 2-3 Diagram explaining electrospinning micro and nanofiber combination 

technique. Modified from (Wu and Hong, 2016). 

 

2.3 Porosity and pore size and their relation with neovascularization 

Cellular scaffolds designed for tissue engineering must be highly porous, pore size 

must be large and they have to be interconnected. High porosity increases tissue surface area; 

therefore, it also increases water absorption capacity. Pore size is important because it will 

allow cell infiltration into the scaffold, in this way, the matrix acts as a 3-D support for cells 

and not as a two-dimensional sheet. The interconnection between pores is very important 

because it will promote blood vessels growth (neovascularization). It has been demonstrated 

that a pore size higher than 5 μm allows neovascularization, while a size between 20-125 μm 

grants skin regeneration of adult mammals. Neovascularization is essential for tissue 

regeneration, as it allows the exchange of nutrients, oxygen, CO2, among others (El-Sherbiny 

and Yacoub 2013). 
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Figure 2-4 Schematic illustration of blood vessel formation, encouraged by endothelial cell 

seeding into the porous scaffold. Modified from El-Sherbiny and Yacoub, (2013). 

 

Although, electrospinning is a technique that generates highly porous matrices, pore 

size is small, which does not allow cell infiltration. A wide variety of techniques have been 

developed to control or modify pore size, the combination of nano and microfibers is among 

them, which results in a large pore size and a great interconnection between them (Figure 2-

3). This technique is based on the use of two separate syringes, each injecting a different 

polymer, one of them must form nanometric size fibers and the other must produce 

micrometric size fibers. Studies developed by Balguid et al. (2009), showed that pore size 

depends mainly on fiber diameter. Nano-sized fibers promote cell adhesion and proliferation, 

while micro-sized fibers increase pore size and promote cell infiltration. It has been 

demonstrated that the development of matrices with this technique, with a pore size between 

20 and 45 µm, promotes an infiltration of about 1.2 mm of depth in the cell matrix (Wu and 

Hong 2016; Pham et al., 2006). Electrospun fiber morphology can be controlled by 

modifying parameters such as solution properties, process parameters, or environmental 

conditions (Soliman et al., 2011). 
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2.4 Polymers 

Ideally, biomaterials used in tissue engineering should perform the ECMn structural 

and biochemical functions. Scaffolds for tissue engineering are commonly fabricated from 

biodegradable polymeric materials, which can be categorized as natural or synthetic 

polymers (Nune et al., 2017). Natural-origin polymers such as collagen, chitosan, hyaluronic 

acid, fibrin, alginate, and silk fibroin, have the advantage of being biologically recognized 

and possess a potential bioactive behavior. However, there are several disadvantages 

associated with the use of these polymers, such as immunogenicity, pathogenic 

contaminations, limited mechanical properties, and rapid biodegradability, which limit their 

applications (El-Sherbiny and Yacoub 2013).  

Gelatin (Ge) is a hydrolyzed form of animal collagen, and can be extracted from skins, 

bones, and tendons. It is widely used due to its protein nature, and because it contains cell-

specific domains such as the Arg-Gly-Asp (RGD), which allow cell adhesion to the sequence, 

and it is completely absorbable (Enrione et al., 2010). It is also commercially available at 

low cost and ready-to-use; it is biodegradable and biocompatible, and it exhibits low 

antigenicity (Hoque et al. 2014). Previous studies have demonstrated that using gelatin as an 

engineered tissue component significantly improves infiltration, adhesion, spreading, and 

proliferation of cells on resulting scaffolds. However, due to its inferior mechanical 

properties, gelatin is generally used for scaffolding in combination with other materials. 

Thus, gelatin blends with natural or synthetic polymers, exhibit very attractive 

physicochemical, biomechanical, and biocompatibility properties for cellular scaffolding. 

On the other side, polyesters are polymers widely used; these are polymers with an 

ester group in the main chain and can be naturally obtained or chemically synthesized. Poly-

hydroxyalkanoates (PHAs), also known as bacterial bioplastics, belong to the intracellular 

polyesters and are synthesized in granules by a wide variety of bacteria under nutrient 

limitation (nitrogen, phosphorus, and oxygen), or after pH shifts.  
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2.5 Characteristics of PHA 

PHAs are linear aliphatic polyesters, composed of monomeric units of R-

hydroxyalkanoic acids. These polymers are stored in the bacterial cytoplasm in form of 

inclusion bodies, named granules. Granules, or carbonosomes, are formed by PHA and 

different proteins associated with the granule surface, such as PHA synthases, PHA 

depolymerases, phasins and proteins associated with the regulation and the granule 

localization (Bresan et al., 2016). Phasins are a protein family of low molecular mass and are 

the main proteins in the granule membrane. Some studies have shown that mutating the phaP 

gene of Ralstonia eutropha, produces a decrease in the amount of phasins and the granules 

morphology is affected, synthesizing one very large PHA granule. On the contrary, the 

overexpression of this gene produces an increase in the number of small granules. Thus, these 

proteins influence the number and size of granules in the cells, since it prevents the 

coalescence between the granules (Jendrossek, 2009).  

Granules show diameters of around 0.2 and 0.4 μm and may contribute to >90% of the 

cell mass (Bresan et al., 2016; Laycock, Halley, Pratt, Werker, and Lant, 2014a; Tian, 

Sinskey, and Stubbe, 2005). In Ralstonia eutropha the granules membrane is conformed by 

a monolayer between 2.9 and 4.0 nm, but the exact molecular composition is still unclear 

(Bresan et al., 2016; Jendrossek, 2009). Accumulation of PHA in cells has been observed 

with staining dyes such as Sudan Black B and the oxazine dyes Nile Blue A or Nile Red 

(Anjum et al., 2016). 

The molecular mass of PHA ranges between 200 and 300 kDa depending on the 

bacteria and their metabolic capability. Also, the growth conditions such as carbon source, 

culture medium, pH, fermentation mode (batch, fed-batch, continuous) affect the molecular 

mass (Anjum et al., 2016; Urtuvia, Villegas, Fuentes, González, and Seeger, 2018). 

Over 150 different monomers as PHA constituents have been described, providing a 

set of materials with tunable characteristics in terms of mechanical properties and 

degradation rates (Larrañaga et al., 2014). An enormous variation in the length and 

composition of the side chain of PHA has been reported. The PHA polymer family is suitable 

for diverse medical applications (Verlinden, Hill, Kenward, Williams, and Radecka, 2007). 
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PHA can be classified into three groups: i) scl-PHA, with a chain length from 3 to 5 carbon 

atoms, ii) mcl-PHA, with a chain length from 6 to 14 carbon atoms, and iii) long chain length 

PHA (lcl-PHA) consisting of hydroxy acids with N14 carbon atoms in their aliphatic chain, 

which are rare (Jendrossek 2009; Tian, Sinskey, and Stubbe 2005). scl-PHA biopolymers are 

stiff, brittle and possess a high degree of crystallinity in the range of 60–80% (Anjum et al. 

2016), whereas mcl-PHA display low crystallinity, a low glass transition temperature, low 

tensile strength and high elongation at break (Larrañaga et al., 2014). The PHA synthases are 

the key enzymes catalyzing the PHA polymerization. These enzymes are divided in four 

classes based on the subunit composition and the substrate specificity. The class I accepts R-

3-hydroxybutyryl-CoA thioester as substrate to produce PHB and the class II accepts 

substrates ranging from C6 to C14 atoms of 3-hydroxyacyl-CoA thioesters to produce mcl-

PHA (Peters and Rehm, 2005). The class III synthases have substrate specificity similar to 

class I synthases, but possess two subunits, the PhaE of ~40 kDa and PhaC of ~39 kDa 

meanwhile the class I synthases possess only one subunit of ~64 kDa (Tian, Sinskey, and 

Stubbe 2005). Finally, the class IV synthases are prevalent in the Bacillus genus, these 

enzymes are conformed by two subunits PhaC of ~40 kDa and PhaR with a molecular weight 

between 22 and 19.5 kDa. This enzyme class is capable of polymerizing mainly scl-PHA 

(Tsuge, Hyakutake, and Mizuno, 2015). 

Poly-3-hydroxybutyrate (PHB) was the first PHA discovered and is a scl-PHA 

composed of 3-hydroxybutanoic acids units. PHB is a versatile polymer, which can be 

extruded, molded, spun into fibers, made into films and blended with other polymers to 

produce heteropolymers. However, it has not been used yet to replace conventional plastics 

on a large scale because of its high production cost (Khanna and Srivastava, 2005). Nearly 

50% of PHA production is associated with the carbon source cost and the other 50% of the 

cost is associated with the fermentation performance, the metabolic and genetic engineering, 

the process optimization, modeling and polymers purification methods (Jiang et al., 2016; 

Khosravi-Darani, Mokhtari, Amai, and Tanaka, 2013). 
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2.6 PHA degradation 

Microorganisms, both bacteria and fungi, have the capacity to degrade PHA aerobically and 

anaerobically and use it as a carbon source. Usually the degradation process is carried out by 

intra or extracellular PHA depolymerases produced by the microorganisms. The PHA 

degradation rate depends on the molecular mass, crystallinity, polymer composition, crystal 

size, thickness, and also some environmental features, such as moisture, pH, temperature and 

nutrient content (Maestro and Sanz, 2017; Verlinden et al., 2007). It is important to highlight 

that the PHA depolymerases that degrade scl-PHA are not able to degrade mcl-PHA due to 

their high stereoselectivity. 

The specific site of PHA depolymerase produced by bacteria and fungi includes specific 

amino acid residues of serine, aspartic acid and histidine that cleave the ester bond of PHA 

through a nucleophilic reaction (Ray and Kalia, 2017). 

There is a wide variety of soil microorganisms capable of degrading different PHA. Volova 

et al. (2017) identified different species of microorganisms that possess the enzymatic tools 

to degrade different PHA types such as the genera Achromobacter, Nocardia, Variovorax 

and Streptomyces. Streptomyces is the genus which produces the highest amount of PHA 

depolymerases (Volova, Prudnikova, Vinogradova, Syrvacheva, and Shishatskaya, 2017). 

An acceleration of the PHB degradation rate has been observed by adding or combining 

polymers or plasticizers (Vieira, Da Silva, Dos Santos, and Beppu, 2011; Yoshie et al., 2000). 

A study developed by Yoshie et al. (2000) observed that the use of tributyrin, dodecanol, 

lauric acid and trilaurin increased the PHB degradation when these additives were used at 

1% w/v. However, at 9% w/v these additives act as retardants of the degradation using PHA 

depolymerase from Alcaligenes faecalis T1. Additionally, amorphous or hydrophilic 

additives lead to higher water adsorption and accelerated hydrolysis (Hasan et al., 2014). 

PHAs are synthesized to be used as energy and carbon source and are conformed by 

R-hydroxyalkanoic acids monomer. PHAs are classified according to their chain length in 

two different groups; the first group consists of short chain length PHAs (scl-PHAs) with a 

chain length of 3 to 5 carbon atoms, and the second group consists of medium chain length 
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PHAs (mcl-PHAs) with a chain length of 6 to 14 carbon atoms. The chain length determines 

the polymer crystallinity and also mechanical and thermal properties. The scl-PHAs possess 

high crystallinity, about 55 to 80%, which means that these polymers have high melting 

temperature that makes them relatively stiff and brittle. On the contrary, mcl-PHAs act as 

elastomers within a very narrow temperature range due to their low melting temperature, and 

their crystallinity is about 25% (Możejko and Kiewisz, 2016). The PHA mechanical 

properties decrease when their molecular weight is inferior to 400 kDa. For PHA 

thermoplastic applications, the value of its molecular weight should be higher than 600 kDa 

(Laycock et al. 2014). 

PHB is a hydrophobic polymer derived from PHAs and it is also synthesized by a wide 

variety of bacteria from renewable carbon sources (Daranarong et al., 2014). The PHA 

monomer composition depends highly on the host microorganism metabolic capability and 

on the PHA synthase substrate specificity, and subsequently, it determines PHA 

physicochemical properties. This polymer can be degraded by a variety of enzymes over a 

broad range of temperatures, resulting in non-toxic degradation products. This class of 

polymers has the advantage of being biodegradable and biocompatible and therefore, its 

potential as tissue engineering scaffolds is well supported by the fact that its monomer (3-

hydroxybutyric acid) is a common metabolite in higher organisms.  Consequently, PHB has 

been explored as a biomaterial for medical devices and is now approved by Food and Drug 

administration (FDA) (Anbukarasu et al. 2016). 

Previous studies have shown that the PHB-derived terpolyester, poly-3-

hydroxybutyrate-co-3-hydroxyvalerate-co-3-hydroxyhexanoate (PHBVHHx), was excellent 

to support the growth of HaCaT cell line due to its better thermo-mechanical properties (Ji et 

al., 2008). Furthermore, the adhesion, proliferation, and gene expression of human skin 

fibroblast have been evaluated on PHBV fibers and have proved a higher collagen I and 

elastin expression on these fibers. Moreover, PHBV fiber angiogenic capacity has been 

evaluated using R-spondin 1 as angiogenesis factor, and results proved that R-spondin 1 is 

stimulated during the wound healing process.  
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2.7 PHA as electrospun scaffolding material 

The first papers reporting the use of electrospinning to produce ultrafine fibers from 

PHB and copolymers of 3-hydroxybutyrate with 3-hydroxyvalerate were published in 2006 

(Volova et al., 2014). One of the main advantages of using electrospinning to form scl-PHA 

electrospun fibers is that it provides the possibility to hydrophobicity control and the cells 

adhesion. For example, PHBHV electrospun film contact angle could be controlled from 

75.9° to 158° (Wang et al., 2016). 

Besides, it has been proved that polymer mechanical properties are increased using 

electrospinning. Ying et al. (2008), studied the effect of electrospinning on mechanical 

properties of different PHAs, and they found that all spun-fiber mechanical properties are 

similar to those of the human skin, and hence suggest that they are mechanically stable when 

supporting regenerated tissues (Ying et al., 2008). However, Volova et al. (2014) show that 

the fiber orientation within the scaffolds defined mechanical properties, too. Firstly, they 

found that mechanical properties change in accordance with the evaluated copolymer. 

Secondly, they found that aligned ultrafine fibers, prepared from different PHAs, have higher 

mechanical properties than those randomly oriented fibers; nevertheless, the elongation at 

break is always higher in those randomly oriented fibers. Moreover, fiber orientation had a 

significant effect on fibroblast cell growth and viability, being fibers randomly oriented the 

ones that allow better cell proliferation and cell infiltration (Volova et al., 2014). This aspect 

is quite important if PHA nanofibers are going to be used as scaffolding material and if 

cellular infiltration is required. 

The PHA has been blended with different polymers to improve their mechanical 

properties and to accelerate their degradation rate. Natural polymers can be divided into 

proteins and polysaccharides. A study carried out by Nagiah et al. (2013a) developed fibers 

by electrospinning, using gelatin with PHB. The system was elaborated by the blending 

method (Figure 2-5.b). This system exhibits good tensile strength, and the fibers did support 

the growth and a rapid proliferation of human dermal fibroblast and keratinocytes with 

normal morphology (Nagiah et al. 2013a). A gelatin concentration increase accelerated the 

biodegradation of the developed scaffold; it also increased fiber tensile strength under dry 

conditions. Nevertheless, under wet conditions, gelatin concentration increase caused a 
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decrease on tensile strength, which made their use difficult since scaffolds might get wet 

under normal healing conditions. Another study using gelatin and PHB was developed by 

Nagiah et al. (2013b), in this case they used the coaxial system, where PHB was the core and 

gelatin was the shell (Figure 2-5.c). Coaxial system significantly improved the elongation at 

break under wet conditions, however, Young’s modulus is decreased under wet and dry 

conditions compared with those blend fibers, which means that coaxial fibers are more easily 

deformed due to their lower elastic limit (Nagiah et al., 2013b). 

 

 

Figure 2-5 Schematic representation of polymers distribution in the fibers a) combination 

of fibers of different polymers, b) polymers-blend in the fibers and c) coaxial-fibers 

(Sanhueza et al., 2019). 
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Table 2-1 Electrospun PHA mechanical properties with different copolymer concentrations 

Polymer CX (%) Or E (MPa) σ (MPa) ε (%) References 

PHB 

- None - 43 5 
(Verlinden et al., 

2007) 

- RE 356.23 9.32 13.3 
(Volova et al., 2014) 

- AE 543.03 11.17 9.9 

PHBV 

3 None 2900 38 - 
(Khanna and 

Srivastava, 2005) 

4.5 
RE 9.61 0.75 47.36 

(Volova et al., 2014) 
AE 824.04 14.18 10.4 

9 None 1900 37 - 
(Khanna and 

Srivastava, 2005) 

10.5 
RE 5.81 0.67 40.72 

(Volova et al., 2014) 
AE 463.52 12.26 11.56 

20 None 1200 32 - (Khanna and 

Srivastava, 2005) 25 None 700 30 - 

32.8 
RE 13.91 0.80 38.33 

 (Volova et al., 2014)  
AE 321.90 14.13 91.16 

PHBHx 

4.9 
RE 22.58 0.94 63.25 

(Volova et al., 2014) 
AE 563.61 16.27 14.83 

10 

None - 21 400 
(Verlinden et al., 

2007) 

RE 18.68 0.76 29.45 

(Volova et al., 2014) 
AE 431.04 10.26 20.69 

13.6 
RE 2.91 1.26 102.37 

AE 479.95 12.71 50.00 

P(3HB-co-4HB) 

3 None - 28 45 

(Volova et al., 2014) 
6.1 

RE 3.61 0.82 58.95 

AE 817.50 15.33 13.10 

10 

None  24 242 
(Khanna and 

Srivastava, 2005) 

RE 18.68 0.76 29.45 
(Volova et al., 2014) 

AE 193.70 5.70 52.46 

16 None - 26 444 
(Verlinden et al., 

2007) 

13.6 
RE 2.91 0.58 21.59 

(Volova et al., 2014) 

AE 113.54 9.3 180.33 

20.3 
RE 2.32 1.01 117.33  

AE 77.94 15.74 262.29 

38 
RE 1.22 1.46 177.74 

AE 5.50 11.91 245.90 

48.3 
RE 1.60 0.81 118.93 

AE 4.12 4.92 311.47 

64 None 30 17 591 (Khanna and 

Srivastava, 2005) 90 None 100 65 1080 

PP - - - 38 400 
(Verlinden et al., 

2007) 

Human skin - - 15 - 150 5 – 30 - (Ying et al., 2008) 

Or: Orientation; RE: Randomly oriented; AE: Aligned; E: Young’s Modulus; σ: Tensile 

strength ε: Elongation at break; PP: Polypropylene; Cx: Copolymer molar fraction; PHBV: 

Poly(3-hydroxybutyrate-co-3-hydroxyvalerate); PHBHx: Poly(3-hydroxybutyrate-co-3-

hydroxyhexanoate); P(3HB-co-4HB): Poly(3-hydroxybutyrate-co-4-hydroxybutyrate).  
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Table 2-2 Mechanical properties of electrospun scaffolds made of PHA in combination with 

natural or synthetic polymers.  

Polymers blends   Ratio σ (MPa) ε (%) E (Mpa) Ref 

PHA-Natural polymers blends 

Ge/PHB  

Blend system 

Dry 

15/85 6.63 15.86 4.3 

(Nagiah et 

al., 2013a) 

30/70 8.8 10.69 6.2 

50/50 14.56 14.72 4.2 

Wet 

15/85 4.64 16.25 1.4 

30/70 6.54 27.22 1.2 

50/50 2.49 10.17 5.01 

Ge/PHB coaxial 

system 

Dry - 6.01 3.99 0.56 (Nagiah et 

al., 2013b) Wet - 2.6 132.22 0.17 

ZE/Poly(3HB-co-4HB) Dry 

100/10 3.65 8.24 289 

(Zhijiang et 

al., 2017)  

80/20 4.77 14.84 232 

60/40 5.45 20.09 211 

40/60 6.36 46.71 194 

20/80 7.09 69.12 187 

0/100 7.74 113.34 247 

CA/Poly(3HB-co-4HB) Dry 

10/100 7.44 22.7 867.5 

(Zhijiang et 

al., 2016)  

10 90 7.86 16.7 854.2 

20/80 6.64 14.35 835.1 

30/70 5.78 9.64 822.4 

40/60 4.52 6.53 806.9 

100/0 1.56 2.35 41.6 

PLLA/PHBHV   

100/0 0.89 - 52.03 

(Wagner et 

al., 2014) 

80/20 0.78 - 49.08 

70/30 0.52 - 28.52 

60/40 0.32 - 18.84 

0/10 0.35 - 19.9 

PHA-Synthetic polymers blends 

PLLC/PHB Dry 

0/100 1.2 10.6 - 

(Daranarong 

et al., 2014)  

25/75 No 

differences 

 with  

100% 

P(3HB) 

scaffold 

41.6 - 

50/50 - - 

75/25 - - 

100/0 5.8 62.6 - 

E: Young’s Modulus; σ: Tensile strength ε: Elongation at break; CA: Cellulose acetate; GE: 

Gelatin; ZE: Zein; PDLLC: Poly(D-L-lactide-co-Ɛ-caprolactone); PLLC: Poly(L-lactide-

co-Ɛ-caprolactone); Poly(3HB-co-4HB): Poly(3-hydroxybutyrate-co-4-hydroxybutyrate). 
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2.8 PHA degradation by higher organisms 

The degradation process of polyhydroxy acids reveals the complexity of the hydrolysis 

mechanisms, which depend on a high number of variables, such as crystallinity, sample size 

and shape, and the medium (Hurrell and Cameron, 2001). In mammals, PHAs are degraded 

by enzymes present in blood and tissues. A study developed by Atkins and Peacock, (1996) 

evaluated the degradation of poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) 

microspheres in different fluids such as bovine serum, pancreatin and synthetic gastric juice. 

The polymers were degraded at a different rate according to the kind of fluid. Bovine serum 

was the most effective for polymer degradation, followed by pancreatin juice (Philip, 

Keshavarz, and Roy, 2007). In vitro studies have shown that pancreatin plays a key role in 

PHB degradation. Pancreatin is composed of a mixture of esterases, lipases, amylases and 

proteases (e.g., α-chymotrypsin, trypsin). The active site of pancreatic lipase contains Ser, 

His and Asp, which are also present in the active site of PHB depolymerase (Freier et al., 

2002). 

Low molecular mass PHB complex with other molecules (cPHB) has been reported in the 

cells of practically all phyla, which proves its biological importance to higher organisms. 

Although in microorganisms the molecular mass could reach 100,000 3HB units per single 

polymer, the cPHB could reach between 10 and 100 3HB units per single polymer in 

eukaryotic cells (Elustondo, Zakharian, and Pavlov, 2012). These oligomers could form a 

complex with other molecules such as proteins and salts to form cPHB (Sun, Dai, Zhao, and 

Chen, 2007). The cPHB complexation modifies physical and chemical properties of cPHB, 

which allows this complex to be associated with cell regions with hydrophobic and 

hydrophilic characteristics, such as membranes, cytoplasm and lipoproteins (Chen and Wu, 

2005). The main function attributed to cPHB is the ion transport through hydrophobic 

environments such as membranes (Yang et al., 2009). 

An acceleration of the PHB degradation rate has been observed by adding or combining 

polymers or plasticizers. The most common plasticizers used in PHB and PHBV are 

dodecanol, lauric acid, tributyrin, trialurin, soybean oil, epoxidized soybean oil, dibutyl 

phthalate and triethyl citrate (Vieira et al., 2011). Additionally, amorphous or hydrophilic 

additives lead to higher water adsorption and accelerated hydrolysis (Chen and Wu, 2005). 
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PHB is degraded under acidic conditions through acid hydrolysis of the ester bond 

(Anbukarasu et al., 2015). On the other hand, the degradation process of the copolymer 

poly(3-hydroxybutyrate-co-3-hydroxyhexanoate (PHBHx) occurs more rapidly in the 

amorphous region rather than in the crystalline region (Qu, Wu, Zhang, and Chen, 2006). In 

addition, the in vivo biodegradation of poly(3-hydroxyoctanoate) (PHO) after 40 weeks is 

close to 50%, which suggests a slow hydrolytic breakdown of the polymer (Chen and Wu, 

2005). 

PHB and its copolymers, poly(3-hydroxybutyrate-co-4-hydroxybutyrate) (P(3HB-co-4HB) 

and P(HBHx), have been studied in vitro and in vivo for their biocompatibility properties. 

P(HBHx) is degraded into oligo(3-hydroxybutyrate) (OHB) and oligo(3-hydroxybutyrate-

co-3-hydroxyhexanoate) (OHBHx). Both oligomers have shown positive effects on mouse 

fibroblast growth (Sun et al., 2007; Yang et al., 2009). 

The monomer 3HB is one of the three main ketone bodies that have regulation effects on 

insulin secretion. 3HB has also been associated with high cell calcium permeability by 

forming non-selective ion channels across the cell membrane (Yang et al., 2009). 3HB has a 

protective effect on dopaminergic neurodegeneration associated with an increase in 

mitochondrial respiration and ATP production (Tieu et al., 2003). In fibroblast 3HB has 

proved to had a stimulatory effect on cell cycle progression that is mediated by a signaling 

pathway-dependent upon increases in [Ca2+], which may underlie the good biocompatibility 

observed for PHB (Cheng et al., 2005). 

 

2.9 PHAs from Paraburkholderia xenovorans LB400 

Paraburkholderia xenovorans LB400 is a strain of Burkholderia genus, having a large 

genome (9.73 Mbp) and possesses high metabolic versatility. This strain is an aerobic 

bacteria, which is used mainly for its polychlorobiphenyls degradation capacity, considered 

as persistent organic pollutant compounds (Urtuvia, Villegas, González, and Seeger, 2014). 

However, PHAs-production of P. xenovorans LB400 has been recently discovered, and there 

is very little information about it. A study of its genome has identified the presence of genes 
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involved in metabolic pathways of synthesis and degradation of PHAs, which means that it 

has enzymatic charge to produce and degrade PHBs. Mainly, two metabolic ways have been 

identified to be involved in PHAs synthesis; the way that implies the use of sugars, and the 

one that comprises the use of fatty acid catabolic pathway (β-oxidation) (Urtuvia et al., 2014). 

P. xenovorans LB400 is able to grow in glucose, mannitol, and xylose as sole carbon source. 

It is known that the carbon source affects PHAs structure, both in their crystallinity and in 

their chemical structure; however, there is no information about how carbon source changes 

the structure of PHAs in these bacteria and how their physical and chemical properties 

change. A recent study developed by Acevedo et al. (2018), found that PHA nanofiber films 

obtained from different carbon sources exhibited important differences, mainly pore and fiber 

diameter (2.6 and 2.2 µm, when xylose or mannitol are used as carbon sources, respectively) 

(Figure 2-6). Both parameters are important in the designing of scaffolds, so it is important 

to evaluate how carbon source affects scaffold functionality or even if it is possible to use 

them without considering whether the carbon source is an important factor for scaffolding 

functionality. 

 

Figure 2-6 SEM micrographs of PHB electrospun micro-fibers produced from P. 

xenovorans LB 400. a) PHB fibers produced by strain LB400, using xylose as sole carbon 

source and b) PHB fibers produced by strain LB400 using mannitol as sole carbon source 

(Acevedo et al., 2018). 
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Abstract 

Poly-3-hydroxybutyrate (PHB) is a biocompatible polymer produced by a wide 

variety of bacteria from different carbon sources. However, the carbon source effects on PHB 

properties are largely unknown. Paraburkholderia xenovorans LB400 can produce PHB 

from a variety of substrates. The aim of this study was to characterize PHB produced by P. 

xenovorans LB400 from glucose (PHBg), mannitol (PHBm) or xylose (PHBx) as sole carbon 

sources and to evaluate their potential application as the main component of scaffolds 

obtained by electrospinning. The PHBs produced by P. xenovorans had different molecular 

weights (determined by gel permeation chromatography); the largest value corresponded to 

PHBm. The XRD spectra revealed that PHBs produced by P. xenovorans LB400 from the 

three carbon sources are less crystalline than the commercially available polymer (PHBc). 

Moreover, the electrospinning process decreases even further their degree of crystallinity, 

from 35% to 18%, which could lead to an improvement in the mechanical properties of the 

polymers. Relevantly, PHBx microfibers exhibited mechanical characteristics similar to those 

of human skin, despite their low morphology index. None of the scaffolds made of PHBs 

from P. xenovorans LB400 grown in different carbon sources showed adverse effects on 

fibroblast cell growth. Thus, modifying the sugar used as the carbon source may be useful to 

tune the structural properties of PHB and its performance as a component of electrospun 

scaffolds, which may better fit to specific biomedical applications. 

 

Keywords 

Poly-3-hydroxybutyrate, Paraburkholderia xenovorans LB400, carbon source, 

electrospinning  
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3.1 Introduction 

Polyhydroxyalkanoates (PHAs) are natural water-insoluble polyesters synthesized by 

a wide variety of bacteria from renewable carbon sources when their growth is restricted by 

an essential nutrient and in the presence of an excess carbon source (Daranarong et al., 2014). 

The production of PHA depends on bacterial metabolism, carbon source and specific nutrient 

availability, mainly nitrogen, phosphorus and oxygen. Poly-3-hydroxybutyrate (PHB) is the 

most common type of PHA produced by bacteria. PHB is a linear and semicrystalline 

polymer, although when the polymer is inside the complex subcellular organelles in the 

cytoplasm (named granules), it is completely amorphous (Mottin, Ayres, Eliane, Oréfice, and 

Câmara, 2016). The average molecular weight (Mw) and polydispersity index (PdI) of PHA 

determine the structural (crystallinity), thermal (melting point Tm, glass transition 

temperature Tg) and mechanical (elastic module, elongation and tensile strength) properties 

(Sim et al., 1997). The Mw of PHB synthesized by PHA-producing bacteria usually ranges 

from 50 to 3,000 kDa (Agus et al., 2010). 

One of the most significant limitations to expand the industrial application of PHA is 

the high production costs. Up to 50% of the product price depends on the raw material costs, 

mainly the carbon source (Urtuvia et al., 2014). Efforts have been made to use carbon 

feedstocks derived from economical, renewable resources. For example, hemicellulosic 

hydrolysates have been identified as promising carbon sources for sustainable PHA 

production, since they are composed mainly of xylose, glucose and other simple sugars that 

can be easily metabolized by diverse microorganisms (Jiang et al., 2016).  

Burkholderia spp. possess high metabolic versatility and may adapt to different 

ecological niches, including soil and aqueous environments (Urtuvia et al., 2014). Many 

carbon sources, such as xylose, galactose, glucose, mannitol, glycerol and levulinic acid have 

been tested to support growth and PHB production by Burkholderia cultures (Cerrone et al., 

2015; C. Zhu, Nomura, Perrotta, Stipanovic, and Nakas, 2010). Differences in the 

accumulation of PHB in cells have been observed when different carbon sources are supplied 

in the growth medium. Bacteria isolated from root nodules, including some Burkholderia 

spp., produce more PHB when grown in medium with sucrose or mannitol than with glucose 

and xylose (Kumbhakar, Singh, and Vidyarthi, 2012). Similarly, Burkholderia cepacia 
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synthesizes PHB more efficiently from mannitol, glucose and xylose than from other simple 

sugars such as mannose and arabinose (Cerrone et al., 2015). However, not only the yield 

but also the molecular weight of the PHB depends on the carbon source (Zhu et al., 2010). 

Paraburkholderia xenovorans LB400, formerly known as Burkholderia xenovorans LB400, 

has been shown to produce PHB under limited-nitrogen conditions and in the presence of 

sugars as the carbon source through a PHA anabolic pathway (Gonza et al., 2006; Urtuvia et 

al., 2014). Yet there is still a paucity of knowledge on how the structural and 

physicomechanical properties of PHBs produced by P. xenovorans varied when grown in 

media with different carbon sources. 

In the biomedical field, PHB is being extensively explored as a component of surgical 

sutures, bone plates and a variety of scaffolds for various tissues (Philip et al., 2007). PHB 

is highly biocompatible and its monomer, 3-hydroxybutyric acid, is found as a ketonic body 

in mammals, but the slow biodegradation rate and the poor mechanical properties of PHBs 

narrows their scope of application (Agus et al., 2010; Philip et al., 2007). To overcome these 

drawbacks, preparation of PHB nano and microfibers by means of electrospinning is 

receiving increasing attention. Randomly and aligned oriented fibers of PHB solely or with 

other polymers have been tested as scaffolds for tissue regeneration (Chen et al., 2017; 

Mottin et al., 2016; Nagiah, Madhavi, Anitha, Anandan, et al., 2013; Nagiah, Madhavi, 

Anitha, Srinivasan, et al., 2013; Sanhueza et al., 2019; Volova et al., 2014). Nevertheless, 

information about the effects of PHB structural properties on the final performance of the 

electrospun fibers is still scarce. 

In a preliminary study, it has been shown that electrospun fibers prepared with PHB 

from P. xenovorans LB400 grown in mannitol as the sole carbon source have a different 

diameter and morphology than those from the same strain grown in xylose (Acevedo et al., 

2018). Although not further investigated, these findings suggest that the carbon source may 

strongly determine PHB molecular properties, which in turn may affect the polymer 

rheological properties and other features relevant to electrospinning as well as the 

performance of the final fibers. Thus, to gain further insight into this hypothesis, the present 

study aims to identify the most relevant differences among PHBs produced by P. xenovorans 

LB400 from glucose (PHBg), mannitol (PHBm) or xylose (PHBx) as sole carbon sources and 
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to evaluate the potential application of each PHB as the main component of scaffolds 

obtained by electrospinning. For the purposes of comparison, the PHBs produced by the 

strain LB400 were compared with a commercially available PHB (PHBc) obtained from 

Ralstonia eutropha, also from the Burkholderiaceae family. 

 

3.2 Materials and methods 

a. Materials 

PHB (CAS 29435-48-1) was from Sigma Aldrich Co. (St Louis, MO, USA). NaOH; 

KH2PO4; K2CO3; CaCl2×2H2O; NaCl; Na2HPO4; NH4Cl; MgSO4×7H2O; MgCl2×6H2O; 

FeSO4×7H2O; CaCO3; ZnSO4×7H2O; MnSO4×H2O; CoCl2×6H2O; CuSO4×5H2O; H3BO3; 

HCl; formaldehyde; Triton X-100 solution and chloroform were from Merck (Darmstadt, 

Germany). DPBS, DMEM medium, DMEM without phenol red, fetal bovine serum, 

penicillin, streptomycin and Trypsin-EDTA were obtained from HyClone (USA). The WST-

1 assay was from Roche (Germany). Alexa Fluor 488 and DAPI were purchased from 

ThermoFisher (USA). 

 

b. PHB production 

P. xenovorans LB400 strain was grown in LB broth (tryptone 10 g/L, yeast extract 5 

g/L, NaCl 5 g/L) and M9 minimal medium with xylose, mannitol or glucose (10 g/L) as the 

sole carbon sources in flasks rotated at 150 rpm and 30ºC. M9 minimal medium was 

composed of: Na2HPO4 6.78 g/L, KH2PO4 3 g/L, NaCl 0.5 g/L, NH4Cl 1 g/L with trace 

solutions of MgSO4×7H2O 154 mg/L, MgCl2×6H2O 13.4 mg/L, FeSO4×7H2O 11.9 mg/L, 

CaCO3 2.5 mg/L, ZnSO4×7H2O 1.8 mg/L, MnSO4×H2O 1.4 mg/L, CoCl2×6H2O 0.35 mg/L, 

CuSO4×5H2O 0.3 mg/L, H3BO3 0.075 mg/L and HCl 0.0024% (v/v) (Romero-Silva, 

Méndez, Agulló, and Seeger, 2013). LB400 cells grown for 24 h until stationary phase in LB 

broth were used to inoculate (10% v/v) M9 cultures for 48 h (Urtuvia et al., 2018). Then, 

LB400 cells were harvested and centrifuged at 4,180 g for 20 min and the supernatant was 
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removed. The bacterial pellet was lyophilized for 24 h at 48°C and vacuum pressure. The 

PHB was extracted with chloroform in a flask rotated at 150 rpm and 30°C for 24 h. The 

solvent was concentrated to a small volume with a rotary evaporator. Finally, the solution 

was transferred to a Petri dish and dried at room temperature to obtain a PHB film. The PHB-

films obtained possessed a thickness of 100 µm approx. The PHB-films were stored in a Petri 

dish at room temperature until use. 

 

c. PHB characterization 

 

i. FTIR analysis 

FTIR-ATR spectra were recorded in a Cary 630 FTIR spectrometer (Agilent 

Technologies Inc., Danbury, CT, USA) with the Resolution Pro software using a ZnSe 

crystal. A scanning range of 4,000–600 cm−1 was used, with a resolution of 4 cm−1. Each 

spectrum was acquired from 40 scans. 

 

ii. Thermal analysis 

Thermogravimetrical analysis and differential scanning calorimetry of the PHBs (≈20 

mg) were recorded from 25 to 600°C at a heating rate of 15 °C/min (nitrogen atmosphere, 40 

mL/min) in a differential scanning calorimeter (DSC, STA 6000 Perkin Elmer Inc., Waltham, 

MA, USA). 

 

iii. Molecular weight  

PHB molecular weight was determined in a gel permeation chromatography (GPC) 

device fitted with a differential refractive index detector (Waters Model 410, USA) and serial 

columns (Waters HR 6, HR 4, HR 3, HR 1 and HR 0.5), which covered from 0 to 1.,107 
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Dalton of effective molecular weight, as specified by the manufacturer. The analysis was 

done at 40ºC using chloroform at a flow rate of 0.8 mL/min as the mobile phase. Solutions 

of the polymers in chloroform (1 mg/mL, 100 μL) were injected. Data collection and analysis 

were performed using the Breeze software (Waters, USA). The oven temperature was fixed 

at 40°C. Nine polystyrene standards with low polydispersity (2.8 – 8.6 × 106 kDa) were used 

to elaborate a 5th order calibration curve. 

 

iv. X-ray diffraction 

X-ray diffraction spectra were recorded in a Philips diffractometer with a control unit 

PW1710, a vertical goniometer PW1820/00, a generator which operated at 40 kV and 30 mA 

and a monochromator of graphite (λ (Kα1) = 1.5406Å). The diffractograms were recorded in 

the angular range 15-70º with a step of 0.02º and a time per step of 2.5s. HighScore Plus, 

version 3.0d was used to develop the mathematical analysis of the diffractograms. 

v. Elemental analysis 

Elemental analysis as a measure of PHB purity were performed using a Perkin Elmer 

Analyzer 2400 according with the previously reported by Muhr et al. (2013). 

 

d. Electrospun fibers 

i. Preparation  

After some preliminary tests with PHBc, the electrospinning conditions were fixed for 

all PHBs as follows: voltage 25 kV, flow rate 0.5 mL/h, polymers concentration 8%w/v in 

chloroform, drum collector rotation speed 100 rpm and distance between the tip and the 

collector 15 cm. These conditions allowed the continuous production of fibers. However, the 

needle was cleaned each hour to avoid the solidification of the spin dope solution. The PHB 

solutions were placed in a plastic syringe (10 mL) connected to a needle with an inner 

diameter of 0.4 mm. Electrospinning was performed at room temperature. All fibers were 
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collected on aluminum foil, which covered the grounded drum collector. A syringe-pump 

was used to feed the polymer solutions into the needle tip. 

 

ii. Diameter and morphology 

Images of the fibers were obtained using a scanning electron microscope (SEM, Hitachi 

SU3500, Tokyo, Japan). Fiber diameter (Yd) was measured using the ImageJ software 

(National Institute of Health, MD, USA). Three images were taken for each electrospun mat; 

the diameter of 200 fibers was randomly measured to obtain an average diameter. The 

morphology evaluation (Ym) was made from qualitative characteristics of the fiber mat 

according to Acevedo et al. (2018) with some modifications. The first step was to assign a 

value to the presence of beads, agglomeration and spheres in fibers as a negative feature. 

SEM micrographs were divided into 20 portions (Np). If a portion had at least one of the 

above-mentioned defects, one point (+1) was assigned to it; otherwise, it was assigned with 

zero points (0). The morphological index was calculated as described in Equation 3-1.  

 

𝑌𝑚 = 1 −
𝑁𝑓

 𝑁𝑝
 

Equation 3-1 

where Ym represents the morphology index and Nf is the number of portions with 

beads, agglomerations or spheres features. When the defects in the fibers were not very 

abundant, Ym was close to unity. 

X-ray diffraction spectra of the PHB films (section 3.2.2) and PHB microfibers, after 

grinding, were recorded as detailed in section 3.2.3.4  
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e. Tensile test 

The mechanical properties of the PHB films and the PHB microfibers were evaluated 

in pieces of 5.0 ×1.0 cm2. The PHB microfibers were carefully removed from the aluminum 

foil. A TA·XT plus texture analyzer (Stable Micro Systems Products, Godalming, UK) was 

used at 0.1 mm/s with a gap of 3.0 cm. The thickness of the samples was measured with a 

micrometer Mitutoyo (Japan). The tensile modulus (E), elongation at break (ε) and tensile 

strength (σ) were adjusted to area unit, considering the thickness of the samples for each 

determination.  

 

f. Water contact angle  

Water contact angle measurement was performed, to the electrospun fibers and the cast 

films, at 25 °C by pendant drop method (Phoenix-300, Korea). As soon as the water droplet 

made contact with the sample, a total of 10 images were captured in one second immediately 

after the water drop take the surface. The best-adjusted pictures were selected to obtain the 

contact angle value. 

g.  Fibroblast viability  

Balb/3T3 clone A31 (ATCC CCL-163TM, USA) fibroblasts were cultured in DMEM 

medium supplemented with 10% (v/v) fetal bovine serum (HyClone, USA) and 1% (v/v) 

penicillin and streptomycin (HyClone, USA). Cells were maintained at 37°C in 95% 

humidified atmosphere and 5% CO2. Flasks were subcultured when fibroblasts were 80-90% 

confluent. Exposure (3 min) to 0.25% (w/v) trypsin-EDTA (Corning, USA) was used to 

release attached cells from the flask surface. All the experiments were performed in triplicate 

for each treatment and control group. 

Cytotoxicity of the PHB scaffolds was assessed using a WST-1 assay (Roche, 

Germany). Briefly, the scaffolds were cut into pieces of 0.5 × 0.5 cm2, sterilized under UV 

radiation for 30 min each side and placed into 96-well microplates. Then, 10,000 cells were 

seeded in each well containing the microfibers and incubated at 37 °C. Cell viability was 



 

39 
 

evaluated after 1, 3 and 7 days of incubation. At each time, the medium was removed and 

cells were washed with 200 µL of DPBS (Gibco, USA) for 5 min to remove culture medium 

and detached cells. Finally, 150 µL of a 1:10 solution of WST-1 in DMEM without phenol 

red (Gibco, USA) was added to each well and incubated for 1 h. Finally, 100 µL were 

transferred to a new 96-well plate and absorbance was measured at 450 nm using a UV Bio-

Rad model 680 microplate reader (USA). Well-plates without fibers containing the same 

initial cell concentration were used as viability control.  

Cell cytoplasm and nuclear DNA were stained with phalloidin conjugated with Alexa 

Fluor 488 and DAPI, respectively (ThermoFisher, USA) to observe cell morphology and to 

count cells attached to scaffolds. PHB microfibers with cells were fixed with a 3.7% (v/v) 

formaldehyde solution for 60 min and then rinsed in phosphate-buffered saline to remove the 

fixative. After that, PHB microfibers with attached cells were incubated in a Triton X-100 

solution (0.1% v/v) for 15 min and then washed several times to remove the Triton X-100. 

The cell cytoplasm was stained with Alexa Fluor 488 Phalloidin solution (1/100 dilution) at 

4°C overnight, and nuclei were contrasted with DAPI (300 nM solution, for 30 min at room 

temperature). The stained cells were observed under a Leica SP2 confocal microscope 

(Germany). 

 

h.  Statistical analysis 

All experimental data were collected from triplicate samples and expressed as the 

mean ± standard deviation (SD). Statistically significant differences were examined using 

variance analysis (ANOVA). Duncan’s test was carried out when the p-value < 0.05. 

 

3.3 Results and discussion 

The biosynthesis of PHB starts with two molecules of acetyl-CoA that are produced by 

different metabolic pathways including glycolysis, pentose pathway, Entner Doudoroff 

pathway, pyruvate oxidation and β-oxidation. P. xenovorans LB400 possesses the pha genes 



 

40 
 

that encode the enzymes of the PHA synthesis pathway. Previous studies reported that the 

strain LB400 produces PHB under limiting-nitrogen conditions and an excess of carbon 

source (Urtuvia et al., 2014, Urtuvia et al., 2018). The polymers produced by P. xenovorans 

LB400 were named as PHBx, PHBm and PHBg to indicate that xylose (x), mannitol (m) or 

glucose (g) was the only carbon source in the culture. The PHB used as the control, designed 

as PHBc, was a commercially available variety from Ralstonia eutropha (Cupriavidus 

necator, also from the Burkholderiaceae family) but the carbon source was not disclosed 

(Sigma Aldrich). The effect of the carbon source on the molecular weight of PHBs produced 

by P. xenovorans LB400 was first determined. Then, once all the PHBs had been obtained 

and transformed into films and electrospun microfibers, they were characterized by applying 

a variety of techniques.  

 

a. Physicochemical characterization 

i. Molecular weight determination 

It has been reported that PHB Mw depends on bacterial metabolism and growth 

conditions. The overexpression of the PHA synthase increases enzyme activity, which in turn 

leads to a PHB of lower molecular weight (Zhu et al., 2010). Thus, the PHB molecular weight 

is inversely proportional to PHA synthase concentration (Sim et al., 1997). In P. xenovorans 

LB400, glucose, mannitol and xylose should be transformed into 6-P-gluconate to pass 

through the Entner-Doudoroff pathway to produce pyruvate that is oxidized into acetyl-CoA 

for the PHB synthesis (Figure 3-1).  
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Figure 3-1 Metabolic pathways used by P. xenovorans LB400 to produce PHB from 

glucose, mannitol and xylose as sole carbon sources. Adapted from Alvarez- Santullano et 

al. unpublished results. 

 

The effect of the different carbon sources on the polymer molecular weight was 

evaluated through GPC (Table 3-1). The PHBs produced by strain LB400 grown in glucose 

(PHBg) or xylose (PHBx) have similar Mw: 1,589 and 1,708 kDa, respectively. These Mw 

values are also close to that of the commercial variety (1,436 kDa). However, the PdI of 

PHBg (3.90) and PHBx (3.80) is smaller than that of PHBc (4.54). Pan et al. (2012) reported 

that B. cepacia ATCC 17759 grown in detoxified wood hydrolysate with high content in 

xylose produced PHB of 1,014 kDa and a PdI of 2.25. Zhu et al. (2009) described that strain 

ATCC 17759 grown on xylose produced PHB of 486.3 kDa. In this study, P. xenovorans 

LB400 was shown to produce PHB with a molecular weight between 2 and 3-fold higher 

than the PHB reported for B. cepacia ATCC 17759. 
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The molecular weight of PHBm was the highest among the polymers produced by the 

strain LB400, reaching 2,122 kDa. Mannitol has been identified as the most suitable carbon 

source and able to stimulate PHB production in B. sacchari IPT101, Bacillus sp. and 

Rhizobium elti. It has been reported that B. sacchari IPT101 grown in a mannitol rich ensiled 

grass press juice as the sole carbon source produced PHB of 548 kDa with a PdI of 2.3 

(Cerrone et al. 2015). The metabolism by which mannitol is transformed into PHB has not 

been reported in strain LB400. Probably mannitol is converted into fructose and later 

metabolized through gluconate 6P and the Entner-Doudoroff pathway into pyruvate that is 

converted into acetyl-CoA to enter the PHB synthesis (Figure 3-1). However, it has not yet 

been explained why mannitol stimulates the production of PHB in strains of the Burkholderia 

and Paraburkholderia genera, and why strain LB400 may produce PHB with a higher 

molecular weight than with the other carbon sources. In silico and experimental studies will 

be useful to understand the metabolism from different carbon sources into PHB production 

by P. xenovorans LB400 and to determine the PHA synthase expression when the bacterium 

is grown in mannitol. 

FT-IR spectra 

PHB is a semicrystalline polymer and its FTIR spectra reflect characteristic bands of 

the crystalline and the amorphous regions (Figure 3-2). The FTIR spectra of PHBc, PHBg, 

PHBm and PHBx showed crystalline-sensitive bands at 980, 1,230, 1,280 and 1,720 cm-1 (El-

Hadi, 2017). The amorphous-sensitive band appeared at 1,186 cm-1. The band at 1,230 cm-1 

has been proposed as the band sensitive to the α-helix structures for PHB (Xu et al., 2002). 
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Table 3-1 Physicochemical characterization and molecular weight determination of the PHB 

produce by P. xenovorans LB400 grown in different carbon sources, and a commercially 

available variety (PHBc). 

Polymer  Mw 

kDa 

PdI Tm 

°C 

ΔHm 

J/g 

Td 

°C 

Cx 

% 

N content 

% 

C:O ratio 

 

PHBc 1,436 4.54 174.18 50.36 305.53 35.23 0.57 ± 0.07 1.61 ± 0.01 

PHBx 1,708 3.80 171.37 36.03 297.89 18.65 0.76 ± 0.07 1.85 ± 0.00 

PHBm 2,122 3.06 179.82 56.27 297.17 21.97 0.31 ± 0.002 1.57 ± 0.02 

PHBg 1,589 3.90 175.34 28.30 296.12 23.28 0.43 ± 0.02 1.74 ± 0.01 

Mw: Molecular weight; PdI: Polidispersity index Tm: Melting temperature; ΔHm: Melting 

enthalpy; Td: Degradation temperature Cx: Relative crystallinity degree.  

 

The three polymers produced by the strain LB400 showed a strong band at 1,720 cm-1 

corresponding to the ester C=O stretching vibration bond, which is a characteristic of PHA 

and related to the polymer backbone conformation. This band showed a strong band for PHBc 

followed by PHBg, indicating highly ordered crystalline structures. The lower intensity in 

PHBm and PHBx suggest a higher proportion of amorphous structures. The differences in 

crystallinity are associated with a secondary crystallization process, which depends on the 

environmental conditions during storage at room temperature and the molecular weight and 

regularity of the structure, which in turn depends on the synthesis conditions (José, Veriano, 

and Dalla, 2017). Bands at 1,460 and 1,380 cm-1, which are associated with bending bonds 

(-CH2- and CH-CH3, respectively) (Larrañaga et al., 2014), were observed for all the 

polymers except for PHBx.  
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Figure 3-2 FT-IR of the different PHB produced by P. xenovorans LB400; PHBg (blue), 

PHBm (green), and PHBx (red). The PHBc (black) was used as control. 

 

Thermal properties 

Thermogravimetric (TGA) and differential scanning calorimetry (DSC) scans are 

shown in Figure 3-3. Polymers showed a two-step degradation process. The PHBm showed 

a loss of mass as high as 10% at 103.01°C, which could be associated with impurities or 

higher concentration of volatile compounds. PHBc lost 50% of mass (TD50) at 293.40 °C, 

while PHBg, PHBx and PHBm reached TD50 at 292.70, 295.70 and 297.42°C, respectively. 

Between 300 and 380°C, a decrease in the degradation rate occurred in the three PHBs 

produced by the LB400 strain, which did not occur in PHBc. These findings could be 

associated mainly with the higher molecular weight of PHBs produced by the strain LB400 

compared with PHBc. It has been suggested that the thermal degradation of PHB occurs 

almost exclusively by a non-radical random chain scission reaction through a cis-elimination, 

which involves a six-membered ring transition state (Aoyagi, Yamashita, and Doi, 2002). 
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Figure 3-3 a) TGA and b) DSC of PHBg (blue); PHBx (red) and PHBm (green). PHBc was 

used as control (black). 

 

DSC results (Figure. 3-3.b) are summarized in Table 3-1. The melting temperature 

(Tm) was obtained from the maximum of the first endothermic peak. The Tm of the polymers 

was between 171.37 and 179.82 °C, in line with previous reports (El-hadi and Henning, 2002; 

José et al., 2017). 

The purity of PHA can be determined by the quantification of nitrogen as an indirect 

measure of protein content, mainly phasins (Muhr et al., 2013). The elemental analysis 

showed that the nitrogen content of PHB synthesized by P. xenovorans LB400 was less than 

1%, which is close to the commercial polymer, confirming the suitability of the extraction 

method applied (Table 3-1). Additionally, the C:O ratio of the polymer was determined as a 

measurement of the purity of the polymers, comparing directly with the commercial polymer 

(99% purity). The theoretical value of C:O depending on the percentage composition of the 

elements, corresponds to 1.50 for polymers with 99% purity. The nitrogen content and the 

C:O value indicate that the PHBm is the purest polymer of the four biopolymers analyzed 

with a C:O ratio of 1.57 (Table 3-1). 

 

a) b) 
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X-ray diffraction spectra 

The XRD spectra (Figure 3-4) corroborated the data obtained by FT-IR and evidenced 

that PHBc was the most crystalline. The PHBs produced by the strain LB400 possess similar 

crystallinity degree. Bands at 13º (020) and 17° (110) corresponded to characteristic bands 

of α-form (Iwata, Aoyagi, Tanaka, and Fujita, 2006). These bands were present in all PHB. 

The α-form consists of two domains that are lamellar crystals with 2/1 helix conformation 

and an amorphous region between the lamellar crystals (Laycock et al., 2014a). The 

metastable β-form at 20° was found in PHBc, PHBg and PHBm. Although the β-form could 

remain stable, this structure is more sensitive to enzyme degradation. Thus, the presence of 

this band in the PHBc, PHBg, and PHBm may indicate that these polymers could be more 

easily biodegraded than PHBx (Laycock et al., 2014a; Nair, Annamalai, Kannan, and 

Kuppusamy, 2014). 

 

Figure 3-4 X-ray diffraction of the PHB produced by P. xenovorans LB400; PHBg (blue), 

PHBm (green), and PHBx (red). The PHBc (black) was used as control. 

 

(020) (110) 

β 

(101) (111) 
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Electrospun fibers 

Chloroform is one of the few solvents in which PHB is soluble, and since its boiling 

temperature is low, rapid evaporation may occur during the electrospinning process. Thus, 

the remnant traces of solvent in the fibers are almost negligible as required for safety (Volova 

et al., 2014). The process conditions for the PHB-microfibers manufacture were fixed at 25 

kV, 8%w/v, and 0.5 mL/h. These conditions, optimized for PHBc, were used to prepare fibers 

from the PHB produced by the strain LB400. The PHB-microfibers obtained are shown in 

Figure 3-5. Beads-free fibers were obtained from each polymer; however, the mean diameter 

of the fibers was differed. Polymers with high molecular weight usually produce solutions 

with high viscosity, which makes the stretching of the polymer molecules by electrostatic 

forces difficult, resulting in thicker fibers or lower morphology index (Bera, 2016). 

Microfibers with homogeneous diameters were obtained for PHBc and PHBg, the molecular 

weight of both polymers was similar, and the electrospinning conditions affected similarly 

both polymers, producing continuous fibers with morphology index close to 1. 

 

Figure 3-5 SEM images of the electrospun PHB-microfibers. A) PHBc-microfibers, b) 

PHBg-microfibers, c) PHBm-microfibers, and d) PHBx-microfibers. 

a) b) 

c) d) 
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Meanwhile, the fibers obtained with PHBm and PHBx were heterogeneous with higher 

diameter standard deviation (Table 3-2) and spiral-form fibers (See Figure 3-5.c and 3-5.d). 

Fibers presenting a spiral-form are related to the physical force caused by the electrically 

driven non-asymmetric bending instability (Guo, Zhang, Ma, Zhu, and Long, 2019). Similar 

structures were obtained by Acevedo et al. (2018) in fibers made of PHBx and PHBm prepared 

using lower polymer concentration (5%w/v). The formation of these structures has been 

attributed to a low electrostatic repulsion acting along the fiber during the spinning process 

that avoids the complete elongation of the fibers and produces the loopy structure. 

 

Table 3-2 Characterization of the electrospun microfibers obtained using PHBc and PHB 

from the strain LB400 grown in different carbon sources. 

Polymer Fiber diameter (µm) Morphology index (MI) 

PHBc 1.25 ± 0.17 0.95 

PHBg 1.59 ± 0.25 0.85 

PHBm 1.29 ± 0.31 0.50 

PHBx 2.36 ± 0.76 0.30 

 

The influence of the electrospinning process on the PHB crystallinity was assessed by 

comparing the X-ray spectra of the PHBc powder and the PHBc-microfibers. The XRD 

analysis (Figure 3-6) showed that the electrospinning process decreases the crystallinity 

from 35.23% to 17.93%, which could mean an improvement in the biodegradability and the 

mechanical properties of the polymers. Philip et al. (2007) found that the decrease in the 

crystallinity after electrospinning may be due to the rapid deposition rate of the fibers, which 

allows very little time for crystallization to occur.  

Ishii et al. (2007) mentioned that as the electrospinning process produces a strong 

elongation of the polymer to form fibers and a rapid solvent evaporation occurs, the 

electrospinning process stimulates the formation of β-form. Differently, in our case the 

electrospinning conditions tested did not favor the formation of β-form; the band at 20° was 
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not clear in the PHBc-microfibers (Gong et al., 2015; Ishii et al., 2007). The absence of β-

form can be explained by the speed of the rotating collector was relatively low and thus did 

not cause stretching of the fibers (Mottin, Ayres, Oréfice, et al., 2016). 

 

Figure 3-6 X-ray diffractogram comparison between PHBc powder (black) and PHBc-

microfibers (red). 

 

Mechanical properties 

The electrospun scaffolds were characterized in terms of Young´s modulus (E), 

elongation at break (ε) and tensile strength (σ). For comparative purposes, films were 

prepared with different PHB by the solvent-cast method. PHB-films are known to have 

fragile behavior with an elongation at break below 5% (Mottin, Ayres, Oréfice, et al., 2016). 

However, when crystallinity decreases, both stiffness and yield stress decrease. Young's 

modulus was higher in the films than in the microfibers manufactured with the same 

polymers, and the elongation at break increased significantly when the polymers were 

electrospun (Table 3-3). This finding indicates that the elasticity can be remarkably improved 

when the polymers are electrospun due to the decrease in the crystallinity degree (Bhardwaj 

and Kundu, 2010). Suwantong et al. (2007), reported a similar behavior of Young's modulus 

for the PHB-films and the PHB-microfibers (PHB from Sigma Aldrich, Mw 300 kDa) with 

values of 1,559 ± 373 and 147.3 ± 6.4 MPa, respectively, for fibers with a mean size of 3.7 
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± 1.7 μm. Volova et al. (2014) reported a Young’s modulus of 356 ± 40.62 (MPa) and an 

elongation at break of 13.3 ± 3.11(%) for randomly oriented PHB fibers (from Ralstonia 

eutropha B5786, Mw 922 kDa) with a diameter of 2.9 µm.  

The low morphology index and the spiral form of the PHBx-microfibers may improve 

the mechanical properties of the polymer (Guo et al., 2019). Guo et al. (2019) found that 

fibers with helical structures have greater flexibility, higher porosity, and higher elasticity 

compared with conventional continuous fibers.  

The Young’s modulus of all the electrospun PHB-microfibers scaffolds was in the 

range of the modulus reported for human skin, which is between 15-150 MPa depending on 

the age (Ying et al., 2008; Zong et al., 2005). However, according to El-Hadi et al. (2002), 

as the elongation at break is still lower than 20%, both films and microfibers, are still 

designated as brittle.  

Water contact angle measurements 

The hydrophilicity of the PHB-films and PHB-microfibers was examined by static 

water contact angle analysis. The PHB-films were more hydrophilic than the PHB-

microfibers scaffolds (Table 3-3). The most hydrophobic scaffolds were those prepared with 

the commercially available PHBc, reaching a water contact angle of 90.6°, which may be 

associated with the low diameter fibers and the small pore size between the fibers (Yang, Xu, 

Xu, Wu, and Zhu, 2008). The water contact angle of the PHB-microfibers scaffolds 

manufactured with the PHB produced by the strain LB400 were lower than 90°, proving that 

the fibers possess more hydrophilic characteristics than the films and the fibers manufactured 

with PHBc. The contact angle of electrospun PHB-nanofibers prepared from polymer 

solutions in chloroform and dimethyl formamide (9:1) has been reported to be as high as 

130° (Mottin, Ayres, Oréfice, et al., 2016). In the present work, the lower contact angle on 

the scaffolds manufactured with the PHB produced by the strain LB400 can be attributed to 

the fact that the fibers were of larger diameters and had larger pores among them (Figure 

3-5) and were also less crystalline (Zhu, Zuo, Yu, Yang, and Chen, 2006).  
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Table 3-3 Water contact angle and mechanical properties of films and electrospun mats made of PHBc and PHB from P. xenovorans 

LB400 grown in different carbon sources. E: Tensile modulus; σ: Tensile strength; ε: Elongation at break. 

Polymer Film Fibers 

 
Water contact angle 

(°) 
E ± SD (MPa) 

ε ± SD 

(%) 
σ ± SD (MPa) 

Water contact angle 

(°) 
E ± SD (MPa) 

ε ± SD 

(%) 
σ ± SD (MPa) 

PHBc 122.3 ± 9.2 739 ± 115 0.81 ± 0.08 5.96 ± 1.58 90.6 ± 5.0 7.3 ± 0.2 2.14 ± 0.68 0.11 ± 0.02 

PHBg 55.5 ± 1.9 208± 26 1.02 ± 0.37 1.72 ± 0.51 47.3 ± 11.5 55.5 ± 2.4 15.37 ± 3.53 1.32 ± 0.14 

PHBm 76.6 ± 15.6 2,648 ± 742 1.03 ±0.06 26.48 ± 5.97 65.16 ± 7.6 21.1 ± 0.1 6.30± 0.01 0.59 ± 0.01 

PHBx 97.1 ± 12.7 919 ± 100 1.49 ± 0.46 10.16 ± 0.72 47.4 ± 2.0 4.9± 1.7 18.48 ± 1.55 0.27 ± 0.07 
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Although the average fiber diameter for PHBm-microfibers was similar to that obtained 

for PHBc-microfibers, the differences in the contact angle were statistically significant. The 

morphology of the PHBm-microfibers was very different with a lower morphology index 

(Table 3-2), observing spiral structures and agglomerations, and therefore larger pore size in 

the structure. 

 

 Cell studies 

Fibers with diameters smaller than the cells size have been shown to promote cell 

adhesion and proliferation (Zhijiang, Jianru, Qing, Shiying, and Jie, 2016). In all cases, the 

PHB-microfiber mats showed an excellent cytocompatibility, with cell viability above 100% 

compared with the control well (cell culture polystyrene) (Figure 3-7). No statistically 

significant differences were found in the Balb/3T3 fibroblast growth between scaffolds of 

different types of PHB respect to the monolayer control, confirming that all fibrous mats 

were suitable for use as cell culture scaffolds. Similar results were reported by Güven et al. 

(2008), obtaining values between 90 and 100% of fibroblast viability on scaffolds prepared 

by using freeze drying technique with PHB of 540 kDa. 

Figure 3-7 Cell viability assay of Balb/3T3 fibroblasts exposed to the PHB-microfibers 

manufactured with the PHB produced by P. xenovorans LB400 and the PHBc. 

0

50

100

150

24 h 72 h 7 d

C
e

ll 
vi

ab
ili

ty
 (

%
)

Time (days)

PHBc PHBg PHBm PHBx



 

53 
 

Fibroblast cells attachment is mainly affected by the surface porosity and roughness of 

the scaffold (Volova et al., 2014). In our case, all the PHB-microfibers are randomly oriented; 

nevertheless, the morphology of the fibers was different depending on the polymer. Thus, 

Balb/3T3 fibroblast attachment and proliferation on the scaffolds prepared with the PHB 

produced by P. xenovorans LB400 supplied with different carbon sources was also monitored 

by staining the nuclei and the cytoplasm (Figure 3-8). At day 7 after seeding, the number of 

cells on scaffolds was 6.761×104 ± 1.892×104 cells/cm2 for PHBc-microfibers; 6.584×104 ± 

1.112×104 cells/cm2 for PHBg-microfibers; 7.508×104 ± 1.689×104 cells/cm2 for PHBm-

microfibers, and 2.738×104 ± 1.937×104 cells/cm2 for PHBx-microfibers. Hence, the carbon 

source which was supplied P. xenovorans LB400 and the morphology of the electrospun 

microfibers did not influence the attachment and growth of Balb/3T3 fibroblast cells. Even 

though no significant differences were found between the cells attached to the scaffolds of 

the different PHB evaluated, the PHBx-microfibers showed a cell attachment three-fold lower 

than the other fibers. This fact was associated with the low morphology index and the higher 

contact angle of these fibers compared with the other PHB-microfibers, which did not favor 

the interaction between the cells and the fibers (Insomphun, Chuah, Kobayashi, Fujiki, and 

Numata, 2017). Additionally, according to the confocal images, cells attached on scaffold 

surfaces preferred to grow along the plane of the scaffolds. Cell morphology did not change 

significantly on the different PHB-microfibers evaluated. 
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Figure 3-8 Confocal images of Balb/3T3 fibroblasts cultured on the fibers manufactured 

with the PHB produced by P. xenovorans LB400 or the commercially available PHB after 

7 days of incubation. a) PHBc-microfibers, b) PHBg-microfibers, c) PHBm-microfibers and 

d) PHBx-microfibers. Nuclei in blue and cytoplasm in red. 

 

3.4 Conclusions 

This study investigated the main characteristics of PHB produced by P. xenovorans 

LB400 grown in three different carbon sources; glucose, mannitol, and xylose. The carbon 

source had a direct impact on the molecular weight of the PHB; ranking in the order mannitol 

>> xylose > glucose. Interestingly, the different PHBs led to microfibers with different 

features obtained with fixed electrospinning parameters. No direct correlation was observed 

between molecular weight and microfibers diameters, but the electrospun scaffolds prepared 

with the two PHB of higher molecular weight (PHBm and PHBx) were formed by spiral-form 

fibers in contrast to the linear form of the microfibers obtained with PHBg and PHBc. The 

different morphology index of the microfibers could be associated mainly to the differences 

in the molecular weight of the polymers and the crystallinity degree, which in turn affected 

the mechanical properties and surface hydrophobicity. All PHB produced by P. xenovorans 

a) b) 

c) d) 
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LB400 led to less crystalline microfibers and scaffolds with lower water contact angle than 

those prepared with the commercially available PHB of lower molecular weight and higher 

crystallinity. All scaffolds disregarding the carbon source used for the production were highly 

compatible with Balb/3T3 fibroblast cells, facilitating cell attachment and growth. Thus, all 

the PHB were found to be suitable for tissue engineering applications although the absence 

of  band in PHBx and the lower cell adhesion recorded in its electrospun scaffolds may lead 

to peculiar behavior in vivo. 
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Chapter 4  

“One-step electrospun scaffold of Ge-nanofibers 

and PHB-microfibers to mimic natural 

extracellular matrix” 
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Abstract 

This work aimed to implement an electrospinning protocol that allows simultaneous 

production of micro- and nanofibers in a single scaffold to mimic the extracellular matrix 

(ECM) combining biodegradable polymers and proteins, and to evaluate its capability to 

manage diabetic wounds. Poly-3-hydroxybutyrate (PHB) and gelatin (Ge) were chosen to 

prepare micro- and nanofibers, respectively. Electrospinning conditions were optimized 

testing various polymer concentrations, voltages, and flow rates. One-step dual-size fibers 

were obtained from 8 %w/v PHB in chloroform (microfibers, 1.25±0.17 µm) and 30 %w/v 

gelatin in acetic acid (75 %w/v) (nanofibers, 0.20±0.04 µm), at 0.5 mL/h and 25 kV. Physico-

mechanical properties, swelling, hydrophilicity of scaffolds made of PHB-microfibers, Ge-

nanofibers and their combination (Ge-PHB) were evaluated before and after crosslinking 

with genipin. All scaffolds showed excellent fibroblasts viability and attachment after 

incubation for 1, 3, and 7 days, and low levels of hemolysis. In vivo wound healing was 

evaluated in diabetic rats for 21 days, showing that the wounds treated with the scaffolds that 

contain Ge showed faster healing. The wounds treated with the Ge-PHB scaffolds proved to 

be in a late proliferative stage showing higher content of hair follicles and sweat glands and 

lower content in fibroblast compared with the control wounds. 

 

Keywords: Electrospinning; dual-size fibers scaffold; poly-3-hydroxybutyrate; gelatin; 

diabetic wound. 
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4.1 Introduction 

Regenerative medicine aims to repair and regenerate damaged tissue using scaffolds that 

mimic the structure and biological functions of the natural extracellular matrix (ECM). The 

ECM is composed of randomly arranged fibers of collagen, elastin, fibronectin, 

proteoglycans, and many other molecules (Xing et al., 2017). In adult skin, it comprises the 

collagen network as a major constituent that corresponds to 70–80% of the skin dry weight. 

Concerning the collagen network, adult dermis contains in majority fibrillar collagens, 

including type I (80% of all collagens), type III (15%), and type V collagen (5%). Types I 

and III collagens constitute the principal skeleton that drives dermis matrix organization 

(Haydont, Bernard, and Fortunel, 2019). The scaffolds should provide mechanical support 

and facilitate the transportation of nutrient and metabolic wastes which are needed for cells 

to survive and function effectively (Nagiah, Madhavi, Anitha, Anandan, et al., 2013; Wu and 

Hong, 2016). 

Electrospinning is a widely used economical and simple technique for the fabrication of 

fibers from different polymers covering a wide range of diameters, rendering scaffolds of 

low weight, high porosity, and high surface area to volume ratio (Kim et al., 2015). This 

technique is based on the generation of an electrical field between a polymeric solution 

placed in a capillary tube and a metal collector. When the electrical field reaches a critical 

value, repulsive electrostatic forces overcome the surface tension of the polymeric solution, 

and a charged jet is produced; this process is accompanied by the rapid solvent evaporation 

and results in the formation of long and thin fibers (Vass et al., 2019). Fibers morphology 

can be controlled through various parameters, such as solution properties (i.e., viscosity, 

conductivity, polymer molecular weight), process variables (i.e., flow rate, applied potential), 

and ambient conditions (i.e., temperature, humidity) (Soliman et al., 2011). A variety of 

components can be combined to be delivered from a single needle to form homogeneous 

fibers or from coaxial needles to obtain core-shell fibers. In any case, most studies report on 

the obtaining of fibers with a targeted mean diameter. However, this conformation may be 

not ideal for tissue engineering.  

Scaffolds should resemble not only the composition, but also the topography and properties 

of ECM, which is indeed not formed by uniformly sized fibers. In healthy skin, collagen type 

https://www.sciencedirect.com/topics/neuroscience/collagens
https://www.sciencedirect.com/topics/neuroscience/collagen-type-3
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/type-v-collagen
https://www.sciencedirect.com/topics/neuroscience/collagen-type-1
https://www.sciencedirect.com/topics/neuroscience/collagen-type-1
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I chains pack together side-by-side, forming fibrils with a diameter of 50–200 nm. In fibrils, 

adjacent collagen molecules are separated from one another by 67 nm (Uitto, Olsen, and 

Fazio, 1989). At the beginning of wound healing bigger pores are needed to promote 

fibroblast migration. The combination of electrospun nano and microfibers can produce more 

biomimetic scaffolds that may stimulate cell infiltration and new tissue formation and also 

facilitate rapid diffusion of oxygen and nutrients (Balguid et al., 2009; Pham et al., 2006). 

Nano-sized fibers are expected to promote cell adhesion and proliferation, whereas micro-

sized fibers may increase pore size and promote cell infiltration. Electrospun scaffolds with 

pore sizes between 20 and 45 µm may facilitate cell infiltration up to a depth of 1.2 mm 

(Pham et al., 2006; Wu and Hong, 2016). Previous attempts to combine macro- and nano-

fibers in the same scaffold involved a two steps protocol, namely first a mesh of starch-based 

macrofibers was prepared and, in a second step, nanofibers were deposited by means of 

electrospinning, forming nanobridges between the macrofibers (Tuzlakoglu et al., 2005). 

This approach favored cell growth but may have the limitation of a non-homogenous in-

depth distribution of the nanofibers. 

Multiple jet electrospinning appears as a versatile tool for one-step co-electrospinning of the 

same or different polymer solutions from two or more needles of different diameters 

simultaneously. The variables for each polymer can be optimized in separate. The needles 

can be arranged next to each other, so that the electrical potential from one of the syringes 

does not affect another (Nakielski and Pierini, 2019; C. Zhang et al., 2011). To control the 

fibers diameter, conductivity is a key factor in the electrospinning process since the 

polymeric solution is stretched due to the repulsion of the charges present on its surface. An 

increase in the conductivity of solution results in production of bead-free uniform and thinner 

fibers since the polymer solution is subjected to more stretching under the high electrical 

field (Uyar and Besenbacher, 2008). The solvent, polymers nature and concentration may 

affect the solution conductivity. 

Poly-3-hydroxybutyrate (PHB) is a hydrophobic, biodegradable and biocompatible 

biopolymer derived from polyhydroxyalkanoates (PHA). Its monomer (3-hydroxybutyric 

acid) is a common non-toxic metabolite in higher organisms. PHB is synthesized by a wide 

variety of bacteria from renewable carbon sources when their growth is restricted by an 
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essential nutrient and in the presence of excess carbon source (Daranarong et al., 2014). A 

variety of electrospun scaffolds have been prepared using PHB solely (Mottin, Ayres, 

Oréfice, et al., 2016; Sanhueza et al., 2020; Sanhueza et al., 2019; T. Volova et al., 2014) or 

mixed with other polymers such as chitosan, gelatin, polyvinyl alcohol, among others (Asran, 

Razghandi, Aggarwal, Michler, and Groth, 2010; Nagiah, Madhavi, Anitha, Anandan, et al., 

2013). PHB possesses favorable mechanical properties and degradation in desirable time 

frames under physiological condition (Chen and Wu, 2005; Hoque et al., 2014). 

Gelatin (Ge) is a main component of collagen, the most abundant protein in the ECM. Ge 

may provide an adequate environment for cell attachment, growth, and proliferation 

(Mihaiescu, Grumezescu, Balaure, Mogosanu, and Traistaru, 2011). Ge electrospun 

nanofibers can provide safe and well-functioning construct for tissue engineering because of 

its biological origin, non immunogenicity, ability to biodegrade and availability at relatively 

low cost (Zhang, Venugopal, Huang, Lim, and Ramakrishna, 2006). Electrospinning of Ge 

can be achieved in mild solvents, such as aqueous solutions of acetic acid, ethanol or formic 

acid. The main limitation of GE nanofibers is the poor water-resistance and deficient 

mechanical properties (Deng, Li, Feng, and Zhang, 2019). Thus, crosslinking is necessary to 

prevent the rapid dissolution of Ge nanofibers and to retain the three-dimensional structure. 

The cross-linking can be carried out by chemical (glutaraldehyde, genipin) and enzymatic 

(transaminase) reactions (Hu, Wu, and Zhang, 2019; Panzavolta et al., 2011; Siimon, Siimon, 

and Järvekülg, 2015; Zhang et al., 2006). Scaffolds manufactured with PHB and Ge coaxial 

fibers have been tested for dermal tissue regeneration, using Ge as external coating (Nagiah, 

Madhavi, Anitha, Anandan, et al., 2013). The diameters of the coaxial fibers ranged between 

240 and 440 nm depending on the polymers ratio, but the pore sizes were so small that do 

not allow for fibroblasts infiltration. 

Differently, our work relies on the hypothesis that electrospun scaffolds formed by two 

population size of entangled fibers, one (PHB) in the microscale and the other (Ge) in the 

nanoscale may provide a more biomimetic architecture resembling better the features of the 

natural ECM. Thus, this work aimed to implement a dual-jet electrospinning protocol that 

allows simultaneous production of PHB-microfibers and Ge-nanofibers for skin regeneration 

in diabetic wounds. For that, different electrospinning conditions were tested such as polymer 
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concentration, voltage, and flow rate combining two nozzles of the same diameter placed 

side-by-side. Once the scaffold combining micro and nanofibers was accomplished, an 

exhaustive physico-mechanical characterization was done. This was followed by the 

evaluation of fibroblast viability, cell adhesion, and hemocompatibility test. Mono-fiber and 

dual-fibers scaffolds were evaluated in vivo for its potential on diabetic wound healing 

 

 4.2 Materials and Methods 

Materials 

Poly-3-hydroxybutyrate (PHB) (300 kDa) and gelatin (Ge) from bovine skin type B (225 g 

Bloom) were from Sigma Aldrich Co. (St Louis, MO, USA). Genipin 98% purity from 

General Biological Corporation (Taiwan, China). NaOH; NaCl; Na2CO3; KCl; 

MgCl2×6H2O; KH2PO4; KHCO3; CaCl2×2H2O; NaCl; chloroform; formaldehyde; Triton X-

100 solution; and glacial acetic acid were from Merck (Darmstadt, Germany). Dubelcco’s 

phosphate saline buffer (DPBS); DMEM medium; DMEM without phenol red; fetal bovine 

serum, penicillin and streptomycin, and Trypsin-EDTA were obtained from HyClone (USA). 

The WST-1 assay was from Roche (Germany). Alexa Fluor 488 and DAPI were purchased 

to ThermoFisher (USA). 

 

Electrospinning parameters 

The effects of voltage, flow rate, and polymer concentration on the fiber diameter and fiber 

morphology were evaluated at three different levels. PHB at 2, 5 and 8 %w/v in chloroform 

and Ge at 10, 20, and 30 %w/v in acetic acid (75 %w/v) aqueous medium were tested. For 

each polymeric solution, three flow rates (0.5, 1.0 and 1.5 mL/h) and three voltages (15, 20 

and 25 kV) were evaluated. The solutions electrical conductivity was measured at room 

temperature using a Zetasizer Nano ZS (series HT instrument, Malvern Instruments, 

Malvern, UK). The different solutions were placed in plastic syringes (10 mL) connected to 

needles (#8) with inner diameter of 0.4 mm. A syringes-pump was used to feed the polymer 

solutions into the needle tip. Electrospinning was performed at room temperature with a 
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rotating drum collector at 100 rpm and the distance between the tip and the collector was 

fixed at 15 cm. All fibers were collected on an aluminum foil that covered the grounded drum 

collector.  

Fiber diameter and morphology index were determined from micrographs obtained by field 

emission scanning electron microscopy (FESEM) in a Zeiss ULTRA plus (Oberkochen, 

Germany), after coating with iridium. The image was split in 20 equal size portions, and a 

value of 0 was assigned to each portion if the portion did not contain agglomerations and/or 

beads in the fibers. A value of 1 was assigned as a negative feature when the portion contained 

agglomerations or beads. The morphology index (MI) was calculated as follows (Acevedo et 

al., 2018)  

 

𝑀𝐼 = 1 −
∑ 𝑃𝑜𝑟𝑡𝑖𝑜𝑛𝑠 𝑣𝑎𝑙𝑢𝑒

 20
         

Equation 4-1 

 

Crosslinking of electrospun fibers 

The electrospun fibers containing Ge were crosslinked with genipin following a previously 

reported protocol (Panzavolta et al., 2011) with some changes. Briefly, the fibers were 

immersed in a genipin solution at 7 %w/v at 37 °C for 7 days. After crosslinking, the fibers 

were carefully washed several times in gradient from 100% ethanol to 100% PBS buffer (0.1 

M, pH 7.4) to remove genipin. The ionic strength of PBS buffer avoided gelatin swelling. 

Finally, the fibers were dried overnight at 37 °C. 

The crosslinking degree was determined as previously reported (Chang, Chang, Lai, and 

Sung, 2003) through the ninhydrin assay. The scaffolds were freeze-dried, weighed, and 

soaked in 1 mL of ninhydrin solution (0.35 %w/v) and 5 mL of ethanol for 20 min at 80 °C. 

Then, the solutions were cooled at room temperature, and the optical absorbance was 

recorded at 570 nm. The crosslinking degree of the scaffolds was calculated as follows  
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𝐶𝑟𝑜𝑠𝑠𝑙𝑖𝑛𝑘𝑖𝑛𝑔 𝑑𝑒𝑔𝑟𝑒𝑒 (%) = (
𝐴𝑏𝑠𝑢 − 𝐴𝑏𝑠𝑐𝑙

𝐴𝑏𝑠𝑢
) × 100 

Equation 4-2 

In this equation Absu represented the absorbance of the non-crosslinked scaffold and Abscl 

the absorbance of the crosslinked fibers. 

 

Structural characterization 

The chemical structure of the crosslinked and non-crosslinked scaffolds was assessed using 

Fourier-transform infrared (FTIR) spectrometry (Cary 630 FTIR Spectrometer, Agilent 

Technologies Inc., Danbury, CT, USA) with software Resolution Pro. A scanning range of 

4,000–600 cm−1 was used. Wide angle X-ray diffraction spectra were recorded in a Philips 

diffractometer with a control unit PW1710, a vertical goniometer PW1820/00, a generator 

which operated at 40 kV and 30 mA, and a monochromator of graphite (λ (Kα1) = 1.5406Å). 

The diffractograms were recorded in the 15-70º angular range with a step of 0.02º and a time 

per step of 2.5s. HighScore Plus, version 3.0d was used to develop the mathematical analysis 

of the diffractograms. 

 

Hydrophilicity and water uptake 

Water contact angle measurements were performed, in triplicate, at 25 °C by the pendant 

drop method (Phoenix-300, Korea). As soon as the water droplet made contact with the 

sample, a total of 10 images were captured in one second, and the best-adjusted pictures were 

selected to obtain the contact angle value. 

The water uptake capacity was evaluated, in triplicate, immersing the fibers (approx. 10 mg) 

in simulated body fluid (SBF) pH 7.25 at 37 °C prepared with 142 mM Na+, 5 mM K+, 1.5 

mM Mg+2, 2.5 mM Ca+2, 148.8 mM Cl-, 4.2 mM HCO3
- and 1.0 mM HPO4

-2 (Kokubo, 
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Kushitani, Sakka, Kitsugi, and Yamamuro, 1990). The samples were removed from the SBF 

solutions after 24 h and the excess of SBF was wiped. Water uptake capacity was calculated 

as follows 

 

𝑊𝑎𝑡𝑒𝑟 𝑢𝑝𝑡𝑎𝑘𝑒 (%) =  
(𝑤 − 𝑤𝑑)

𝑤𝑑
× 100 

Equation 4.3 

 

 

In this equation, wd and w represent the weight of the fibers before and after immersion for 

24 h.  

 

Hemolytic activity 

Fresh human whole blood from anonymized healthy donors was obtained from Galician 

Transfusion Center (Spain). Blood was diluted 1:30 in 0.9% NaCl solution. Scaffold pieces 

(aprox. 5 mg) were individually immersed in Eppendorf tubes containing 1 mL of the blood 

solution. In parallel, saline solution (100 µL) and Triton X-100 4 %v/v (100 µL) were used 

as negative and positive control, respectively. The experiments were carried out in triplicate. 

The tubes were placed on an orbital shaker at 100 rpm and maintained at 37 °C. After 60 min 

of incubation, 1 mL of the suspension was removed from each tube and centrifuged for 10 

min at 10,000g. The absorbance of the supernatant (100 µL) was measured at 540 nm using 

a plate reader (FluoStar Optima, BMG Labtech, Germany). Percentages of hemolysis were 

calculated as follows (Equation 4-4)  

% 𝐻𝑒𝑚𝑜𝑙𝑦𝑠𝑖𝑠 =  
𝐴𝑏𝑠 − 𝐴𝑏𝑠0

𝐴𝑏𝑠100 − 𝐴𝑏𝑠0
∗  100 Equation 4.4 
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In this equation Abs100 corresponded to the positive control absorbance and Abs0 to the 

negative control absorbance. 

 

Fibroblast viability assays 

Balb/3T3 clone A31 (ATCC CCL-163TM, USA) fibroblasts were cultured in DMEM medium 

supplemented with 10 %v/v fetal bovine serum (HyClone, USA) and 1%v/v penicillin and 

streptomycin (HyClone, USA). Cells were maintained at 37 °C in 95% humidified 

atmosphere and 5% CO2. Flasks were subcultured when they were 80-90% confluent. Three 

min exposure to 0.25 %w/v trypsin-EDTA (Corning) was used to release attached cells from 

the tissue culture surface.  

Cell proliferation in the presence of the PHB-microfibers, Ge-nanofibers and Ge-PHB 

scaffolds was assessed using a WST-1 assay. Briefly, the scaffolds were cut into pieces of 

0.5×0.5 cm2, sterilized by UV radiation for 30 min each side, and finally put into 96-well 

microplates. Then, 10,000 cells were seeded in each well plate in 200 µL of culture media 

and incubated at 37 °C. Cells without scaffolds were used as controls. All the experiments 

were performed in triplicate for each treatment and the control. The viability was evaluated 

after 1, 3 and 7 days of incubation. At each time, the medium was removed, and the cells 

were washed with 200 µL of DPBS/Modified (HyClone, USA) for 5 min to remove the 

phenol red of culture media. Then, 150 µL of WST-1 (1:10) in DMEM without phenol red 

(Gibco, USA) was added to each well and incubated for 1 h. Finally, 100 µL were transferred 

to a new 96-well plate. The absorbance at 450 nm was measured using a UV Bio-rad model 

680 microplate reader (USA).  

Cell cytoplasm and nuclear DNA molecules were stained with phalloidin conjugated with 

fluorescein (FITC) and DAPI, respectively (Sigma-Aldrich), to observe cell morphology and 

to count the cells attached to scaffolds. The scaffolds with cells were fixed with a 3.7 %v/v 

formaldehyde solution for 60 min and then rinsed in phosphate buffered saline to remove the 

fixative. After that, the scaffolds with attached cells were incubated in a Triton X-100 

solution (0.1 %v/v) for 15 min and then washed several times. Cell cytoplasm was stained 
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with Alexa Fluor 488 Phalloidin solution (1/100 dilution) at 4 °C overnight and nuclei were 

contrasted with DAPI (300 nM solution, for 30 min at room temperature). The stained cells 

were analyzed using a Leica SP2 confocal microscope (Germany). 

 

In vivo wound healing assay 

Four male Wistar rats were injected intraperitoneally with streptozotocin (60 mg/Kg) to 

induce diabetes. The glucose levels were monitored for three days (once a day drawing a 

drop of blood from the tail vein and titration with a test strip). After general intraperitoneal 

anesthesia with ketamine (100 mg/kg) and xylazine (10 mg/kg), the dorsal area hair was 

removed and four circular wounds of 6 mm diameter were practiced in the dorsal area using 

a dermal biopsy punch. Then, the scaffolds (cut as discs of 6 mm) were placed on wounds 

after sterilization by UV-radiation (as described in 2.7). Three scaffolds were tested on each 

rat and the remaining wound was used as a control (applying saline solution only) to 

minimize the number of animals. All experiments were conducted under approval of the 

Santiago de Compostela University Bioethics Committee (protocol No. 15007/16/001) and 

in compliance with the Principles of Laboratory Animal Care according to Spanish national 

law (RD 53/2013). Macroscopic observations and photographs of each wound were made 

after 3, 7, 14 and 21 days of treatment. The wound closure rate was determined by calculating 

the wound area at different periods of time (3, 7, 14 and 21 days) as follows, 

 

Equation 4-5 

𝑊𝑜𝑢𝑛𝑑 𝑐𝑙𝑜𝑠𝑢𝑟𝑒 𝑟𝑎𝑡𝑒 = (
𝑊𝑜𝑢𝑛𝑑 𝑎𝑟𝑒𝑎𝑑𝑎𝑦 0 −  𝑊𝑜𝑢𝑛𝑑 𝑎𝑟𝑒𝑎𝑑𝑎𝑦 𝑥

𝑊𝑜𝑢𝑛𝑑 𝑎𝑟𝑒𝑎𝑑𝑎𝑦 0
) × 100 

 

Subsequently, the wounds together with their surrounding host skins were harvested and 

evaluated histologically by hematoxylin-eosin staining.  
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Immunostaining analysis 

Tissues of the wound area of each animal were collected at day 21 of the treatments. Tissues 

were washed in PBS 0.1 M, pH 7.4 and cryoprotected in a 30 %w/v sucrose solution with 

0.05 %v/v of sodium azide. Samples were included in OCT resine (Tissue-Tek, Japan), 

frozen with liquid nitrogen, and sectioned in 13-µm thickness slices in a cryostat (Tissue-

Tek, Japan). Slices were subjected to immunostaining against Collagen-I protein. In brief, 

slices were washed with PBS, blocked with a solution of PBS with 0.2 %v/v of Triton X-100 

(Sigma-Aldrich, USA) and 10% (v/v) of goat serum (Sigma-Aldrich, USA) for 1 h and 

incubated with the primary antibody rabbit anti-Collagen I (Abcam, UK) (1:100) for 24 h. 

Unbound antibodies were washed with PBS and then incubated with a solution containing 

secondary antibody Dylight 488 Goat anti-Rabbit (Vector laboratories, USA) (1:100) and 

goat serum 10 %v/v in PBS with Triton X-100 for 1 h. Cell nuclei were stained with Hoechst 

(Invitrogen, USA) (1:10000) in PBS with Triton X-100 and 10 %v/v for 15 minutes. 

Microphotographs were taken in a Leica DMI 6000 B microscope with LAS AF 1.0.0 

software (Leica Microsystems, Sweden) at 5× magnification. Images were taken using the 

same acquisition parameters for each group. 

 

Statistical analysis  

All experimental data were collected from triplicate samples and expressed as the 

mean ± standard deviation (SD). Statistically significant differences were examined using 

variance analysis (ANOVA). Duncan test was carried out when the p-value < 0.05. 

 

4.3 Results and discussions 
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Combination of PHB-microfibers and GE-nanofibers 

Nanofibers of Ge and microfibers of PHB were combined in a single wound dressing scaffold 

using a one-step approach for first time in this work, to the best of our knowledge. Different 

electrospinning parameters were evaluated in order that nano and microfibers could be 

formed simultaneously. Firstly, the effects of polymer concentration, flow and voltage on the 

features of the fibers were evaluated for each polymer in separate at three levels. Since PHB 

and Ge exhibit opposite polarity, the effects of these variables on the characteristics of their 

fibers cannot be inferred from each other. 

PHB is a semiconductor and chloroform used as solvent possesses low dielectric constant 

(2·10-5 mS/cm), which determined that PHB solutions at 2, 5 and 8 %w/v also had low 

conductivity (<0.001, 0.015, and 0.019 mS/cm, respectively). Consequently, PHB fibers with 

diameters in the micro-range were obtained (Table 4-1). The smallest fiber diameters have 

been reported for solutions with high conductivity, since the jet may carry more charges and 

the Taylor’s cone radius becomes reduced (Khajavi and Abbasipour, 2017). The Ge solutions 

at 10, 20, and 30 %w/v prepared in acetic acid (75 %w/v) aqueous medium possessed two-

orders of magnitude higher conductivity than PHB solutions (1.76, 2.67, and 3.03 mS/cm, 

respectively). This high conductivity allowed obtaining fibers with diameters in the nano-

range and bead-free (Table 4-1). In the case of PHB solutions, the droplet formed in the 

nozzle tip did not have enough charge to form a stable Taylor cone; thus, not continuous 

bead-free fibers were obtained for the lowest concentration tested (Haider, Haider, and Kang, 

2015).  

Polymer concentration also determines the entanglement of the chains and thus the feasibility 

of obtaining continuous fibers (Khajavi and Abbasipour, 2017). Fiber formation was not 

continuous for PHB at 2 and 5 %w/v, and Ge at 10 and 20 %w/v. In the present study, 

polymer concentration had a significant effect on fiber diameter for both polymers. In the 

case of PHB, a mixture of beads and fibers was obtained at 2 %w/v, whereas irregular fibers 

were obtained at 5 %w/v. Once PHB concentration was increased to 8 %w/v bead-free fibers 

were formed and the fiber diameter became wider. The lower fiber diameter was obtained at 

2 %w/v; however, at this concentration, the MI was the lowest; the MI values close to 1 

indicated continuous, homogeneous fibers (Verdugo, Lim, and Rubilar, 2014). 
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On the other hand, the formation of Ge bead-free nanofibers was reached at 30 %w/v, with 

fiber diameters near to 200 nm. Ge at 20 %w/v led to the smallest fiber diameter, but MI was 

0.66 (Table 4-1). The acetic acid medium prevented the gelation process and increased Ge 

solubility, which allowed the processing of high gelatin content solutions. 

The flow rate also significantly affected the diameter of Ge-nanofibers and PHB-microfibers 

and the MI values of PHB-microfibers, which varied between 0.35 and 1.00 for 1.5 and 0.5 

mL/h, respectively. At high flow rates, larger droplets can be formed, which increases the 

average fiber diameter and bead size, but there is a limit in increasing the fiber diameter 

because the amount of charge and flow rates do not increase in parallel (Zargham, Bazgir, 

Tavakoli, Rashidi, and Damerchely, 2012). A low flow rate was necessary for the obtention 

of good quality fibers, but too slow flows caused the solution to dry on the nozzle tip and 

deposits of the polymer altered the correct ejection of the solution. In the case of PHB, a flow 

rate of 1.0 mL/h allowed obtaining continuous PHB-microfibers with diameters in the micro 

range, and a satisfactory MI of 1.0.  

Ge-nanofibers formation was evaluated at 15, 20 and 25 kV. The presence of beads and 

beaded Ge-nanofibers at 15 and 20 kV could be associated to the instability of the Taylor 

cone and its small size (Haider et al., 2015). In case of PHB-microfibers, voltage had a 

significant effect on both fiber diameter and MI; the highest MI was obtained at 25 kV.  

In sum, the best conditions for the formation of PHB-microfibers and Ge-nanofibers in 

separate were 8 %w/v, 25 kV, and 0.5 mL/h for PHB, and 30 %w/v, 25 kV, and 0.5 mL/h for 

Ge. As the equipment operational conditions were the same for obtaining micro and 

nanofibers (voltage 25 kV, distance 15 cm, and collector rotation speed 100 rpm), both 

polymers solutions were ejected from two different needles side by side at the same time to 

manufacture the scaffold combining PHB-microfibers and Ge-nanofibers. An entangled 

network of nano and microfibers was successfully obtained with mean diameters of 0.22 and 

1.21 µm, respectively (Table 4-1). 

 

Table 4-1 Electrospinning variables tested to prepare PHB-microfibers and Ge-nanofibers in 

separate from PHB solutions in chloroform and Ge solutions in acetic acid (75 %w/v) 
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aqueous medium covering three concentration, voltage and flow levels, and the recorded 

fiber diameter and morphology index (MI). Mean values ± standard deviation (n=3). 

Polymer 

Independent variables Response variables 

Concentration Voltage Flow rate Fiber 

diameter 

Morphology 

index (MI) 

(%w/v) (kV) (mL/h) (µm) 

PHB 

2 25 0.5 0.67 ± 1.29 0.00 

5 25 0.5 1.08 ± 0.52 0.90 

8 25 0.5 1.25 ± 0.17 0.95 

8 25 1.0 1.21 ± 0.30 0.20 

8 25 1.5 1.99 ± 0.52 0.35 

8 20 0.5 1.10 ± 0.25 0.55 

8 15 0.5 1.26 ± 0.75 0.45 

Gelatin 

10 25 0.5 NFF* NFF* 

20 25 0.5 0.13 ± 0.03 0.00 

30 25 0.5 0.22 ± 0.04 1.00 

30 25 1.0 0.18 ± 0.04 1.00 

30 25 1.5 0.22 ± 0.09 1.00 

30 20 0.5 0.19 ± 0.05 0.55 

30 15 0.5 0.19 ± 0.05 0.65 

*NFF: No fibers formation. 
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Crosslinking of the scaffolds 

Different crosslinking methods have been tested to provide stabilization against aqueous 

environments for those scaffolds produced from aqueous soluble polymers (Pouranvari, 

Ebrahimi, Javadi, and Maddah, 2016). Genipin was chosen in this study because of its high 

crosslinking efficiency, comparable to that of glutaraldehyde, which in turn communicates 

resistance to enzymatic degradation. Besides, genipin has better biocompatibility and lower 

toxicity compared with other crosslinker agents (Panzavolta et al., 2011). Genipin reacts with 

primary amines groups through a nucleophilic reaction to form covalently crosslinked 

networks with a heterocyclic structure (Chang et al., 2003).  

After crosslinking process, the Ge-nanofibers in both mono (Ge) and dual (Ge-PHB) 

scaffolds experienced an increase in diameter. For Ge-nanofibers, the diameter increased 

from 220 ± 40 nm to 338 ± 133 nm after crosslinking, in agreement with the findings reported 

by Panzavolta et al. (Panzavolta et al., 2011). For Ge-PHB scaffolds, the Ge-nanofibers 

changed from 265 ± 61 nm to 375 ± 179 nm. The crosslinking degree reached for Ge-

nanofibers after 7 days of incubation in genipin solution was 90.4 ± 2.2% and in the Ge-PHB 

scaffold was 93.2. ± 2.9%. No significant differences were found.  

The morphology of the PHB-microfibers in the Ge-PHB scaffold did not change after 

exposition to genipin, although the microfibers surface became rougher. The Ge-nanofiber 

scaffold become wrinkled after crosslinking process, meanwhile the external appearance of 

Ge-PHB scaffold did not change. In the Ge-PHB scaffold, PHB microfibers appeared to 

provide a good structural support to the Ge-nanofibers during the cross-linking, which 

avoided the shrinking of the scaffold as a whole. This is a critical issue for skin regeneration 

since the shrinking of the scaffold during healing leads to scars (Chang et al., 2003).  
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Figure 4-1 FESEM photograph of the non-crosslinked fibers, a) Ge-nanofibers, b) PHB-

microfibers, and c) Ge-PHB scaffold, and crosslinked fibers d) Ge-nanofibers, e) PHB-

microfibers, and f) Ge-PHB scaffold. Scale bar 2 µm. 

a) b) c) 

d) e) f) 
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Structural characterization  

To gain an insight into the effects that the crosslinking caused on gelatin structure, FTIR and 

XRD spectra of mono- and dual-component scaffolds were recorded before and after 

crosslinking with genipin (Figure 4-1). Genipin may react with the primary amines groups 

of gelatin to form covalently crosslinked networks though a nucleophilic substitution of the 

ester group of the genipin molecule by a secondary amide linkage (Butler, Ng, and Pudney, 

2003). Non-crosslinked and crosslinked Ge-nanofibers showed the characteristics bands of 

gelatin at 3300, 1630, 1538, and 1237 cm-1, which corresponded with amide A (N-H stretch), 

amide I (C=O stretch), amide II (C-N stretch), and amide III (interaction between C-N 

stretching vibrations and N-H deformation) groups, respectively (Muyonga, Cole, and 

Duodu, 2004; Nguyen and Lee, 2010). The FTIR spectra of the crosslinked Ge-nanofibers 

exhibited a relative higher intensity of the absorption band at 1113, 1198, and 1268 cm-1 in 

the amide III region, in agreement with a relatively higher content in triple helix structures 

(Panzavolta et al., 2011). The XRD spectra also evidenced that the crosslinking process 

caused an increase in the crystallinity (Table 4-2), which may be explained by the formation 

of heterocyclic structures between gelatin amine residues and genipin. 

In the case of the PHB-microfibers, the FTIR spectra did not show any difference after 

exposition to genipin solution, proving that the genipin did not react with PHB. This was 

corroborated by the XRD analysis, where the PHB-microfibers crystallinity slightly 

decreased from 17.9% to 16.7% after immersion in genipin solution. This decrease may be 

associated with the fact that genipin was solved in ethanol, and the crosslinked was developed 

at 37 °C which may facilitate a restructuration of PHB conformation. 
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Figure 4-2 FTIR spectra of a) the non-crosslinked PHB-microfibers, b) crosslinked PHB-

microfibers, c) non-crosslinked Ge-PHB scaffold, d) crosslinked Ge-PHB scaffold, e) non-

crosslinked Ge-nanofibers, and f) crosslinked Ge-nanofibers. 

 

Table 4-2 Crystallinity degree of the electrospun fibers before and after crosslinking.  

 Crystallinity degree (%) 

 
Non-crosslinked 

fibers 
Crosslinked fibers 

PHB-microfibers 17.9 16.7 

GE-nanofibers 0 9.8 

Ge-PHB scaffolds 12.0 19.1 
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Hydrophilicity and water uptake 

The water contact angles recorded for non-crosslinked and crosslinked mono and dual-

component scaffolds are summarized in Table 4-3. The water drop was immediately 

absorbed into the Ge fibrous networks before crosslinking, resulting in a zero-contact angle. 

Differently, the PHB-microfibers scaffold showed a contact angle of 78.2 ± 4.6°. After 

crosslinking with genipin, Ge-nanofibers became water insoluble and the contact angle was 

measurable. Nevertheless, crosslinked Ge-nanofibers scaffold could still be considered as 

hydrophilic. 

The water uptake capacity of the crosslinked fibers was evaluated by immersing the fibers in 

SBF. The capability of the fibers to uptake SBF ranked in the order: Ge-nanofibers > Ge-

PHB scaffolds > PHB-microfibers, being significantly different with a p-value < 0.05. Thus, 

the Ge-nanofibers became water-insoluble after crosslinking but did not lose its affinity by 

aqueous solutions, being capable to absorb 3.5-fold its weight. The Ge-PHB scaffold was 

capable to absorb an intermediate value between the Ge-nanofibers and the PHB-microfibers, 

which proves that this combination shared the characteristics of each material. Non-

significant differences were found between the PHB-microfibers before and after the 

crosslinking process. Thus, the crosslinking method did not affect the water uptake capacity 

of the PHB-microfibers. 
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Table 4-3 Hydrophilic characterization and hemolysis of the non-crosslinked and crosslinked 

scaffolds. Mean values ± Standard deviation (n=3) 

  
Water contact 

angle (°) 

Water uptake 

(%) 

Hemolysis 

(%) 

Non-

crosslinked 

fibers 

PHB-microfibers 80.8 ± 7.7 174.6 ± 26.5a 0 

GE-nanofibers 0 n.d. 2.2 ± 1.5 

Ge-PHB scaffolds 0 n.d. 0 

Crosslinked 

fibers 

PHB-microfibers 80.5 ± 4.4 164.9 ± 26.4a 0 

GE-nanofibers 55.9 ± 8.8 351.4 ± 72.9b 0 

Ge-PHB scaffolds 38.7 ± 6.1 259.8 ± 37.4c 0 

Different letters indicate statistically significant differences with a p-value < 0.05. n.d.: 

non-determined because they dissolved in contact with water. 
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Hemolysis and cell viability assays 

Hemolysis test can be used as an index of hemocompatibility for materials intended for 

biological applications (Díaz-Rodríguez, González, Serra, & Landin, 2014). All the non-

crosslinked and crosslinked scaffolds caused hemolysis values below 2% (Table 4-3). 

According to ISO 10993-4, materials showing hemolysis values lower than 5% can be used 

as blood-contacting materials. Thus, these results indicated that hemocompatibility of the 

scaffolds was not compromised by the cross-linking with genipin. 

WTS-1 assay was used to determine the viability of the fibroblast Balb/3T3 cultured on the 

mono- and dual-component scaffolds after crosslinking with genipin (Figure 4-3). The cross-

linked scaffolds maintained their integrity after 7 days at 37 °C in the culture medium. 

Disregarding the scaffold composition, cell viability was in all cases above 80% after 7 days 

of incubation. No statistically significant differences were found in the fibroblast growth 

between the three evaluated scaffolds after 1 day of incubation. After three days of incubation 

no differences were observed between the Ge-nanofibers and the PHB-microfibers, but the 

growth of fibroblasts was slightly lower in the Ge-PHB scaffold. Finally, after 7 days of 

incubation, none significant differences were found between the Ge-nanofibers and Ge-PHB 

scaffolds but cells proliferated more in the PHB-microfibers scaffold.  
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Figure 4-3 Fibroblast Balb/3T3 viability after incubation with the crosslinked scaffolds for 

24 h, 72 h and 7 d. Different letters mean statistically significant differences with a p-value 

< 0.05. 

 

Cell adhesion on a surface is strongly influenced by the balance of hydrophilicity and 

hydrophobicity. Many studies have demonstrated that the cells adhere, spread and grow more 

easily on moderately hydrophilic substrates than on hydrophobic or very hydrophilic ones 

(Sheng et al., 2017). The number of fibroblast cells attached to the three different crosslinked 

scaffolds after 7 days of incubation was 11.06 ± 3.53 ×104 cells/cm2 for Ge-nanofibers, 10.20 

± 0.08 ×104 cells/cm2 for Ge-PHB scaffolds, and 9.74 ± 0.08 × 104 cells/cm2 for the PHB-

microfibers. Thus, significant differences were not found in the number of cells attached to 

the three scaffolds.  

Interestingly, cells showed different morphologies depending on the scaffold architecture 

(Figure 4-4). Cells growing in the PHB-microfibers stretched out extensively on the fibers. 

On the contrary, in the Ge-nanofibers and Ge-PHB scaffolds, the cells formed more closely 

compacts on the scaffolds. The growth followed the spatial arrangement of the fibers, which 

had more open spaces among them in the case of PHB-microfibers. Overall, cell proliferation 
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results indicated that both polymers participate in specific cell interactions and that the cells 

maintain healthy, active metabolism, which validated the cytocompatibility of the scaffolds. 

 

Figure 4-4 Confocal images of Balb/3T3 fibroblast cells on the crosslinked scaffolds after 

7 days of incubation. a) PHB-microfibers, b) Ge-nanofibers, and c) Ge-PHB scaffolds. 

Nuclei are in blue and cytoplasm in red. Scale bar 50 µm. 

 

In vivo study 

The capability of mono- and dual-component scaffolds to stimulate wound regeneration was 

tested in an in vivo diabetic wound model. Crosslinked PHB and Ge-PHB scaffolds and non-

crosslinked Ge scaffolds were chosen for the study. Crosslinked Ge-nanofibers were not 

evaluated because their wrinkled, non flat surface might lead to non-homogeneous contact 

with the wound and scar formation. The rats showed the typical clinical symptoms of 

diabetes, such as polydipsia and polyuria, after 2-3 days of a single injection of 

streptozotocin. The blood glucose levels were above 500 mg/dL. Skin wounds (~28 mm2) 

were created after removal of the full thickness skin on the back of diabetic rats, and then 

covered with scaffolds of the same size. The porous structure and high specific areas of the 

PHB-microfibers and Ge-PHB scaffolds allowed gaseous and fluid exchanges and absorbed 

excess exudates. Scaffolds of Ge-nanofibers disintegrated immediately in contact with the 

tissue fluid, but the viscous mass layer formed remained on the wound. Only PHB and Ge-

bbba
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PHB scaffolds behaved as a protective dressing on the wound surface and were progressively 

integrated in the growing tissue.  

The wound closure was expressed as a percentage of the initial area (Figure 4-5). On day 3, 

no differences were observed in the wound closure among the different treatments and the 

control wound. On day 7, the wounds treated with Ge-nanofibers showed a significant 

decrease in the wound closure for a p-value < 0.1. On day 14, significant differences were 

observed for a p-value < 0.1. The wounds treated with Ge-nanofibers and Ge-PHB scaffolds 

were the ones that apparently close first. This may be associated mainly to that gelatin 

contains arginine-glycine-aspartic acid (RGD) sequences in its structure, which are known 

to promote cell attachment and proliferation (Zhang et al., 2020). No traces of scaffolds were 

apparent on the wounds, suggesting biodegradation as the new tissue grew. On day 21, all 

the wounds were closed, and no scab, no infection, and no granulation were observed neither 

in the different treatments nor the control group.  
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Figure 4-5 A) Representative images of skin wounds after treatment with PHB-

microfibers, Ge-nanofibers and Ge-PHB scaffolds using as untreated wound as control for 

3, 7,14 and 21 days. B) Wound area after different periods of time after treatment (n=3), 

different letters mean statistically significant differences for a p-value < 0.1. 
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Histological analysis of the regenerated tissue 

After 21 days of surgery, the regenerated tissue was collected, and HandE histological 

analysis was done. The epidermis was easily identified in all the images, showing the 

presence of polarized basal keratinocytes, a spinous layer composed of cuboidal, 

differentiating keratinocytes, a granular cell layer and finally the outermost stratum corneum 

composed of flattened dead cells (Figure 4-6). The dermis layers, mainly the papillary layer 

adjacent to the epidermis and the reticular layer denoted by a greater concentration of thick 

collagen fiber cells and bundles, were also evident (Ross and Pawlina, 1966). 

The epidermis and dermis were easily denoted also in the immunostaining of Collagen-I in 

Figure 4-7 for all the treated wounds and the control wound. However, control wound was 

poor in granulated tissue, and no hair follicles or sebaceous glands were observed. In 

addition, a high concentration of fibroblasts and a weak formation of type I collagen fibers 

were observed. These features indicated that the control wound was in an early proliferative 

stage, even though the wound appeared as closed and fully epithelized. 

The wound treated with non-crosslinked Ge-nanofibers showed a high proportion of 

granulated tissue, despite the scaffold dissolved once in contact with the wound and did not 

act as a scaffold for the wound regeneration; this treatment stimulated the tissue regeneration 

in the wound. The formation of hair follicles and thick collagen fibers were observed in the 

wounds treated with Ge-nanofibers, PHB-microfibers, and the Ge-PHB scaffolds. Also, a 

low content of fibroblast and high content of collagen fibers were observed. On the other 

hand, the formation of hypodermis was observed in the wound treated with the Ge-PHB 

scaffold. These features indicate that the wounds treated were in a late proliferative stage 

(Gurtner, Werner, Barrandon, and Longaker, 2008). Finally, it should be noticed that there 

was no evidence of scaffolds pieces remaining in the wound bed. 

Jin et al. (2014) reported that the wounds treatment with electrospun nanofibers containing a 

blend of Ge and poly(L-lactide acid)-b-poly(ε-caprolactone) accelerate the wound closure 

and regeneration. In addition, they observed that the wounds treated with the scaffolds had 

newly regenerated epidermis after 10 days post implantation and where comparable with the 

epidermis of normal skin, meanwhile, the control wound (without treatment) was still in an 
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inflammatory stage. They also found that the wounds treated with the scaffolds had a higher 

amount of collagen type-I than the control group. 

 

 

 

Figure 4-6 Histologic evaluation of the regenerated tissue from the wounds treated with b) 

Ge-nanofibers, c) PHB-microfibers, and d) Ge-PHB scaffolds. As control was used a) 

wound without any treatment, 4×. Red arrows indicate epidermis, yellow circles show hair 

follicles. 

 

 

a) b) 

c) d) 
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Figure 4-7 Immunofluorescence staining of collagen-1 (green) and cell nuclei (blue) in 

wounded skin areas of the different groups after 21 days of treatment. Microphotographs 

were acquired at 5× magnification. 
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 4.4 Conclusions 

Scaffolds made of PHB-microfibers and Ge-nanofibers can be prepared in one-step by 

electrospinning of different polarity solutions by adjusting the polymers concentration and 

flow rate and the voltage of the equipment. The electrospinning technique allowed simple 

and straightforward processing approach of scaffolds combining fibers of different polymers 

and different diameters. Ge-nanofibers promoted cell adhesion on the scaffold. Relevantly, 

the PHB-microfibers network reinforced and facilitated the crosslinking of Ge-nanofibers 

preventing the scaffold from shrinking. The resulting dual size Ge-PHB fibers scaffold 

showed to be biocompatible and promoted fibroblast attachment and skin regeneration as 

efficiently as the Ge-nanofibers scaffold with the advantages of easy handling, prolonged 

permanence time in the wound and no risk of skin contraction. Besides, compared with non-

treated wounds, Ge-PHB scaffolds showed significant increase in wound healing rate and 

overall closure, formation of hypodermis and higher content in hair follicles and sweat 

glands. Overall, the Ge-PHB scaffold appears to be a suitable platform for more complex 

tissue engineering constructs involving delivery of bioactive compounds of different 

polarities to further enhance skin wound healing. 
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Chapter 5  

Combination of Ge-nanofibers and spiral-shaped 

PHBx-microfibers from P. xenovorans LB400 

 

 

 

 

 

 

  



 

88 
 

Abstract 

The extracellular matrix (ECM) of the skin should provide mechanical support, regulates 

cellular activities and may facilitate the transportation of nutrient and metabolic wastes that 

are needed for cells to survive and function effectively. Scaffolds should resemble not only 

the composition but also the topography and properties of the ECM. Thus, the aim of this 

work was to combine spiral-shaped PHBx-microfibers and Ge-nanofibers to mimic the ECM 

and promote wound regeneration in diabetic rats.  

Biocompatibility studies were developed, like hemolytic activity, in vitro fibroblast Balb 3T3 

viability and in vivo wound regeneration in diabetic rats.  

The mechanical evaluation of the combined scaffold showed that the combination of PHBx-

microfibers and Ge-nanofibers increase the Young’s modulus and the tensile strength, 

improving the mechanical properties compared with the combination of PHBc-microfibers 

and Ge-nanofibers. Otherwise, the low hemolytic activity and the high fibroblast viability 

showed that the crosslinked scaffolds are biocompatible. The in vivo wound healing assay 

showed that after 21 days, the wounds were completely closed, and the scars had a non-

erythematous texture. The histological evaluation showed that the wounds treated with the 

different scaffolds had hair follicles, sweat glands and thick collagen fibers, indicating that 

the wounds treated with the Ge-PHBx scaffolds were at a late proliferative stage. Finally, it 

is important to highlight that there is no evidence of the scaffolds remaining in the wound 

bed.  

Therefore, the combination of spiral-shaped PHBx-microfibers and Ge-nanofibers are 

effective for promoting skin repair and could be utilized in the future as a tissue engineering 

platform more complex involving delivery of bioactive compounds to further enhance 

cutaneous wound healing.  
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5.1. Introduction 

The natural extracellular matrix (ECM) is composed by randomly arranged fibers of collagen, 

elastin, fibronectin, proteoglycans, and many other molecules (Xing et al., 2017). The ECM 

should provide mechanical support, regulates cellular activities and may facilitate the 

transportation of nutrient and metabolic wastes which are needed for cells to survive and 

function effectively (Nagiah, Madhavi, Anitha, Anandan, et al., 2013; J. Wu and Hong, 

2016).  

Electrospinning is based on the generation of an electrical field between a polymeric solution 

placed in a capillary tube and a metal collector. When the electrical field reaches its critical 

value, repulsive electrostatic force overcomes the surface tension of the polymeric solution, 

and a charged jet it is produced. This process is accompanied by the rapid solvent evaporation 

and results in the formation of long and thin fibers (Tuzlakoglu et al., 2005). Different 

components can be combined to be delivered from a single needle or using a coaxial 

configuration to obtain a core-shell fiber. In any case, most studies report obtaining fibers 

with a constant and homogeneous diameter. However, this conformation may be not ideal 

for tissue engineering.  

Scaffolds should resemble not only the composition, but also the topography and properties 

of the ECM. In this regard, micro and nanofibers obtained by electrospinning are garnering 

increased interest due to their low weight, high porosity, and high surface area to volume 

ratio. These features may improve cell adhesion and proliferation, while allowing rapid 

oxygen diffusion and nutrients through the scaffold (Pham et al., 2006). Nano-sized fibers 

promote cell adhesion and proliferation, whereas micro-sized fibers increase pore size and 

promote cell infiltration. Electrospun scaffolds with a pore size between 20 and 45 µm, helps 

the infiltration of about 1.2 mm deep in the cell matrix (Wu and Hong, 2016; Pham et al., 

2006). 

PHB is a hydrophobic biopolymer derived from polyhydroxyalkanoates (PHA) and has 

properties suitable for tissue engineering. It is synthesized by a wide variety of bacteria from 

renewable carbon sources when their growth is restricted by an essential nutrient and in the 

presence of excess carbon source (Daranarong et al., 2014). PHB is non-toxic, biocompatible, 



 

90 
 

and biodegradable (Khorasani et al., 2011). Therefore, its potential as a tissue engineering 

material is well supported by the fact that its monomer (3-hydroxybutyric acid) is a common 

metabolite in higher organisms. Electrospinning studies using PHB have been conducted by 

different authors to produce scaffolds exclusively of PHB (Mottin, Ayres, Oréfice, et al., 

2016; T. Volova et al., 2014) or  even combining the PHB solutions with other polymers 

such as, chitosan, gelatin, polyvinyl alcohol, and others (Asran et al., 2010; Nagiah, Madhavi, 

Anitha, Anandan, et al., 2013). 

Gelatin (Ge) is a biodegradable and biocompatible polymer, produced by collagen 

hydrolysis, and is the most abundant protein in the ECM. Ge may provide a better 

environment for cell attachment, growth, and proliferation (Mihaiescu et al., 2011). Nagiah, 

Madhavi, Anitha, Anandan, et al., (2013) have reported scaffolds manufactured with PHB 

and Ge for dermal tissue regeneration, using a coaxial system obtaining fiber diameter around 

500 nm and by blending both polymers to obtain fiber diameters between 240 and 440 nm 

depending on the polymer ratio. However, the acquisition of fibers with such diameters 

produces small pore size that do not resemble the ECM structure.  

Differently, this chapter relies on the hypothesis that an electrospun scaffolds formed by 

spiral-shaped PHB-microfibers combined with Ge-nanofibers may provide a scaffold with 

better biological and mechanical properties. Thus, this chapter sought to manufacture a 

scaffold combining spiral shaped PHBx-microfibers and Ge-nanofibers for skin regeneration 

in diabetic wounds, based on the results obtained in chapters 3 and 4. Once the scaffold was 

accomplished, an exhaustive physico-mechanical characterization was done. This was 

followed by the evaluation of a fibroblast viability, cell adhesion and hemocompatibility test. 

Finally, the scaffold potential in diabetic wound healing was evaluated, and in vivo study was 

conducted in diabetic rats.  

 

5.2.  Materials and Methods 

5.2.1 Materials 

Poly-3-hydroxybutyrate (PHB) (300 kDa) and gelatin (Ge) from bovine skin type B (225 g 
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Bloom) were acquired from Sigma Aldrich Co. (St Louis, MO, USA). Genipin 98% purity 

from General Biological Corporation (Taiwan, China). NaOH; NaCl; Na2CO3; KCl; 

MgCl2×6H2O; KH2PO4; KHCO3; CaCl2×2H2O; NaCl; chloroform; formaldehyde; Triton X-

100 solution; and glacial acetic acid were from Merck (Darmstadt, Germany). Dubelcco’s 

phosphate saline buffer (DPBS); DMEM medium; DMEM without phenol red; fetal bovine 

serum, penicillin and streptomycin, and Trypsin-EDTA were obtained from HyClone (USA). 

The WST-1 assay was from Roche (Germany). Alexa Fluor 488 and DAPI were purchased 

from ThermoFisher (USA). 

 

5.2.2 PHB production 

P. xenovorans LB400 strain was grown in LB broth (tryptone 10 g/L, yeast extract 5 g/L, 

NaCl 5 g/L) and M9 minimal medium with xylose (10 g/L) as the sole carbon sources in 

flasks rotated at 150 rpm and 30ºC. M9 minimal medium was composed of: Na2HPO4 6.78 

g/L, KH2PO4 3 g/L, NaCl 0.5 g/L, NH4Cl 1 g/L with trace solutions of MgSO4×7H2O 154 

mg/L, MgCl2×6H2O 13.4 mg/L, FeSO4×7H2O 11.9 mg/L, CaCO3 2.5 mg/L, ZnSO4×7H2O 

1.8 mg/L, MnSO4×H2O 1.4 mg/L, CoCl2×6H2O 0.35 mg/L, CuSO4×5H2O 0.3 mg/L, H3BO3 

0.075 mg/L and HCl 0.0024% (v/v) (Romero-Silva, Méndez, Agulló, and Seeger, 2013). 

LB400 cells grown in LB broth for 24 h until the stationary phase were used to inoculate 

(10% v/v) M9 cultures for 48 h (Urtuvia et al., 2018). Then, LB400 cells were harvested and 

centrifuged at 4,180 g for 20 min and the supernatant was removed. The bacterial pellet was 

lyophilized for 24 h at 48°C and vacuum pressure. The PHB was extracted with chloroform 

in a flask rotated at 150 rpm and 30°C for 24 h. The solvent was concentrated to a small 

volume with a rotary evaporator. Finally, the solution was transferred to a Petri dish and dried 

at room temperature to obtain a PHB film. The PHB-films obtained were approx. 100 µm 

thick. The PHB-films were stored in a Petri dish at room temperature until use. 
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5.2.3 Electrospinning parameters 

After the studies carried out in chapters 3 and 4, the electrospinning conditions were fixed 

as follows: voltage 25 kV, flow rate 0.5 mL/h, drum collector rotation speed 100 rpm and 

distance between the tip and the collector 15 cm. The polymers concentration was fixed at 8 

%w/v for the PHBx (in chloroform), and 30 %w/v (solved in acetic acid 75 %w/v). The 

different solutions were placed in plastic syringes (10 mL) connected to needles (#8) with an 

inner diameter of 0.4 mm. A syringes-pump was used to feed the polymer solutions into the 

needle tip. Electrospinning was performed at room temperature with a rotating drum collector 

at 100 rpm and the distance between the tip and the collector was fixed at 15 cm. All fibers 

were collected on an aluminum foil that covered the grounded drum collector.  

 

5.2.4 Structural characterization 

The chemical structure of the crosslinked and non-crosslinked scaffolds was assessed using 

Fourier-transform infrared (FTIR) spectrometry (Cary 630 FTIR Spectrometer, Agilent 

Technologies Inc., Danbury, CT, USA) with the Resolution Pro software. A scanning range 

of 4,000–600 cm−1 was used. Wide angle X-ray diffraction spectra were recorded in a Philips 

diffractometer with a control unit PW1710, a vertical goniometer PW1820/00, a generator 

which operated at 40 kV and 30 mA, and a monochromator of graphite (λ (Kα1) = 1.5406Å). 

The diffractograms were recorded in the 15-70º angle range with a step of 0.02º and a time 

per step of 2.5s. HighScore Plus, version 3.0d was used to develop the mathematical analysis 

of the diffractograms.  

 

5.2.5 Hemolytic activity 

Fresh human whole blood from anonymized healthy donors was obtained from Galician 

Transfusion Center (Spain). Blood was diluted 1:30 in 0.9% NaCl solution. Scaffold pieces 

(approx. 5 mg) were individually immersed in Eppendorf tubes containing 1 mL of the blood 

solution. At the same time, saline solution (100 µL) and Triton X-100 4 %v/v (100 µL) were 
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used as negative and positive control, respectively. The experiments were carried out in 

triplicate. The tubes were placed on an orbital shaker at 100 rpm and maintained at 37 °C. 

After 60 min of incubation, 1 mL of the suspension was removed from each tube and 

centrifuged for 10 min at 10,000g. The absorbance of the supernatant (100 µL) was measured 

at 540 nm using a plate reader (FluoStar Optima, BMG Labtech, Germany). Percentages of 

hemolysis were calculated as follows (Equation 5-3)  

 

In this equation Abs100 is the positive control absorbance and Abs0 to the negative control 

absorbance. 

 

5.2.6 Fibroblast viability assays 

Balb/3T3 clone A31 (ATCC CCL-163TM, USA) fibroblasts were cultured in DMEM medium 

supplemented with 10 %v/v fetal bovine serum (HyClone, USA) and 1%v/v penicillin and 

streptomycin (HyClone, USA). Cells were maintained at 37 °C in 95% humidified 

atmosphere and 5% CO2. Flasks were subcultured when they were 80-90% confluent. Three 

min exposure to 0.25 %w/v trypsin-EDTA (Corning) was used to release attached cells from 

the tissue culture surface.  

Cell proliferation in the presence of the PHBc-microfibers, PHBx-microfibers, Ge-nanofibers, 

Ge-PHBc and Ge-PHBx scaffolds was assessed using a WST-1 assay. Briefly, the scaffolds 

were cut into pieces of 0.5×0.5 cm2, sterilized by UV radiation for 30 min on each side, and 

finally put into 96-well microplates. Then, 10,000 cells were seeded in each well plate in 200 

µL of culture media and incubated at 37 °C. Cells without scaffolds were used as controls. 

All the experiments were performed in triplicate for each treatment and the control. The 

viability was evaluated after 1, 3 and 7 days of incubation. At each time, the medium was 

% 𝐻𝑒𝑚𝑜𝑙𝑦𝑠𝑖𝑠 =  
𝐴𝑏𝑠 − 𝐴𝑏𝑠0

𝐴𝑏𝑠100 − 𝐴𝑏𝑠0
∗  100 Equation 5-3 
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removed, and the cells were washed with 200 µL of DPBS/Modified (HyClone, USA) for 5 

min to remove the phenol red of culture media. Then, 150 µL of WST-1 (1:10) in DMEM 

without phenol red (Gibco, USA) was added to each well and incubated for 1 h. Finally, 100 

µL were transferred to a new 96-well plate. The absorbance at 450 nm was measured using 

a UV Bio-rad model 680 microplate reader (USA).  

The cell cytoplasm and nuclear DNA molecules were stained with phalloidin conjugated with 

fluorescein (FITC) and DAPI, respectively (Sigma-Aldrich), to observe cell morphology and 

count the cells attached to scaffolds. The scaffolds with cells were fixed with a 3.7 %v/v 

formaldehyde solution for 60 min and then rinsed in phosphate buffered saline to remove the 

fixative. After that, the scaffolds with attached cells were incubated in a Triton X-100 

solution (0.1 %v/v) for 15 min and then washed several times. Cell cytoplasm was stained 

with Alexa Fluor 488 Phalloidin solution (1/100 dilution) at 4 °C overnight and nuclei were 

contrasted with DAPI (300 nM solution, for 30 min at room temperature). The stained cells 

were analyzed using a Leica SP2 confocal microscope (Germany). 

 

5.2.7 In vivo wound healing assay 

Four male Wistar rats were injected intraperitoneally with streptozotocin (60 mg/Kg) to 

induce diabetes. The glucose levels were monitored for three days (once a day drawing a 

drop of blood from the tail vein and titration with a test strip). After general intraperitoneal 

anesthesia with ketamine (100 mg / kg) and xylazine (10 mg / kg), the dorsal area hair was 

removed and four circular wounds of 6 mm diameter were practiced in the dorsal area using 

a dermal biopsy punch. Then, the scaffolds (cut as discs of 6 mm) were placed on wounds 

after sterilization by UV radiation (as described in 2.7). Three scaffolds were tested on each 

rat and the remaining wound was used as a control (applying saline solution only) to 

minimize the number of animals. All experiments were conducted under approval of the 

Santiago de Compostela University Bioethics Committee (protocol No. 15007/16/001) and 

in compliance with the Principles of Laboratory Animal Care according to Spanish national 

law (RD 53/2013). Macroscopic observations and photographs of each wound were made 
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after 3, 7, 14 and 21 days of treatment. The wound closure rate was determined by calculating 

the wound area at different times (3, 7, 14 and 21 days) as follows, 

 

Subsequently, the wounds together with their surrounding host skins were harvested and 

evaluated histologically by hematoxylin-eosin staining.  

 

5.2.8 Immunostaining analysis 

Tissues of the wound area of each animal were collected at day 21 of the treatments. Tissues 

were washed in PBS 0.1 M, pH 7.4 and cryoprotected in a 30 %w/v sucrose solution with 

0.05 %v/v of sodium azide. Samples were embedded in OCT resin (Tissue-Tek, Japan), 

frozen with liquid nitrogen, and sectioned in 13-µm thick slices in a cryostat (Tissue-Tek, 

Japan). Slices were subjected to immunostaining against collagen I protein. In brief, slices 

were washed with PBS, blocked with a solution of PBS with 0.2 %v/v of Triton X-100 

(Sigma-Aldrich, USA) and 10% (v/v) of goat serum (Sigma-Aldrich, USA) for 1 h and 

incubated with the primary antibody rabbit anti-collagen I (Abcam, UK) (1:100) for 24 h. 

Unbound antibodies were washed with PBS and then incubated with a solution containing 

secondary antibody Dylight 488 goat anti-rabbit (Vector laboratories, USA) (1:100) and goat 

serum 10 %v/v in PBS with Triton X-100 for 1 h. Cell nuclei were stained with Hoechst 

(Invitrogen, USA) (1:10000) in PBS with Triton X-100 and 10 %v/v for 15 minutes. 

Microphotographs were taken in a Leica DMI 6000 B microscope with LAS AF 1.0.0 

software (Leica Microsystems, Sweden) at 5X magnification. Images were taken using the 

same acquisition parameters for each group. 

 

𝑊𝑜𝑢𝑛𝑑 𝑐𝑙𝑜𝑠𝑢𝑟𝑒 𝑟𝑎𝑡𝑒 = (
𝑊𝑜𝑢𝑛𝑑 𝑎𝑟𝑒𝑎𝑑𝑎𝑦 0 − 𝑊𝑜𝑢𝑛𝑑 𝑎𝑟𝑒𝑎𝑑𝑎𝑦 𝑥

𝑊𝑜𝑢𝑛𝑑 𝑎𝑟𝑒𝑎𝑑𝑎𝑦 0

) × 100 Equation 5-4 
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5.2.9 Statistical analysis  

All experimental data were collected from triplicate samples and expressed as the 

mean ± standard deviation (SD). Statistically significant differences were examined using 

variance analysis (ANOVA). Duncan test was carried out when the p-value < 0.05.  

 

5.3.  Results and discussions 

According to the results obtained in chapter 3, the microfibers manufactured with the PHBx 

were the ones that possess the best mechanical properties. Thus, the PHBx was selected to 

manufacture the combination of Ge-nanofibers and PHBx-microfibers by electrospinning 

keeping the same operational conditions used to produce Ge-PHBc. Figure 5-1 shows the 

successful combination of Ge-nanofibers with the PHBx-microfibers before and after 

crosslinking. 

 

Figure 5-1 Ge-PHBx scaffolds manufactured with the PHBx produced by P. xenovorans 

LB400 a) uncrosslinked and b) crosslinked with genipin. 

 

5.2.1 Tensile testings 

The mechanical properties of a scaffold are determined by both its morphological structure 

and the intrinsic material properties. Tensile modulus, elongation at break and tensile strength 

a) b) 
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of the spun fibers obtained with the PHBc-microfibers, Ge-nanofibers, Ge-PHBc scaffold, 

PHBx-microfibers, and Ge-PHBx scaffolds are summarized in Table 5-1.  

The Ge-PHBx scaffold showed the highest tensile modulus compared with the PHBc-

microfibers, PHBx-microfibers, and Ge-nanofibers on their own. This means that the 

combination of Ge-nanofibers with the spiral-shaped PHBx-microfibers produces a scaffold 

with a higher plastic limit than the other mats and the tension module is significantly more 

affected than in the Ge-PHBc. However, the combination of both polymers produces a 

decrease in elongation at break of the polymer. It is important to note that these properties 

were evaluated in uncrosslinked polymers and in dry conditions. 

By contrast, Nagiah et al. (2013b) reported a mean tensile modulus of 4.2 MPa and an 

elongation at break of 14.72 % for the combination of PHB and Ge solutions to produce 

blended electrospun fibers. They also reported the coaxial combination of PHB and Ge to 

produce scaffolds and reported a mean tensile modulus of 0.56 MPa and an elongation at 

break of 3.99 %. This fact proves that the different methods used to combine PHB and Ge 

may produce scaffolds with different mechanical features, and the combination of Ge-

nanofibers with the spiral-shaped PHBx-microfibers significantly increases the mechanical 

properties of the scaffold. 
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Table 5-1 Mechanical characterization of the electrospun fibers before crosslinking with 

genipin. 

 Cx (%) E ± SD (MPa) ε ± SD (%) σ ± SD (MPa) 

PHBc-microfibers 17.9 11.81 ± 5.15 a 4.49 ± 2.73 a 0.24 ± 0.16a 

GE-nanofibers 0.0 8.29 ± 3.08 a 3.14 ± 0.13 a 0.19 ± 0.03 a 

Ge-PHBc scaffolds 12.0 7.42 ± 3.88 a 2.31 ± 0.31 a 0.11 ± 0.03 a 

PHBx-microfibers 18.65 4.86 ± 1.73 a 18.48 ± 1.55 b 0.27 ± 0.07 a 

Ge-PHBx scaffolds 9.0 30.99 ± 4.60 b 2.17 ± 0.69 a 0.60 ± 0.20 b 

Cx: Crystallinity degree; E: Young modulus; ε: Elongation at break; σ: Tensile strength. 

Different letters mean statistically significant differences with a p value <0.05. 

 

5.2.2 Hemolytic activity 

A hemolysis test can be used as an index of hemocompatibility for materials intended for 

biological applications and is defined as the release of hemoglobin into plasma due to 

erythrocyte damage. When hemolysis takes place, adenosine diphosphate released by broken 

red blood cells could increase the assembly and adhesion of platelets to the scaffolds, 

accelerating the formation of thrombus, and being critical for hemocompatibility (Caracciolo 

et al., 2017). The PHBx-microfibers and Ge-PHBx crosslinked scaffolds showed hemolysis 

values close to 0%. According to ISO 10993-4, materials showing hemolysis values lower 

than 5% are safe and can be used as blood-contacting materials. Thus, these results indicate 

that the polymer produced by P. xenovorans LB400 is hemocompatible. 

 

5.2.3 Cell viability and attachment 

Fibroblasts Balb 3T3 viability of the Ge-PHBx scaffolds manufactured with the PHBx 

produced by P. xenovorans LB400 was evaluated using the WST-1 method and compared 

with the viability obtained with Ge-PHBc (Figure 5-2). The results showed that the Ge-PHBx 

scaffold is highly compatible with the tested cell line, with values over 100% at day 7. At 

day 1 and 3, no significant differences were observed. At day 7, the fibroblasts viability 

increases significantly for Ge-PHBx, showing higher fibroblast viability than Ge-PHBc. 
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A high amount of fibroblast adhered to the Ge-PHBx scaffold was observed after 7 days of 

culture; however, it was not possible to quantify correctly because the sample was 

autofluorescent at the wavelengths evaluated (Figure 5-3). 

 

 

 

Figure 5-2 Fibroblast Balb 3T3 viability exposed to the crosslinked fibers for 1, 3 and 7 

days. 
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Figure 5-3 Confocal image of attached fibroblast Balb 3T3 on the crosslinked Ge-PHBx 

scaffold after 7 days of incubation (20×). Nuclei (magenta) and cytoplasm (red). 

 

5.2.4 Evaluation of wound healing process In vivo  

In this study the capability to stimulate the wound regeneration of uncrosslinked Ge-

nanofibers, PHBc-microfibers, PHBx-microfibers and genipin-crosslinked Ge-PHBc and 

Ge-PHBx scaffolds was assessed in diabetic rats. Diabetic rats were established after 2-

3 days of a single injection of streptozotocin, and the blood glucose level reached 3 days 

after injection was in the upper quantification range of the glycosometer. The typical 

clinical symptoms of diabetes were observed in the rats, such as polydipsia and polyuria. 

Skin wounds of around 28 mm2 were created after removal of the full thickness of the 

skin on the back of the diabetic rats, and then covered with the scaffolds of the same 

size. The porous structure and high specific areas of the PHBc-microfibers, PHBx-

microfibers, Ge-PHBc, and Ge-PHBx scaffolds allowed gaseous and fluid exchanges and 

absorbed excess exudates. In the case of the Ge-nanofibers, as these fibers were 

uncrosslinked, in the moment that the scaffold contact the exudates, the fibers were 

disintegrated by the tissue fluid. 
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Figure 5-4 provides the wound healing process after each treatment with the electrospun 

scaffolds, using an untreated wound as the control. There was no scab, no infection and 

no granulation in the control group. Wounds from all treatment groups showed a similar 

mean closure rate expressed as percentage of the initial area. Despite no significant 

differences being observed for a p value <0.05, at day 7 two main subsets were noted, 

where it can be emphasized that the Ge-PHBx scaffold achieved a clear improvement 

compared with the other matrices evaluated. 

At day 21, the wounds were completely closed, epithelized, and the scars had a non-

erythematous texture. 
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Figure 5-4 Representative images of skin wounds after treatment with PHBc-microfibers, 

PHBx-microfibers, Ge-nanofibers, Ge-PHBc and Ge-PHBx scaffolds using as untreated 

wound as control for 3, 7,14 and 21 days. 
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Figure 5-5 Wound area after different periods of time after treatment (n=3). 

 

5.2.5 Histological analysis of the regenerated tissue 

Twenty-one days after surgery, the regenerated tissue was collected and a HandE 

histological analysis was performed. The epidermis can be easily identified in all the 

images. It is characterized mainly by the presence of polarized basal keratinocytes, a 

spinous layer composed of cuboidal, differentiating keratinocytes, a granular cell layer 

and finally the outermost stratum corneum composed of flattened dead cells (Figure 5-

6). The dermis is composed by a connective tissue that provides mechanical support, 

resistance and thickness to the skin and has two main layers, the papillary layer adjacent 
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to the epidermis, and the reticular layer, denoted by a greater concentration of thick 

collagen fiber cells and bundles. 

Wound closure is facilitated by keratinocytes which are activated following cutaneous 

injury leading to a migratory phenotype that involves cytoskeletal changes including 

keratin filament rearrangement. Re-epithelialization begins with thickening of the 

epidermis near the wound margins and as keratinocytes become activated, an epidermal 

wedge is formed that migrates toward the center of the wound bed. Cell migration is 

guided initially by a fibrin clot-associated provisional matrix, which is subsequently 

replaced by collagen-rich granulation tissue as fibroblasts enter the wound bed (Ross 

and Pawlina, 1966). 

The epidermis and dermis are easily denoted in Figure 5-6 for all the treated wounds 

and the control wound. However, control is poor in granulated tissue and no hair follicles 

or sebaceous glands are observed. In addition, a high concentration of fibroblasts and a 

weak formation of type I collagen fibers are observed. These features indicate that the 

control wound is in an early proliferative stage, even though the wound was closed and 

fully epithelized. 

The formation of hair follicles, sweat glands, and thick collagen fibers were observed in 

the wounds treated with PHBc-microfibers, PHBx-microfibers, Ge-PHBc and Ge-PHBx. 

A low content of fibroblast and high content of collagen fibers were also observed. These 

features indicate that the wounds treated were in a late proliferative stage (Gurtner et al., 

2008).  

Finally, it is important to highlight that there is no evidence of the scaffolds remaining 

in the wound bed. 
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Figure 5-6 Histologic evaluation of the regenerated tissue from the wounds treated with b) 

Ge-PHBc scaffolds, c) PHBx-microfibers and d) Ge-PHBx scaffolds. As control was used a) 

wound without any treatment. 

 

5.2.6 Expression of type I Collagen by Immunofluorescence 

The ECMn is a complex network of crosslinked proteins and other macromolecules; 

among them, collagen is the main structural component, essential for the resistance and 

integrity of all tissues and with a vital role in the wound healing (De Souza et al., 2015). 

Collagen is the most abundant protein in animal tissues and gives the skin an enormous 

tensile strength (Xue and Jackson, 2015). Collagen accounts for 70 – 80% of the dry 

weight of the dermis, and 70% of the collagen in a normal dermis is type I (Aravindan 

Rangaraj, Keith Harding, and David Leaper, 2011). It is known that wounds acquire 

approximately 20% of their mechanical tensile strength by the end of three weeks from 

a) b) 

c) d) 
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the onset of the healing process, which is the period when fibrillar collagens accumulate 

relatively rapidly (De Souza et al., 2015).  

In this context, the type I collagen was evaluated by immunofluorescence in the wounds 

treated with the scaffolds and compared with the control. Qualitatively, it was observed 

that the wounds treated with the Ge-PHBx scaffolds have a higher intensity of type I 

collagen than the control and the other groups, including the Ge-PHBc (Figure 5-7). This 

may be associated with the ultrastructure of the scaffold, formed by the combination of 

Ge-nanofibers and the spiral shape of the PHBx-microfibers that promote cell infiltration 

into the scaffold and thus increase the wound healing rate in the wounds treated with this 

scaffold.  
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Figure 5-7 Immunofluorescence staining of collagen-1 (green), cell nuclei (blue) in rat 

regenerated skin areas of the different groups at day 21. Microphotographs were acquired at 

5× magnification.  
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5.4.  Conclusions 

The scaffolds manufactured with the combination of Ge-nanofibers and the spiral shape 

PHBx-microfibers can be prepared in one-step using the same protocol described in chapter 

4. Relevantly, the combination of Ge-nanofibers and spiral-shaped PHBx-microfibers 

increases the Young’s modulus of the scaffold 4-fold and the tensile strength 6-fold compared 

with the Ge-PHBc scaffold, proving that the mechanical properties of the scaffolds can be 

improved by changing the structure of the fibers. Both scaffolds were shown to be 

biocompatible and promoted fibroblast attachment and skin regeneration as efficiently as the 

Ge-nanofibers scaffold with the advantages of easy handling (improved mechanical 

properties), prolonged permanence time in the wound and no risk of skin contraction. In 

addition, compared with non-treated wounds and Ge-PHBc treated wounds, Ge-PHBx 

scaffolds showed a significant increase in the wound healing rate and overall closure. 

Additionally, both scaffolds, Ge-PHBx and Ge-PHBc stimulate the formation of hypodermis 

and a higher content of hair follicles and sweat glands compared with the control.  
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Chapter 6  

General discussions and conclusions remarks 
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The aim of this current research project was to evaluate the physicochemical and the 

biological properties of an electrospun skin scaffold elaborated with the combination of nano 

and microfibers of gelatin and PHB from P. xenovorans LB400 using xylose as sole carbon 

source. The combination of PHBx-microfibers and Ge-nanofibers was hypothesized to 

provide a functional scaffold for skin wound healing. 

The first part of this research focused to investigate physicochemical differences among 

PHBs produced by P. xenovorans LB400 from glucose (PHBg), mannitol (PHBm) or xylose 

(PHBx) as sole carbon sources and evaluate the potential application of each PHB as the main 

component of scaffolds manufactured by electrospinning for its use on biomedical 

applications (Chapter 3, paper 2). 

In this context, it could be demonstrated that the carbon source has a direct impact on the 

PHB molecular weight and the highest molecular weight was obtained when the strain LB400 

was grown in mannitol. A similar PHB molecular weight was obtained when the strain 

LB400 was supplied with xylose or glucose. Thus, depending on the application that is going 

to give it to the polymer, it is possible to select the carbon source with which the bacteria will 

be supplied. 

Relevantly, the different PHBs led to microfibers with different features obtained with fixed 

electrospinning parameters. No direct correlation was observed between molecular weight 

and microfiber diameters, but the electrospun scaffolds prepared with the two PHB of higher 

molecular weight (PHBm and PHBx) were formed by spiral-form fibers in contrast to the 

linear form of microfibers obtained with PHBg and PHBc. The different morphology index 

of microfibers can be mainly associated to the differences of molecular weight of the 

polymers and the crystallinity degree, which in turn affect the mechanical properties and 

surface hydrophobicity. 

Moreover, it was observed that the lower morphology index and the spiral form of the PHBx-

microfibers produced fibers with better mechanical properties and even similar properties to 

human skin despite the low morphology index of the fibers compare with the fibers 

manufactured with PHBg, PHBm and PHBc. Additionally, the non-electrospun polymers 

showed significantly higher Young`s modulus and tensile strength but lower elasticity 

capacity compared with the microfibers manufactured with PHBc. 
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In relation to the biological parameters of PHB produced by P. xenovorans LB400 supplied 

with different carbon sources, none of the scaffolds manufactured with the different PHBs 

caused any adverse effects on attachment, growth, and viability of Balb/3T3 fibroblast cells. 

Thus, all the PHBs were found to be suitable for tissue engineering applications. 

The second specific objective of this work was to design an electrospun skin scaffold using 

PHB from P. xenovorans LB400 and gelatin according to porosity, pore size, morphological 

structure, and cell infiltration. In this sense this study had implemented a dual-jet 

electrospinning protocol that allows simultaneous production of PHBc-microfibers and Ge-

nanofibers to create a composite scaffold for skin regeneration in diabetic wounds (Chapter 

4, paper 3).  

The electrospinning technique allowed a simple and straightforward processing approach of 

scaffolds combining fibers of different polymers and different diameters. The simultaneous 

combination of PHBc-microfibers and Ge-nanofibers was successfully developed using this 

technique. The effects of various processing parameters of electrospinning were investigated, 

including polymers concentration, voltage, and flow rate. 

Relevantly, the PHBc-microfibers network reinforced the mechanical properties of the 

scaffold and facilitated the crosslinking of Ge-nanofibers preventing the scaffold from 

shrinking.  

The resulting dual size Ge-PHBc fibers scaffold showed to be biocompatible and promoted 

fibroblast attachment and skin regeneration as efficiently as the Ge-nanofibers scaffold with 

the advantages of easy handling, prolonged permanence time in the wound and no risk of 

skin contraction. Besides, compared with non-treated wounds, Ge-PHBc scaffolds showed a 

significant increase in wound healing rate and overall closure, formation of hypodermis and 

higher content in hair follicles and sweat glands. 

In Chapter 3 and 4, the ability to produce topologically and mechanically diverse fibrous 

scaffold materials was demonstrated. 

Additionally, in this study was developed a comparative study on the effect of PHB-

microfibers structure, by comparing the combination of Ge-nanofibers with PHBc-

microfibers (Ge-PHBc) with the combination of Ge-nanofibers with spiral shaped PHBx-
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microfibers (Ge-PHBx) scaffolds (Chapter 5). The Ge-PHBx contains spiral-shaped PHBx-

microfibers manufactured with the PHBx produced by P. xenovorans LB400.  

The scaffolds manufactured with the combination of Ge-nanofibers and the spiral shaped 

PHBx-microfibers can be prepared in one-step using the same protocol described in Chapter 

4 for Ge-PHBc. Relevantly, it was proved that the combination of Ge-nanofibers with the 

spiral shaped PHBx-microfibers produce an increase in the Young’s modulus and the tensile 

strength of the scaffold in a 4-fold and 6-fold, respectively, when compared with the Ge-

PHBc scaffold. This fact proves that the mechanical properties of the scaffolds can be 

improved by changing the structure of the fibers. Both scaffolds showed to be biocompatible 

and promoted fibroblast attachment and skin regeneration as efficiently as the Ge-nanofibers 

scaffold with the advantages of easy handling (improved mechanical properties) and 

prolonged permanence time in the wound. In addition, compared with non-treated wounds 

and Ge-PHBc treated wounds, the Ge-PHBx scaffolds produced a significant increase in 

wound healing rate and overall closure. Additionally, both scaffolds, Ge-PHBx and Ge-PHBc 

stimulated the formation of hypodermis and a higher content of hair follicles and sweat 

glands compared with the control. 

Based on the results of this work, the hypothesis raised has been confirmed, indicating that 

the use of fibers manufactured with PHBx from P. xenovorans LB400 by electrospinning 

produced a scaffold with improved biological and mechanical properties when compared 

with those elaborated from PHBc 
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Future work 

This work allowed the development of a Ge-PHBc and Ge-PHBx scaffolds for the 

enhancement of skin wound healing. The results revealed that it is possible to develop 

simultaneously PHB-microfibers and Ge-nanofibers to create a dual size composite scaffold 

with suitable properties for cell proliferation and skin regeneration in diabetic wounds. 

Promising results were obtained with the combination of Ge-nanofibers and PHB-

microfibers using PHB from P. xenovorans LB400. 

Overall, the Ge-PHB scaffold appears to be a suitable platform for more complex tissue 

engineering constructs involving the delivery of bioactive compounds of different polarities 

to further enhance skin wound healing. Thus, futures studies should be done to incorporate 

bioactive compounds to stimulate the tissue regeneration in chronic wounds. 
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