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ABSTRACT 

The skin is one of the human organs responsible for sensory detection, temperature regu-

lation, and water balance. Skin damage can lead to wounds that if not treated properly may 

cause serious health complications. The conventional wound healing products, made from 

non-biodegradable synthetic materials, usually have low biocompatibility and only offer me-

chanical protection or exudate removal, without actively helping the wound healing process. 

To address these limitations, developing new natural, biocompatible, biodegradable, and bio-

active materials is crucial to create an optimal environment for proper wound regeneration, 

minimizing any adverse secondary effects. In this context, this dissertation proposes the use of 

natural polymers (polyhydroxyalkanoate (PHA) and exopolysaccharide (EPS)) to develop po-

rous structures for wound treatment. To achieve this, four biopolymers were produced: the EPS 

FucoPol and three different types of PHA: (poly(3-hydroxybutyrate) (P(3HB)), poly(3-hydroxy-

butyrate-co-3-hydroxyvalerate-co-3-hydroxyhexanoate) (P(3HB-co-3HV-co-3HHx) and a me-

dium chain length PHA (mcl-PHA)), characterized by their distinct physical, chemical and func-

tional properties. The PHAs had distinct molecular weights (ranging from 0.4 to 9.2 x105 Da), 

different crystallinities (from 18.2 to 85.5%), diverse melting points (between 44.9 and 174.2 

°C), various glass transition temperatures (from -46 to 4.1 °C), but similar degradation temper-

atures (around 275 °C). FucoPol was an amorphous exopolysaccharide had a molecular weight 

of 1.4 x106 Da, was rich in fucose (34.3 mol%) and had a high degradation temperature (240 

°C). All the produced biopolymers were non-cytotoxic towards fibroblasts and keratinocytes. 

The inherent structural properties of PHA polymers, as well as their lack of cytotoxicity, makes 

them suitable materials to develop porous structures for wound treatment applications. Given 
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this, different PHA porous structures were developed, based on two different strategies: the 

emulsion templating technique followed by solvent evaporation and the hot-pressing salt 

leaching method. Generally, the porous structures achieved by these procedures were macro-

scopically white and opaque, with thicknesses ranging from 160 to 700 μm, and porosity values 

from 49.8 to 87.1%. The morphological appearance of these structures resembled those of 

porous scaffolds attained with synthetic polymers, such as, poly(lactic acid) (PLA), poly(capro-

lactone) (PCL) and poly(ethylene terephthalate) (PET), which are examples of polymers com-

monly used in wound dressing applications. The PHA scaffolds were shown to be capable of 

sustaining fibroblast adhesion and proliferation. The adhesion values achieved for all PHA 

structures ranged from 25% to 46%, where P(3HB) emulsion templated scaffold achieved the 

highest fibroblast population after 7 days of cell cultivation (311%). PHAs are biocompatible 

and biodegradable polymers with good structural properties, however, they usually lack bio-

logical activity. To confer this bioactivity to the developed scaffolds, FucoPol (a natural bio-

emulsifier) was added to these structures, due to its proven ability to promote in vitro migration 

of keratinocytes, which supports its use in wound treatment. The resulting FucoPol:PHA struc-

tures were porous materials with improved bioactive properties. FucoPol revealed to improve 

biological features, increasing fibroblast population values after 7 days from 311% to 325% 

and from 145% to 340% for P(3HB) and P(3HB-co-3HV-co-3HHx) emulsion templated scaf-

folds, respectively. This behaviour was also observed in the hot-pressing salt leaching scaffolds 

with an increase from 178% to 333% for P(3HB) and from 80% to 121% for P(3HB-co-3HV-co-

3HHx) porous structures. Some of these proliferation profiles revealed to be superior to the 

ones described in the literature for scaffolds produced with PCL, poly(urethane) (PU) and chi-

tosan. These results also suggested that the most promising PHA polymer to produce 3D scaf-

folds was the homopolymer P(3HB), while the emulsion templating technique showed to be 

the most favourable strategy to produce porous structures. 

This dissertation revealed that it is possible to achieve porous scaffolds based on two natural 

polymers (PHA and FucoPol), through two different methods, with biological properties suita-

ble for soft tissue engineering purposes or in skin regeneration for wound treatment applica-

tions. 
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RESUMO 

A pele é um dos órgãos humanos responsável pela deteção sensorial, regulação da tem-

peratura e equilíbrio de água. Danos causados à pele podem levar a feridas que, se não forem 

tratadas adequadamente, podem causar graves complicações de saúde. Os produtos conven-

cionalmente usados no tratamento de feridas, feitos de materiais sintéticos são geralmente 

não biodegradáveis, apresentam baixa biocompatibilidade e oferecem apenas proteção 

mecânica ou remoção de exsudato, sem ajudar ativamente no processo de cicatrização de 

feridas. Para ultrapassar estas limitações, a produção de novos materiais naturais, biocompat-

íveis, biodegradáveis e bioativos é crucial para criar um ambiente ideal para a regeneração 

adequada da ferida, minimizando quaisquer efeitos secundários adversos. Posto isto, esta dis-

sertação propõe a utilização de polímeros naturais (polihidroxialcanoato (PHA) e exopolissa-

cárido (EPS)) no desenvolvimento de estruturas porosas para tratamento de feridas. Para isso, 

foram produzidos quatro biopolímeros: o EPS FucoPol e três tipos diferentes de PHA: poli(3-

hidroxibutirato) (P(3HB), poli(3-hidroxibutirato-co-3-hidroxivalerato-co-3-hidroxihexanoato) 

(P(3HB-co-3HV-co-3HHx) e um PHA de cadeia média (mcl-PHA), característicos pelas suas pro-

priedades físicas, químicas e funcionais distintas. Os PHAs tinham pesos moleculares distintos 

(variando de 0,4 a 9,2 x105 Da), diferentes cristalinidades (de 18,2 a 85,5%), diversos pontos de 

fusão (entre 44,9 e 174,2 °C) e temperaturas de transição vítrea (de -46 a 4,1 °C), mas temper-

aturas de degradação semelhantes (em torno de 275 °C). Por outro lado, FucoPol é um exopo-

lissacárido amorfo com peso molecular de 1,4 x106 Da, rico em fucose (34,3 mol%) e com uma 

alta temperatura de degradação (240 °C). Todos os biopolímeros produzidos não eram citotóx-

icos para fibroblastos nem para queratinócitos. As propriedades estruturais inerentes dos PHA, 
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bem como a sua falta de citotoxicidade, torna-os materiais adequados para desenvolver es-

truturas porosas para aplicações na área do tratamento de feridas. Posto isto, diferentes estru-

turas porosas de PHA foram desenvolvidas, com base em duas estratégias distintas: a técnica 

da emulsão seguida de evaporação do solvente e o método de prensagem a quente seguido 

da lixiviação de sal. Na generalidade, as estruturas porosas obtidas por estes procedimentos 

eram macroscopicamente brancas e opacas, com espessuras entre os 160 a 700 μm e com 

valores de porosidade entre os 49,8 a 87,1%. As aparências morfológicas destas estruturas 

eram semelhantes às estruturas porosas obtidas com polímeros sintéticos, como ácido 

polilático (PLA), policaprolactona (PCL) e polietileno tereftalato (PET), que são exemplos de 

polímeros normalmente utilizados no tratamento de feridas. As estruturas de PHA mostraram 

ser capazes de sustentar a adesão e proliferação de fibroblastos. Os valores de adesão alcan-

çados para todas as estruturas de PHA variaram entre os 25% e os 46%, onde a estrutura obtida 

pelo método da emulsão usando o P(3HB) alcançou a maior população de fibroblastos após 7 

dias de cultivo (311%). Os PHAs são polímeros biocompatíveis e biodegradáveis com boas 

propriedades estruturais, porém geralmente não possuem atividade biológica. Para conferir 

esta bioatividade às estruturas desenvolvidas, foi adicionado FucoPol (um bioemulsionante 

natural) a estes materiais, devido à sua comprovada capacidade de promover a migração in 

vitro de queratinócitos, demonstrando a sua utilização no tratamento de feridas. As estruturas 

FucoPol:PHA resultantes eram materiais porosos com melhores propriedades bioativas. O Fu-

coPol revelou melhorar as características biológicas, aumentando os valores da população de 

fibroblastos após 7 dias de 311% para 325% e de 145% para 340% para estruturas obtidas pelo 

método da emulsão usando P(3HB) e P(3HB-co-3HV-co-3HHx), respetivamente. Este compor-

tamento também foi observado nas estruturas obtidas pelo método de prensagem a quente 

com lixiviação de sal verificando-se um aumento de 178% para 333% para o P(3HB) e de 80% 

para 121% para o P(3HB-co-3HV-co-3HHx). Alguns destes perfis de proliferação revelaram ser 

superiores aos descritos na literatura para estruturas produzidas com PCL, poliuretano (PU) e 

quitosano. Estes resultados também sugeriram que o polímero PHA mais promissor para 

produzir estruturas 3D foi o homopolímero P (3HB) e que a técnica da emulsão demonstrou 

ser a estratégia mais favorável para produzir estas estruturas porosas. 
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Esta dissertação revelou que usando dois tipos de polímeros naturais (PHA e FucoPol), e 

dois métodos de produção diferentes, é possível obter estruturas porosas com propriedades 

biológicas adequadas para utilização em engenharia de tecidos, ou na regeneração da pele 

para aplicações no tratamento de feridas.  

 

Palavras-chave: Poli(hidroxialcanoato) (PHA), FucoPol, estrutura porosa, emulsão, prensa-

gem a quente com lixiviação de sal, engenharia de tecidos, tratamento de feridas 
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1.1 Wound Healing 

 Skin 

The skin is one the human organs responsible for sensory detection, thermoregulation of 

body temperature, and maintaining the fluid balance (A. Sharma et al., 2023). It is also the 

primary layer of protection for the human body against physical and thermal injuries, being a 

well-organized and stratified tissue composed of three layers: the subcutaneous layer (hypo-

dermis), the dermis, and the epidermis (Figure 1.1). Each layer has different cell lines in its 

composition, for instance, the epidermis comprises melanocytes, keratinocytes, Merkel and 

Langerhans cells (Figure 1.1A), while the dermis has fibroblasts, neutrophils, adipocyte, den-

dritic, Mast and T cells (Figure 1.1B) (Massella et al., 2019; Sadeghi-Aghbash et al., 2023). These 

cells establish important interactions among them to form a functional connective tissue. 

 

Figure 1.1 - Schematic representation of the skin. A and B are the highlighted and detailed structures of the epider-

mis and dermis, respectively. 1 is a hair strand; 2 is the stratum corneum; 3 is a sweat-pore; 4 is an hair follicle; 5 is 

the arrector pili muscle; 6 is a sebaceous gland; 7 is a nerve ending; 8 is the eccrine sweat gland; 9 is the subcuta-

neous vascular plexus and 10 is the subcutaneous adipose depot (Gaur et al., 2017). 
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 Wound Healing Process 

Sometimes skin is submitted to physical damages which can result in wounds. According to 

Sadeghi-Aghbash et al., 2022, there are different types of wounds based on: their cause (trau-

matic or surgical), mode of injury (abrasion, burn, laceration, degloving, etc.), depth of the in-

jury (epidermis, dermis, or full skin), contamination (clean, contaminated, or dirty), presence of 

necrosis in the wounded tissue or their healing time (acute or chronic) (Niculescu & Grume-

zescu, 2022; Sadeghi-Aghbash et al., 2023). Usually, such injuries trigger a natural physiological 

reaction called the wound healing process, that is composed of four stages: hemostasis, in-

flammation, proliferation, and remodelling (Figure 1.2). This well-organized and sequenced 

procedure involves different cell lines (such as, platelets, macrophages, fibroblast, epithelial 

and endothelial cells), as well as regulatory molecules, growth factors, cytokines, and extracel-

lular matrix components (Borbolla-Jiménez et al., 2023; Criollo-Mendoza et al., 2023). Compli-

cations during the wound healing process can lead to inflammation, pain, infections, scar tissue 

or chronical wound formation (Borbolla-Jiménez et al., 2023; Sadeghi-Aghbash et al., 2023). 

1.1.2.1 Hemostasis 

Hemostasis is the first step in the wound healing process, and it starts within a few minutes 

after an injury occurs. In this stage, platelets are triggered (through a cascade signalling acti-

vation) to form blood clots (composed of fibrin, thrombospondin, vitronectin, and fibronectin), 

producing an hemostatic plug that prevents blood loss (Figure 1.2A) (Borbolla-Jiménez et al., 

2023; Criollo-Mendoza et al., 2023). Additionally, this cascade signalling induces the release of 

various proteins, enzymes, and other biological molecules (e.g., vasoconstrictors), which also 

help in the bleeding stoppage and are needed throughout the whole wound healing process. 

The expression of immune mediators and growth factors (such as transforming growth factor-

β, TGF-β, and platelet-derived growth factor, PDGF) initiates the tissue repair and recruit 

monocytes and neutrophils to the wounded area to initiate the inflammatory phase (Borbolla-

Jiménez et al., 2023; Criollo-Mendoza et al., 2023; Koehler et al., 2018). 
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Figure 1.2 - Stages of the wound healing process, where, A is the hemostasis phase, B is the inflammation stage, C 

is the proliferation step, and D is the remodeling phase [Reproduced with permission from (Las Heras et al., 2020)]. 

1.1.2.2 Inflammation 

After bleeding control and hemostasis is established, the inflammatory phase begins. In this 

step, neutrophils and monocytes are moved into the wounded area to promote an immune 

barrier against microorganisms to prevent infections (Figure 1.2B). Initially, neutrophile cells 

start to eliminate bacteria, foreign debris, and damaged cells through phagocytose and begin 

to secrete cytokines, which will help to promote monocytes differentiation into macrophages 

(Figure 1.2B). Afterwards, these leukocyte cells will remain in the affected area continuously 

removing bacteria and devitalized tissue, while releasing more cytokines (such as interleukins 

IL-1 and IL-6) and various growth factors (including insulin-like growth factor-1, IGF-1 and fi-

broblast growth factor, FGF), which are crucial for recruiting fibroblast and epithelial cells 

needed in the transition to the proliferation phase (Borbolla-Jiménez et al., 2023; Koehler et al., 
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2018; Criollo-Mendoza et al., 2023). All this activity usually leads to pain, redness and swelling 

of the wounded area after a few days from the injury (Sadeghi-Aghbash et al., 2023). 

1.1.2.3 Proliferation 

The proliferation step aims to reduce the wounded area, as well as restore tissues’ structure 

and function. In this phase, fibroblasts migrate to the affected region and begin to secret col-

lagen, fibronectins, and proteoglycans to replace the previously formed fibrin clots (Borbolla-

Jiménez et al., 2023; Criollo-Mendoza et al., 2023). This collagen deposition causes the wound 

to contract and is crucial for the development of new extracellular matrices. Meanwhile, the 

formation of new granular tissue and angiogenesis are occurring, essentially mediated by fi-

broblast and endothelial cells, respectively. Macrophages are also present in this step, In which, 

together with fibroblasts, keratinocytes and endothelial cells, they secret the growth factors 

and cytokines needed in this stage (Figure 1.2C) (Koehler et al., 2018). While the re-epitheliza-

tion progresses, keratinocytes and fibroblasts start to establish important connections to pro-

mote the epidermal regeneration. These two cell lines will proliferate and differentiate to re-

store the proper function of the epidermal tissue (Borbolla-Jiménez et al., 2023; Criollo-Men-

doza et al., 2023). This process can take several weeks, depending on the size of the wounded 

area. 

1.1.2.4 Remodelling 

The remodelling phase is the last stage of the wound healing process. This step aims to 

produce a normal tissue with uniform texture, structure, and shape (Sadeghi-Aghbash et al., 

2023). To achieve this, the vascularization in the affected area is reduced and the differentiated 

fibroblasts (myofibroblasts) start to express the smooth muscle actin (SMA) to restore the me-

chanical strength of the skin tissue (Borbolla-Jiménez et al., 2023). During this maturation pro-

cess, granulated tissue formed previously during the proliferation phase evolves into a scar 

and the reorganization of the collagen fibres will also help to recover the tissue initial tensile 

strength (Figure 1.2D) (Criollo-Mendoza et al., 2023; Koehler et al., 2018). The correct remod-

elling of the skin tissue is known to last from several weeks to months, depending on the 

wound’s area and depth. 



Chapter 1. General Introduction and Motivation 

 6 

1.2 Wound Dressings 

Wound care usually includes assessing, cleansing, and disinfecting wounds, together with 

implementing interventions to promote healing, generally by using dressing products. Wound 

dressings are materials applied over a wound to protect it and promote healing. The purpose 

of these products is to care the local wound environment to help wound healing (Balusamy et 

al., 2017; Dhivya et al., 2015; Holloway & Harding, 2022). The selection of the correct dressing 

material (e.g. foam, hydrogel, film, hydrocolloid, sponge, or mesh) to be applied locally in the 

wound bed is crucial for a successful healing process. However, wound patients occasionally 

present some pathological conditions (e.g. diabetes, vascular disease, auto-immune limita-

tions), as well as other factors that could negatively affect the wound healing process (e.g. age, 

smoking, malnutrition, protein, vitamins, mineral deficiency or polypharmacy) Figure 1.3 

(Dhivya et al., 2015; Holloway & Harding, 2022). In some of these cases, it is could be crucial to 

have a systemic pharmaceutical (e.g. anti-inflammatory, antibiotic, vascular, or auto-immune 

medical drug) that could improve the patient’s overall health conditions to enhance the wound 

healing process (Holloway & Harding, 2022). 

 

Figure 1.3 - Factors affecting wound healing (Rani Raju et al., 2022). 

Wounds and especially chronic wounds usually require several dressing changes and pro-

vides physical limitations to patients which decreases their life quality (Koehler et al., 2018). 

Nowadays, these wounds are becoming be more frequent and are incredibly difficult to heal 
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(Kuddushi et al., 2023). Chronic and complex acute wounds often require patient hospitaliza-

tion for wound treatment. This increases the spending costs on wound management materials 

which could lead to an economic pressure on the health care systems (Koehler et al., 2018). 

Moreover, the global market size of wound dressing materials has reached 12.4 billion USD in 

2021, and it is expected to have an annual growth rate of 5.3% from 2022 to 2030 (Shi et al., 

2023). For these reasons, it is essential to develop new enhanced materials for wound man-

agement applications, to reduce the treatment costs associated with wound healing manage-

ment while improving the patient’s life quality (Kuddushi et al., 2023; Shi et al., 2023). 

 Properties of wound dressings 

To develop the best material for wound management, it is imperative to consider what are 

the requirements needed for a proper healing procedure. It has already been established that 

for each type of wound, there is an appropriate treatment procedure, which may involve the 

use of wound dressing materials. This means that for each type of wound there is an ideal 

structured material that will help in a specific way the wound healing process, therefore it is 

essential to apply the correct wound treatment on the proper injury (Dhivya et al., 2015). To 

achieve this, dressing materials are decisive to provide the assistance needed in wound treat-

ment. An ideal wound dressing product should help the wound healing process in one or more 

phases of the four-stage procedure described above (Hemostasis, Inflammation, Proliferation 

and Remodelling). Such materials should improve the bleeding stoppage, thus preventing ma-

jor blood losses, help in the signalling process, provide a good structure for macrophage dif-

fusion and cellular proliferation (preventing infections and enhancing tissue regeneration, re-

spectively), or even, help in the remodelling step to prevent the formation of scar tissue 

(Sadeghi-Aghbash et al., 2023; W. Wang et al., 2023). For these reasons, most dressing materi-

also should fulfil certain requirements to consider their use as wound management products. 

They should protect the wound from physical injuries, absorb secretions while providing an 

adequate moist, prevent infections, stimulate growth factors, should not provoke adverse re-

actions (i.e., toxic, or allergic), if necessary, reduce necrosis on the wound surface, and, in gen-

eral, accelerate the healing process (Castro et al., 2021; Santamaria et al., 2023). Dressing ma-

terials should also have some mechanical stability and elasticity, not only to adapt and adhere 
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well to the wound’s surface, but also to guaranty their durability throughout the treatment 

process (Koehler et al., 2018). 

 Types of wound dressings 

To achieve the necessary requirements of wound dressings, different structured materials 

have been developed over the years, such as hydrogels, fibres (including micro and nanofibers), 

hydrocolloids, meshes, foams, sponges, and films Figure 1.4 (Nguyen et al., 2023; A. Sharma et 

al., 2023; Z. Shen et al., 2023). These biomaterials can be divided into two different types, 

namely passive/traditional or interactive/modern/advanced wound dressings (Figure 1.4) 

(Dhivya et al., 2015; Kuddushi et al., 2023; Nguyen et al., 2023). 

 

Figure 1.4 - Types of wound dressings: passive/traditional and interactive/modern/advanced [Reproduced with per-

mission from (Özcan Bülbül et al., 2022)]. 

Passive/traditional dressings are usually meant for providing physical protection of the 

wound and, in general, have no active Impact on improving the wound healing process. Such 

dressings are frequently made of cotton (gauze), plaster or even wool, which may results in 

extremely absorbable materials that excessively dry the wound, consequently compromising 

the wound healing process (Figure 1.4). Also, the exudate absorbed by these materials may 
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easily be contaminated with bacteria causing wound infections through moisture transfer. 

These types of dressings adhere and adapt well to the wound surface, but they may cause pain 

or additional injury upon removal (Kuddushi et al., 2023; Pang et al., 2023; W. Wang et al., 2023; 

J. Zhu et al., 2023).  

On the other hand, interactive/modern wound dressings are structured materials such as 

films, fibres, foams, hydrogels, or hydrocolloids that besides providing protection to the 

wound, also offer the precise water, oxygen, and carbon dioxide permeation. These are im-

portant dressing properties that are required for a correct moisturizing of the wound to prevent 

bacterial infections (Figure 1.4) (Kuddushi et al., 2023; Nguyen et al., 2023). To attain these 

structures, polymeric materials (synthetic or natural) are often used in the development of in-

teractive/modern wound dressings. Also, some of these products can be loaded with pharma-

ceuticals drugs or with inorganic materials such as, ceramics, metals (e.g. micro- or nano- par-

ticles of Ag, Au, Fe, Ce), and nanocarbons, to further enhance their biological and structural 

properties. In this view, some natural biopolymers, due to their intrinsic properties, can be 

considered as bioactive products, which suggests their use in interactive/modern wound dress-

ings, improving, even more, the wound healing process (Ali et al., 2023; Anwer et al., 2023; 

Kuddushi et al., 2023; Sadeghi-Aghbash et al., 2023). 

 Polymeric dressings 

Polymeric dressings are materials based on polymers (synthetic or natural) applied over a 

wound to protect it and promote healing (Holloway & Harding, 2022). Over the past few years, 

a wide range of materials based on synthetic polymers have been developed for wound man-

agement applications and numerous of these products are currently available in the market. 

For instance, poly(ethylene glycol) (PEG) can be found in Coseal® (produced by Baxter), Neo-

heal® hydrogel (developed by Kikgel), poly(caprolactone) (PCL) is the major component of 

PURASORB® PC (from Corbion), poly(vinylpyrrolidone) (PVP) is present also in Neoheal® hy-

drogel (by Kikgel) and in Exufiber® (from Mölnlycke), poly(lactic-co-glycolic acid) (PLGA) is a 

compound of VICRYL™ (polyglactin 910) Woven Mesh (made by Johnson & Johnson MedTech) 

and poly(urethane) (PU) can be found in many different products, such as, Tromboguard® 

(from Tricomed), SimpurityTM Hydrogel (by Safe n Simple Medical), Allevyn® (produced by 
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Smith&Nephew), Hydrosorb® (developed by Hartmann), Lyofoam® and Mepilex® (from Möl-

nlycke) - Table 1.1 (Tiwari et al., 2023). These materials are known for their resistance, flexibility, 

structure, long shelf-life, moisturizing agent, and gas barrier/permeability properties. Synthetic 

polymers can also help the wound healing process by acting as structured materials to harbour 

cell growth or to provide physical protection to the injured area. However, the use of these 

polymers revealed to be challenging due to their inherent absence of biological activity, non-

biodegradability, high hydrophobicity, and possible responses from the immune system, which 

could lead to severe allergic reactions - Table 1.1 (Borbolla-Jiménez et al., 2023; Sadeghi-Agh-

bash et al., 2023; Zahra et al., 2023). Given this, more natural polymers are being studied over 

the recent years due to their inherent biocompatibility, biodegradability, and lack of antigen-

icity. 

Natural polymers, due to their biodegradability, biocompatibility and structural properties, 

together with the inherent biological activity that many of them exhibit, can easily outperform 

the synthetic polymers currently used in the commercially available wound dressings products, 

enhancing the healing properties of these materials while improving the wellbeing of wound 

patients. In fact, many polymers obtained from microorganisms (e.g. bacteria, fungi, microal-

gae) have been reported to have antioxidant, antimicrobial and/or anti-inflammatory activity 

(Borbolla-Jiménez et al., 2023; Sadeghi-Aghbash et al., 2023; Tiwari et al., 2023), while other 

biopolymers can be formulated into polymeric matrices, such as hydrogels, films or nanopar-

ticles (Kuddushi et al., 2023; Nguyen et al., 2023). Furthermore, enhanced biomaterials can be 

obtained from such polymeric matrices by their loading with pharmaceutical active drugs or 

inorganic materials (e.g., metallic nanoparticles) (Borbolla-Jiménez et al., 2023; Dam et al., 2023; 

Song et al., 2023). Given this, biopolymers synthesized by microorganisms arise as promising 

candidates for the development of structures that can satisfy all requirements needed to pro-

duce an improved topical dressing material and ultimately outperform the synthetic polymers 

currently used in wound healing systems (Solanki et al., 2023).   

Biopolymers, such as alginate, collagen, chitosan, chitin, cellulose, silk fibroin or hyaluronic 

acid are known to be moisture retentive and haemostatic agents with antimicrobial properties 

and minimum inflammatory reactions (Pino et al., 2023). Given this, some of these natural bi-

opolymers can also be found in commercially available products for wound management 
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applications. For example, alginate is present in various wound dressing materials namely, 

Kaltostat (from ConvaTec), AlgiSite M (by Smith&Nephew), Algicell (developed by Derma Sci-

ences) and TegadermTM Alginate (produced by 3M). Collagen is commercialized by Southwest 

Technologies Inc. as Stimulen collagen gel. Chitosan is the major component in numerous ma-

terials, namely, Chitosorb (manufactured by Chitotech), ChitoGauzePro (from HemCon), Kyto-

Cell (by Protex Healthcare), Opticell (commercialized by Medline) and Maxiocel® (from Axio 

Biosolutions). A derivative of cellulose (carboxymethyl cellulose) is also found in some prod-

ucts, such as, Eurocell® Hydro (produced by eurofarm), AQUACEL Ag® (from ConvaTec), 

AquaRite Extra CMC (developed by DermaRite) and CMC Fiber dressing (from Gentell). Hyalu-

ronic acid is an important compound in these materials Hyalomatrix (by Medline), Hyalofill® 

(from ConvaTec), HYALO4 Regen (produced by Fidia) and Restore Hydrogel (developed by 

Hollister Wound Care) - Table 1.1 (Pino et al., 2023; Yang & Wang, 2023). These biomaterials 

usually adhere well to the wound’s surface, keeping it with the proper moisture and preventing 

blood loss by activating coagulation factors. This promotes the adhesion and aggregation of 

platelets, which helps the first step of the wound healing process. Also, some of these biopol-

ymers could even regulate the growth factors activity and enhance the performance of inflam-

matory cells. This prevents bacterial infections and stimulates cell migration, fibroblast prolif-

eration, granular tissue formation, collagen deposition, neovascularization, and re-epitheliali-

zation, helping, at the same time, the second and third phases of the wound healing process 

(Pino et al., 2023; Yang & Wang, 2023). The main disadvantages of these materials are usually 

the biopolymers’ production costs, short shelf-life and the uncontrollable degradation rates 

under physiological conditions (too fast or too slow) - Table 1.1 (Sadeghi-Aghbash et al., 2023; 

Zahra et al., 2023; J. Zhu et al., 2023). Natural biopolymers, despite of all their disadvantages, 

present a significant benefit in terms of biological activity when compared with synthetic ma-

terials.
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Table 1.1 - Polymeric materials used in skin regeneration and wound healing adapted from (Gianino et al., 2018; Tiwari et al., 2023; Vach Agocsova et al., 2023; Yang & 

Wang, 2023). 

Polymers Advantages Drawbacks Commercially available 

wound dressing 

Synthetic Poly(ethylene 

glycol) (PEG) 

Hydrophilic, flexible and compatible qualities; 

Surface modifier allowing for better grip in the contact 

layer; 

High growth factor affinity; 

Poor cellular adhesion 

Limitations on the use of antibiotics and other drugs 

in PEG necessitate the use of composite materials 

Coseal®, Neo-heal® hy-

drogel 

Poly(lactic-co-

glycolic acid) 

(PLGA) 

Food and drug administration (FDA) approved for drug 

delivery, suture applications; 

Ratio of lactide to glycolide units can modify release of 

drugs and growth factors; 

Cytocompatible and stimulates fibroblast adhesion, 

spreading, and proliferation; 

High processability; 

Hydrophobic in nature; 

Properties fail to match with extracellular matrix or 

collagen requiring additional antimicrobial agents; 

BioDegmer® PGLA, 

VICRYL™ (polyglactin 910) 

Woven Mesh 

Poly(urethane) 

(PU) 

Semipermeable membrane that prevents bacteria from 

entering; 

Provides a moist environment; 

Delivers bioactive substances for fighting infection; 

Drainage properties that decrease the risk of swelling; 

Non-absorbing; 

Lack of adherence property; 

Tromboguard®, Simpuri-

tyTM Hydrogel, Allevyn®, 

Lyofoam®, Mepilex®, Hy-

drosorb® 

Poly 

(caprolactone) 

(PCL) 

FDA approved for suture applications; 

Fibrous structure similar to ECM architecture; 

Water retention capacities used to capture wound exu-

date; 

Resistant to many solvents allowing for slow and con-

trolled degradation; 

Lack of antimicrobial property; 

Poor cell adhesion due to hydrophobic surface; 

PURASORB® PC 

Natural Chitosan Antimicrobial and hemostatic properties; 

Functional derivatives allowing for modified and versa-

tile effects; 

Drug delivery ability; 

Low mechanical strength; 

Less porous in structure; 

Poor water solubility (due to its rigid crystalline struc-

ture); 

Crosslinking may affect its intrinsic properties; 

Chitosorb, ChitoGauzePro, 

HemCon, KytoCell, Opti-

cell, Medline, Maxiocel 
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Hyaluronic Acid Lubricative and water absorptive; 

Bi products promote epithelial cell migration; 

Improves collagen deposition and angiogenesis;  

Popular drug delivery system and vehicle for growth 

factors 

Difficult to control the viscosity for electrospinning; Hyalomatrix, LaserSkin®, 

Hyalograft®, Hyal04 Re-

gen 

Alginate Tissue adhesion; 

Lubricative; 

Promotes tissue granulation; 

Lack of mechanical strength; 

Poor stability resulting in ion leaching; 

Tegaderm, Kaltostat, Al-

giSite M, Algicell 

Cellulose Readily available with low cost; 

Fiber and foam materials; 

Creates a gel-like material, forming a moist environ-

ment; 

Releases GFs to stimulate fibroblast proliferation; 

Lack of mechanical strength; 

Poor antibacterial property deficient water vapour 

and oxygen permeability; 

AQUACEL Ag®, AquaRite 

Extra CMC, Gentell CMC 

Fiber dressing 

 

Dextran Lubricative; 

Promotes cell adhesion, migration and proliferation; 

Antithrombotic properties; 

High cost; 

Its use as protein drug delivery systems is restricted 

because of their high permeability, which can cause 

the prior release of drug that are captured in them; 

SurgiClot® Hemostatic 

Dressing 

 

Poly(lactic acid) 

(PLA) 

Mechanical strength; 

High processability; 

Poor flexibility; 

Slow degradation rate; 

Strong hydrophobicity; 

Chemically inert; 

Low heat resistance; 

No formulation available 

for wound dressings 

 

Poly(hydroxyal-

kanoate) (PHA) 

Natural human metabolite;  

Great mechanical and structural properties; 

Flexibility; 

Crystallinity;  

High hydrophobicity; 

Thermal stability;  

No formulation available 

for wound dressings 
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1.2.3.1 Poly(hydroxyalkanoates) (PHAs) 

Poly(hydroxyalkanoates) (PHAs) are water insoluble, biodegradable, and biocompatible pol-

yesters that many bacteria accumulate intracellularly as carbon and energy storage com-

pounds. Their physical properties range from brittle, rigid and highly crystalline bio-thermo-

plastics (e.g., poly(3-hydroxybutyrate), P(3HB)), to amorphous, rubbery, or sticky elastomers 

(e.g., medium-chain-length poly(hydroxyalkanoate), mcl-PHA), depending on their monomeric 

composition (Figure 1.5) (Pereira et al., 2019). Moreover, terpolyesters (e.g., poly(3-hydroxy-

butyrate-co-3-hydroxyvalerate-co-3-hydroxyhexanoate), P(3HB-co-3HV-co-3HHx)) are con-

sidered one of the most promising additions to the PHAs family since they combine short-

chain length (scl) and medium-chain length (mcl) monomers into novel materials with inter-

esting properties (Meléndez-Rodríguez et al., 2021; Silva et al., 2022). This versatility makes 

PHAs attractive materials for use in a wide range of applications, including bioplastics, fine 

chemicals, biomedicine, tissue engineering and wound management (Diniz et al., 2023). The 

intrinsic structural properties of PHAs makes them great candidates as suitable alternative ma-

terials for the development of new bio-based dressings for wound management, as they could 

be used to develop novel scaffolds with improved properties to harbour cell adhesion, prolif-

eration, and differentiation (Kalia et al., 2023; Pereira et al., 2023). The use of PHAs have been 

previously suggested in the literature for several wound management applications. These pol-

yesters were studied to act as dressing structures for tissue regeneration, for instance P(3HB) 

and poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (P(3HB-co-3HV) were used to produce 

scaffolds with improved properties for fibroblast adhesion and proliferation (Kalia et al., 2023). 

Keratinocyte and myoblast cells also revealed to have greater proliferation in materials based 

on poly(3-hydroxyoctanoate) (P3HO) (Kalia et al., 2023). Mcl-PHA polymers were suggested to 

serve as adhesives materials for wound closure (Diniz et al., 2023; Yousefi & Wnek, 2024). More-

over, some poly(4-hydroxybutyrate) (P(4HB)) based products (namely, GalaFLEX™ and Phasix™) 

has been approved for repair and reinforcement of soft tissue by the food and drug admin-

istration (FDA). TephaFLEX™ and TephaELAST™ are also examples of P(4HB) and poly(3-hy-

droxybutyrate-co-4-hydroxybutyrate) (P(3HB-co-4HB)) based materials, respectively, with FDA 

approval for biomedical use as implant material (Yousefi & Wnek, 2024). 
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Figure 1.5 - Scanning electron microscopy (SEM) image of PHA granule inside the bacterial cell and a schematic 

representation of the general molecular structure of PHA polymers [adapted with the permission from (Obruca et 

al., 2020; Peregrina et al., 2021)]. 

1.2.3.2 Polysaccharides  

Polysaccharides are high molecular weight carbohydrate polymers that can be produced by 

microorganisms, namely bacteria, fungi, yeast, and microalgae (Concórdio-Reis et al., 2022; 

Concórdio-Reis, Reis, et al., 2020). These biopolymers can have countless applications as struc-

turing agents, based on their ability to form polymeric structures (i.e., emulsions, gels, films, 

micro- and nanoparticles) or as biological active materials that can be used to develop new 

pharmaceuticals or even to replace some products currently available in the market (Yildiz & 

Karatas, 2018; Yu et al., 2018). Generally, the most common monomers found in microbial pol-

ysaccharides are glucose, galactose, and mannose. However, sometimes it is also possible to 

find arabinose, rhamnose, fucose, amino sugars, and uronic acids in these biopolymers. Given 

the diversity of their composition, microbial polysaccharides have a wide range of different 

molecular structures that can display distinct physical and chemical properties. There are 
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several microbial polysaccharides currently commercialized, such as xanthan (produced by 

Xanthomonas sp.), dextran (produced by genera of Leuconostoc, Streptococcus, Weisella, 

Pediococcus and Lactobacillus), hyaluronic acid (produced by Streptococcus zooepidemicus) 

and pullulan (produced by Aureobasidium pullulans). Most of these biopolymers have high-

value applications in food, cosmetics, pharmaceuticals, and medicine (Freitas et al., 2021; Vach 

Agocsova et al., 2023).  

FucoPol which is a high molecular weight heteropolysaccharide secreted by Enterobacter 

A47 (DSM 23139) composed of fucose, galactose, glucose, and glucuronic acid. This exopoly-

saccharide (EPS) has already been studied for its film and hydrogel forming capacity, flocculat-

ing, thickening, emulsifying, anti-inflammatory, antioxidant, anti-aging, UV protective, cryopro-

tective and, even, wound healing ability (Araújo et al., 2023; Baptista et al., 2023; Concórdio-

Reis, Pereira, et al., 2020; Fialho et al., 2021; Guerreiro et al., 2020, 2021). These properties are 

advantageous for wound dressing applications, since this eco-friendly, non-toxic, biodegrada-

ble, and bioactive polysaccharide could be used to develop new bio-based products with en-

hanced performance for wound healing purposes (Concórdio-Reis, Pereira, et al., 2020).  

 Biocomposite dressings 

Biocomposites are biocompatible or eco-friendly composite structures (Haraguchi, 2014). 

They consist in a blend of natural materials with other inorganic (e.g. ceramics, metals or 

nanocarbons), synthetic (e.g. polymers or pharmaceutical drugs) or natural (e.g. polymers, pro-

teins, sugar, lipids) compounds to develop a product that combines the properties of the start-

ing components (Borbolla-Jiménez et al., 2023; Ferrari et al., 2022; Haraguchi, 2014). Recently, 

this technique has been studied to produce various materials for wound treatment purposes 

using, both, synthetic polymers (e.g., PVA, PCL, PEG) and natural biopolymers (e.g., alginate, 

cellulose, hyaluronic acid) (Farazin et al., 2023; A. Sharma et al., 2023; Xu et al., 2023; Zahra et 

al., 2023). A good example of these strategy are the blends of PCL with chitosan or with colla-

gen to produce scaffolds to harbour cell growth for bone tissue engineering and wound heal-

ing applications, respectively (Anaya Mancipe et al., 2023; Gautam et al., 2023). Such scaffolds 

combined the great structural features of PCL with the biological properties of chitosan (e.g. 

mucoadhesive, antioxidant, antibacterial, proliferative and haemostatic effects) or collagen (e.g. 
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reduced immunogenicity, promotes blood coagulation, cellular adhesion and proliferation) 

(Anwer et al., 2023; Kuddushi et al., 2023; Sadeghi-Aghbash et al., 2023). In line with this, it is 

possible to combine two natural polymers with distinct properties to develop a hybrid material. 

Such biocomposites are biocompatible, biodegradable, from biological origin and contribute 

to a sustainable development of wound management products, by reducing their environmen-

tal impact while contributing to a circular economy. One great example of this was the devel-

opment of a hybrid film of lignin and chitosan (two natural polymers) for wound management 

applications (Pothal et al., 2023). The produced film exhibited excellent antioxidant activity with 

no toxicity towards fibroblast cells. Additionally, when the loaded with the antibiotic neomycin 

sulphate, it showed significant antimicrobial activity against gram-negative and gram-positive 

bacteria (Pothal et al., 2023). From this perspective, another good opportunity could be the 

development of hybrid structures composed of natural polymers with great structural features 

with biopolymers that possess some biological activity. This would result in a biocomposite 

that is, at the same time, biologically active and has unique structural properties. One promis-

ing approach could be combining PHAs and polysaccharides to attain a natural structured 

product for wound dressing applications. The production of biocomposites using PHA and 

polysaccharides has been previously reported in the literature, where P(3HB) and chitosan were 

used to produce structures through electrospinning. These scaffolds were studied to assess the 

proliferation and differentiation of stem cells from human exfoliated deciduous teeth into 

odontoblast-like cells (Khoroushi et al., 2018). The addition of chitosan showed to increase the 

hydrophilicity and cell viability, when compared with scaffolds only produced by P(3HB) 

(Khoroushi et al., 2018; Zhuikova et al., 2022). P(3HB) and P(4HB) were also blended with small 

amounts of chitosan and hyaluronic acid to develop novel absorbable films suitable for use as 

a tissue engineering scaffolds for keratinocytes as a therapy for replacement of damaged skin 

(Peschel et al., 2008). The addition of these polysaccharides promoted the proliferation of 

keratinocytes in the scaffolds when compared with the structures only produced by both PHAs  

(Peschel et al., 2008; Zhuikova et al., 2022). These results suggest that the use of PHA and 

polysaccharides could be an interesting approach to develop new dressing materials for wound 

treatment purposes. 
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1.3 Motivation  

PHAs are well-known biobased and biodegradable polyesters, which are an ecological and 

promising alternative to some of the most used conventional petroleum-derived plastics. As 

mentioned before, their physical properties range from brittle, rigid and highly crystalline bio-

thermoplastics to amorphous, rubbery, or sticky elastomers. The diverse properties found in 

these products, makes them attractive materials for a wide range of applications, including 

packaging, fine chemicals, biomedicine, and tissue engineering. Also, due to their intrinsic 

structural features, PHAs are great candidates for the development of new biobased dressings 

for wound management. FucoPol, on the other hand, is an hydrophilic EPS that have unique 

properties that include film and hydrogel forming capacity, as well as flocculating, thickening, 

emulsifying, anti-inflammatory, antioxidant, anti-aging, UV protective, cryoprotective and, 

even, wound healing ability. The diverse properties found in this microbial polysaccharide 

makes it suitable to a wide range of applications in the food industry, the pharmaceutical field, 

the medical area, and as cosmetic products. Together, PHAs and FucoPol can be used to de-

velop hybrid materials with enhanced structural and bioactive features for wound management 

applications. These biodegradable and biocompatible structures could even outperform the 

properties of synthetic and petroleum-derived materials, contributing, not only, to the reduc-

tion of the environmental impact associated with the manufacture of wound care products, but 

also, to a circular economy. Therefore, this PhD work aimed to develop an active wound dress-

ing material based on natural polymers (PHAs and FucoPol) for wound management applica-

tions. The main idea was to produce a hybrid material combining the inherent structural prop-

erties of PHA polymers with the intrinsic biological activity of FucoPol. To achieve this, three 

different types of PHA polymers with distinct properties (P(3HB), P(3HB-co-3HV-co-3HHx) and 

mcl-PHA), together with the polysaccharide FucoPol were studied to create a biocomposite 

material by using two separated methods (the emulsion templating technique and the hot-

pressing salt leaching process). This work is in line with a bio-based economy idea where novel 

value-added bioproducts are produced, providing new solutions for sustainable bioprocesses. 

This dissertation is also within the "Goals of the United Nations 2030 Agenda for Sustainable 

Development" by promoting healthy lives and well-being for all at all ages (Goal 3). Due to the 

inherent biocompatibility and biodegradability of the material produced in this project, it 
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ensures a sustainable consumption and production of polymeric structured materials with po-

tential application in the biomedical field (Goal 12) contributing to a more sustainable city 

(Goal 11) while protecting the environment. 
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1.4 Thesis Outline 

The work developed in this dissertation is sequentially organized in five chapters. Each chap-

ter (with the exception of Chapters 1 and 5) contains: a small summary and an introduction 

which provides information about the content and the contextualization of that section, fol-

lowed by a detailed description of the materials and methods used, together with results 

presentation and a thorough discussion, and the general conclusions of that sector. More spe-

cifically, the content of each chapter is listed below: 

Chapter 1 - General Introduction and Motivation - presents an overview of the state of the 

art, the motivation, and the outline of this dissertation. This chapter provides some insights on 

the previously reported information while clarifying key concepts for a better understanding 

of this dissertation.  

Chapter 2 - Biopolymer Characterization - reports the production and characterization pro-

cedures used in each biopolymer, contemplating the information about three different PHA 

polymers (P(3HB), P(3HB-co-3HV-co-3HHx) and mcl-PHA) and the extracellular bacterial poly-

saccharide FucoPol. 

Chapter 3 - Development of Polymeric Structures - describes the development and charac-

terization of structured porous materials using PHA polymers, namely, P(3HB) and P(3HB-co-

3HV-co-3HHx), with two different strategies: the emulsion templated technique and the hot-

pressing salt leaching method. 

Chapter 4 - Development of Active Wound Dressings - investigates the addition of FucoPol 

in the porous structures previously attained by PHA polymers, (P(3HB) and P(3HB-co-3HV-co-

3HHx)). 

Chapter 5 - General Conclusions and Future Perspectives - reviews the main outcomes of 

this dissertation and proposes some suggestions for future research studies. 

The work developed during this PhD resulted in 2 book chapters (1 submitted and 1 pub-

lished), 2 research papers, published in peer-reviewed international scientific journals, as well 

as 3 oral communications and 2 poster presentations in international conferences. 
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2.1 Summary  

This chapter describes the production of microbial polymers used in subsequent chapters 

for the development of wound dressing materials. Three types of PHA namely, P(3HB), P(3HB-

co-3HV-co-3HHx), an mcl-PHA, and the extracellular polysaccharide FucoPol were produced 

in bioreactor cultivation runs. The P(3HB) homopolymer and the mcl-PHA were produced by 

the bacteria Cupriavidus necator DSM 428 and Pseudomonas chlororaphis subsp. aurantiaca 

DSM 19603, respectively, using fructose as the sole carbon source. The P(3HB-co-3HV-co-

3HHx) terpolymer was produced by a mixed microbial culture (MMC) using fermented fruit 

pulp as carbon source. The PHAs were recovered from the biomass by Soxhlet extraction with 

chloroform and purified using a standardized procedure of polymer precipitation in ice-cold 

ethanol. FucoPol was produced by Enterobacter A47 using glycerol as carbon source. This pol-

ysaccharide was recovered from the cultivation broth by a standardized diafiltration/ultrafiltra-

tion procedure. All the biopolymers were characterized in terms of their physical properties. 

Briefly, the produced P(3HB) had molecular weight (Mw) of 9.2×105 Da together with a poly-

dispersity index (PDI) of 2.9. It had a temperature of melting (Tm) of 174.2 °C, glass transition 

(Tg) of 4.1 °C and a degradation (Tdeg) of 276.6 °C with a crystallinity index (Xc) of 85.5%. The 

P(3HB-co-3HV-co-3HHx) terpolymer had a composition of 59 mol% of 3HB, 20 mol% of 3HV 

and 21 mol% of 3HHx. It had Mw of 0.9×105 Da with a PDI of 2.2. Had two melting points at 

108.5 °C (Tm1) and at 159.7 °C (Tm2), a Tg at -3.8 °C and a Tdeg at 275.5 °C with a Xc of 26.2%. The 

attained mcl-PHA had a composition of 4 mol% of 3HHx, 24 mol% of 3HO, 61 mol% of 3HD, 6 

mol% of 3HDd and 5 mol% of 3HTd. Had Mw of 0.4×105 Da with a PDI of 1.7. Had a Tm value 

of 44.9 °C, a Tg of -46 °C and a Tdeg at 274 °C with a Xc of 18.2%. All the PHAs produced revealed 

to be non-cytotoxic against fibroblasts and keratinocytes. FucoPol was composed of fucose 

(34.33 mol%), glucose (33.12 mol%), galactose (26.21 mol%) and glucuronic acid (9.93 mol%). 

It was an amorphous biopolymer with a Mw of 1.4×106 Da and a PDI of 1.2 together with a Tdeg 

around 240 °C. FucoPol is known to be non-cytotoxic against several cell lines including fibro-

blasts and keratinocytes.  
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2.2 Introduction 

PHAs are a well-known group of water insoluble, biobased, biocompatible, and biodegrada-

ble polyesters, which are an ecological and promising alternative to some of the most used 

conventional petroleum-derived plastics. These natural polymers are accumulated intracellu-

larly by many bacteria as carbon and energy storage compounds. Their physical properties 

range from brittle, rigid and highly crystalline bio-thermoplastics (e.g. P(3HB)) to amorphous, 

rubbery, or sticky elastomers (e.g. mcl-PHA), depending on their monomeric composition (Pe-

reira et al., 2019). Some PHAs, such as the terpolyesters P(3HB-co-3HV-co-3HHx), join scl- and 

mcl- monomers in the same macromolecule, creating a novel material with very interesting 

properties (Meléndez-Rodríguez et al., 2021; Silva et al., 2022). This versatility makes PHAs suit-

able to a wide range of applications in biomedicine, namely, drug carrier, tissue engineering, 

adhesives, and wound treatment (Diniz et al., 2023). More specifically, different types of PHA 

polymers, namely, P(3HB), P(3HB-co-4HB) P(3HB-co-3HV), poly(3-hydroxybutyrate-co-3-hy-

droxyhexanoate) (P(3HB-co-3HHx)), poly(3-hydroxyocatnoate) (P(3HO)), and mcl-PHA have al-

ready been tested for their biocompatibility and applicability as scaffold materials for biomed-

ical applications (Diniz et al., 2023; Ladhari et al., 2023; Tawonsawatruk et al., 2023). These pol-

yesters proved to be safe to use in various cell lines, including mouse or human skin fibroblasts 

and keratinocytes (Casula et al., 2023; Chen et al., 2023; Liu et al., 2024; T. G. Volova et al., 2019). 

FucoPol is a fucose-rich EPS secreted by the bacteria Enterobacter A47. It has various distinct 

properties, namely, film and hydrogel forming capacity, UV protective and cryoprotective abil-

ity, and it is a flocculating, thickening and emulsifying agent (Baptista, Pereira, et al., 2022). 

Moreover, FucoPol has been also reported to promote the in vitro migration of keratinocytes, 

suggesting its use for wound healing applications (Concórdio-Reis, Pereira, et al., 2020). This 

polysaccharide was shown to be non-cytotoxic towards various cell lines, including human skin 

keratinocytes and mouse fibroblasts (Concórdio-Reis, Pereira, et al., 2020; Guerreiro et al., 

2020). Fucose is a rare sugar which imparts bioactive properties to the biopolymer. Fucose, 

among other distinctive features is known to have an antitumor effect helping specially in in-

testinal diseases, the ability to regulate microbial virulence and anti-aging properties (Y. Wang 

et al., 2024). Moreover, polysaccharides comprising fucose in their composition are known to 

have improved biological activity since they can promote proliferation of human skin 
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fibroblasts and protect cellular death against reactive oxygen species (ROS) (Y. Wang et al., 

2024). A great example of bioactive polysaccharide containing fucose is fucoidan, which is 

known to exhibit antiviral, anti-atherosclerotic, anti-inflammatory, and immune-regulation ef-

fects (Baptista, Torres, et al., 2022a; Y. Wang et al., 2024). These are important properties that 

could help the wound healing process, which supports the use of FucoPol in the development 

of wound dressing materials. 

Given this, the present chapter aimed to produce and characterize the exopolysaccharide 

FucoPol and three different types of PHA polymers (P(3HB), P(3HB-co-3HV-co-3HHx) and mcl-

PHA) in terms of their composition, molecular mass distribution, thermal properties, crystallin-

ity, functional groups and cytotoxicity effect against fibroblasts and keratinocytes, envisaging 

their use as wound dressing materials in the subsequent Chapters. 

  



Chapter 2. Biopolymers Characterization 

 25 

2.3 Materials and Methods 

 Biopolymer production, extraction and purification 

P(3HB) homopolymer was obtained by the cultivation of Cupriavidus necator DSM 428 in a 

10 L bioreactor (BioStat B-plus, Sartorius, Germany) with the production process described by 

(Rebocho et al., 2020) using fructose as the sole carbon source. Mcl-PHA was produced by 

Pseudomonas chlororaphis subsp. aurantiaca DSM 19603 in 10 L bioreactor (BioStat B-plus, 

Sartorius, Germany) with the procedure described in (Pereira et al., 2021) using fructose as the 

sole carbon source. The terpolymer P(3HB-co-3HV-co-3HHx) produced by MMC in a 100 L 

bioreactor, using fermented fruit pulp as feedstock, as described by (Silva et al., 2022). To re-

cover the biopolymers from the biomass the cultivation broth was recovered and centrifuged 

(13 131 ×g, for 20 min, 4 °C) to separate the bacterial cells from the cell-free supernatant. For 

extraction of the PHAs, the cell pellets thus obtained were resuspended in deionized water and 

centrifuged again under the same conditions. This process was repeated until a clean super-

natant was achieved. The washed biomass was then freeze dried in a ScanVac CoolSafeTM, 

LaboGene, Lillerød, Denmark), at -110 °C for 48 h. The PHA was extracted from the dried bio-

mass by Soxhlet extraction with chloroform (250 mL) (99.5 %, Sigma-Aldrich, USA), at 80 °C for 

48 h, and purified by precipitation in ice-cold ethanol (1:10, v/v) under vigorous stirring, from 

which the precipitate was recovered and left in a fume hood, at room temperature, for solvent 

evaporation, as described by Pereira et al. (2019).  

FucoPol was obtained via cultivation of the bacterium Enterobacter A47 (DSM 23139) in a 

10 L bioreactor (BioStat B-plus, Sartorius, Germany) using glycerol as the sole carbon source, 

as described by (Concórdio-Reis, Reis, et al., 2020). FucoPol was extracted and purified using 

the procedure described by Baptista et al. (2022). Briefly, at the end of the fermentation process 

the cultivation broth was recovered, diluted with deionized water in a 1:3 (v/v) ratio and cen-

trifuged (13 000 ×g, for 45 min, 4 °C) for cell removal. The cell pellet was discarded, and the 

cell-free supernatant was subjected to a thermal treatment (70 °C, for 1 h) followed by centrif-

ugation (13 000 ×g, for 45 min, 4 °C) for protein denaturation and removal, this step was re-

peated twice. The resulting treated cell-free supernatant was purified by diafiltration with a 

crossflow module (Sartocon Slide Holder, Sartorius, Germany) using a membrane with a surface 
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area of 100 cm2 and cut-off 100 000 Da (Hydrosart ultrafiltration cassette, Sartorius, Germany). 

The system was operated in a diafiltration mode by continuously adding deionized water to 

the retentate's vessel to maintain a constant volume. This procedure removes salts and mole-

cules with molecular weight lower than 100 000 Da. When the retentate’s conductivity reached 

a value below 200 S/cm, water addition to the vessel was suspended and the retentate was 

concentrated by operating the module in an ultrafiltration mode. At the end of this process, 

the concentrated retentate was freeze-dried (ScanVac CoolSafeTM, LaboGene, Lillerød, Den-

mark), at -110 °C for 48 h.  

All the produced biopolymers were stored in closed flask at room temperature until use. 

 Biopolymer Characterization 

2.3.2.1 Composition 

The PHAs composition was determined by gas chromatography (GC). Samples (1.5 mg) were 

mixed with 2 mL benzoic acid methyl ester (Sigma-Aldrich, USA) in chloroform (99.5 %, Sigma-

Aldrich, USA) (1 g/L) and 2 mL 20% (v/v) sulphuric acid (Honeywell, USA) in methanol (Fisher 

Chemical, USA), and heated at 100 °C, for 4 h. After cooling, 1 mL of deionized water was added 

and mixed in a vortex. After phase separation the aqueous phase was retrieved and another 1 

mL of deionized water was added and mixed, after phase separation the organic phase was 

recovered, passed through molecular sieves, filtered using poly(tetrafluoroethylene) (PTFE) sy-

ringe filters of 0.2 µm pore (Labfil, China) into a vail and analysed by GC with a flame ionization 

detector (FID) (TRACE 1300, Thermo Scientific, USA) and with a column of 60 m, 0.53 mmID, 1 

µM df, Crossbond, Stabilwax (Restek, USA). The injection volume was 1.0 µL, with a running 

time of 32 min, constant pressure of 14.50 psi and helium as carrier gas. The heating ramp 

followed a 20 °C/min rate until 100 °C, 3 °C/min until 155 °C and again 20 °C/min until 220 °C. 

The standards used for this analysis were 3-hydroxybutyric acid (for 3-hydroxybutyrate, 3HB) 

(97%, Thermo Scientific, USA), 3-hydroxyvaleric acid (for 3-hydroxyvalerate, 3HV) (98%, Med-

ChemExpress, USA) and Methyl-3-hydroxyhexanoic acid (for 3-hydroxyhexanoate, 3HHx) (97%, 

Sigma-Aldrich, USA) with concentrations between 0.05 and 1.0 g/L, for determination of the 

composition of P(3HB) and P(3HB-co-3HV-co-3HHx). For the mcl-PHA it was used as a stand-

ard a polymer with the following composition, validated by GC–MS (Rebocho et al., 2019): 3 



Chapter 2. Biopolymers Characterization 

 27 

mol% 3-hydroxyhexanoate (3HHx), 17 mol% 3-hydroxyoctanoate (3HO), 57 mol% 3-hydroxy-

decanoate (3HD), 11 mol% 3-hydroxydodecanoate (3HDd) and 12 mol% 3-hydroxytetra-

decanoate (3HTd), with concentrations ranging from 0.08 to 1.6 g/L (Pereira et al., 2021). The 

standards were prepared with the same protocol used for sample preparation. All the samples 

were prepared in triplicates. 

FucoPol’s composition was determined by high performance liquid chromatography (HPLC) 

using a Carbopac PA10 column (Thermo Scientific, Dionex, USA), equipped with an am-

perometric detector. Samples of FucoPol (1 g/L, 5 mL) was hydrolysed with 0.1 mL trifluoroa-

cetic acid (TFA, 99%, Sigma-Aldrich, USA) at 120 ℃ for 2 h. L-Fucose (Biosynth, Switzerland), 

D(+)-glucose anhydrous (Scharlau, Spain), D(+)-galactose (98%, Alfa Aesar, USA) and D(+)-

glucuronic acid (98%, Alfa Aesar, USA) were used as standards. All the samples were prepared 

in triplicates. 

2.3.2.2 Fourier-Transform Infrared Spectroscopy 

The biopolymers were characterized via Fourier-transform infrared spectroscopy (FT-IR) 

with a spectrum two spectrometer (PerkinElmer, USA) equipped with the attenuated total re-

flectance (ATR) accessory. The spectra were recovered based on five scans between a resolution 

of 4000 and 400 cm-1 at room temperature. 

2.3.2.3 Molecular Mass Distribution 

Number and average molecular weights, Mn and Mw, respectively, and the polydispersity 

index (PDI = Mw/Mn) of the P(3HB), P(3HB-co-3HV-co-3HHx) and mcl-PHA samples were de-

termined by a gel permeation and size exclusion chromatography (GPC/SEC) System (KNAUER 

Smartline, Germany), using a Phenomenex Phenogel Linear Liquid Chromatographic Column 

300×7.8 mm (Phenomenex, USA) coupled with the refractive index detector (RID) Waters2414 

(Waters, USA). The samples were dissolved in chloroform (concentration range: 0.3 – 0.4%, w/v) 

and monodisperse polystyrene standards (370 – 2520,000 Da) were used. The solutions were 

injected (100 µL) and the analysis was performed at 30 °C, with a flow rate of 1 mL/min of 

chloroform as mobile phase (Appendix A.1). FucoPol’s Mn, Mw and PDI were determined using 

the same GPC/SEC system (KNAUER Smartline, Germany) and column (Phenomenex, USA), us-

ing 0.1 M LiNO3 as eluent, at a flow rate of 0.6 mL/min. FucoPol (50 µL) solution (0.5%, w/v, in 
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0.1 M LiNO3) were injected and detected in RID Waters2414 (Waters, USA). Mw and Mn were 

calculated using a calibration curve generated with pullulan standards (P50 to P80) (Appendix 

A.1). 

2.3.2.4 X-Ray Diffraction 

The crystalline structure of the biopolymers was analysed by X-ray diffraction (XRD) using a 

PANalytical’s X’Pert PRO MRD diffractometer (PANalytical B.V., Netherlands), with a monochro-

matic Cu Kα radiation source (wavelength 1.540598 Å). Data were acquired in a range between 

10° and 90° (2θ) with a scanning step size of 0.03°, in continuous mode and operating at 45 kV 

with 40 mA. The degree of crystallinity was calculated according to the following equation (1): 

Crystallinity index (%) = Acryst/Atotal × 100  (1) 

Here, ACryst is the sum of the area under crystalline peaks; and ATotal is the total area under 

the diffractogram. The peak deconvolution was done using the X'Pert HighScore Plus software 

(Malvern Panalytical). The area under the deconvoluted peaks was used for the calculation of 

crystallinity (S. Park et al., 2010). 

2.3.2.5 Thermal Properties 

2.3.2.5.1 Differential Scanning Calorimetry 

Differential Scanning Calorimetry (DSC) was performed in a DSC Q2000 (TA instruments, 

USA), by placing the PHA samples in aluminium hermetic pans and analysing them with a heat-

ing and cooling speed of 10 °C/min from room temperature until 100 °C, then from 100 to -

100 °C followed by two heating cycles within a temperature range of -100 and 200 °C (Appen-

dix A.2). The melting temperatures (Tm) were determined by analysing the endotherm peak’s 

temperature and area, respectively, during the first heating cycle. The glass transition (Tg) was 

analysed by endothermic slope observed during the last heating ramp. All heating cycles from 

all samples are shown in Appendix A.2. 

2.3.2.5.2 Thermal Gravimetric Analysis 

Thermogravimetric Analysis (TGA) was performed in a Thermogravimetric Analyzer Setaram 

Labsys EVO (Steram, France) with a weighing precision of +/- 0.01 %, using aluminium crucibles 

to place the samples (8.8 - 20.8 mg) and analysing them with a temperature range between 25 
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°C and 500 °C, at 10 °C/min, in Argon atmosphere. The degradation temperature (Tdeg) was 

considered the point where the sample had 5 % of mass loss (in the case of FucoPol, this weight 

loss was only measured after 150 °C due to water mass loss). The maximum degradation tem-

perature was considered the value after the major mass loss. 

2.3.2.6 Cell Testing 

2.3.2.6.1 Cell culture and media 

Fibroblast cells (HFFF2, Human Caucasian Foetal Foreskin Fibroblasts from a 14- to 18-week-

old human foetus, ECACC, UK) were cultured in low-glucose with stable glutamine and sodium 

pyruvate (Biowest, USA) supplemented with penicillin (100 U/mL) (Life Technologies, USA), 

streptomycin (100 μg/mL) (Life Technologies, USA) and 10% FBS (Fetal Bovine Serum, Biowest, 

USA). Keratinocyte cells (HaCaT, in vitro spontaneously transformed keratinocytes from histo-

logically normal skin, AddexBio, USA) were cultured in Dulbecco's Modified Eagle Medium 

(DMEM) with high glucose content (DMEM – high glucose, with 4.5 g/L glucose, stable gluta-

mine, and sodium pyruvate (Biowest, USA) supplemented with 100 U/mL with penicillin (Life 

Technologies, USA), 100 μg/mL streptomycin (Life Technologies, USA) and 10% FBS (Biowest, 

USA). 

2.3.2.6.1 Cytoxicity Test 

HFFF2 and HaCaT cells were cultivated in a 96-well microplate. HFFF2 and HaCaT cells were 

seeded at a density of 20,000 and 25,000 cells/cm2, respectively, and incubated during 24 h at 

37 °C, 5% CO2 in a humidified atmosphere incubator (MCO-19AIC(UV) Sanyo, Japan). For the 

cytotoxicity assessment it was used the extract method in accordance with the International 

Standard ISO 10993-5. To prepare the extracts the PHA samples were previously sterilized in 

ethanol 70% and after complete evaporation (24 h to 72 h) they were exposed to the growth 

media for each cell line (Low- and high-glucose DMEM for HFFF2 and HaCaT, respectively) at 

a concentration range of 1.5 – 50 mg/mL of the tested PHA sample (P(3HB), P(3HB-co-3HV-

co-3HHx) and mcl-PHA), during 48 h. The cells were then exposed to the prepared extracts for 

48 h while using low-glucose or high-glucose DMEM supplemented with 10% of dimethyl sul-

foxide (DMSO, Supelco, USA) as the positive control, whereas the negative control was low-

glucose or high-glucose DMEM, depending on the cell line (HFFF2 or HaCaT, respectively). 

After 48 h, a colorimetric viability assay was performed where the well volumes were discarded 
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and 100 μL of a resazurin: low/high-glucose DMEM solution (50% of resazurin (Alfa Aesar, USA) 

in phosphate buffered saline (PBS) (Amresco, VWR Chemicals, USA) solution at 0.04 mg/mL + 

50% of Low/high-glucose DMEM) were added and incubated during 4 h at 37 °C, 5% CO2 in a 

humidified atmosphere incubator (MCO-19AIC(UV) Sanyo, Japan). Cell viability was assessed 

through the reduction of resazurin into resorufin by viable cells and measuring the optical 

density in a microplate reader (ELX 800UV, BioTek, USA) at 570 and 600 nm, respectively. The 

corrected absorbance (was obtained by subtracting the absorbance measured at 600 nm from 

the one measured at 570 nm and subtracting the medium control) is proportional to cell via-

bility. The combined standard uncertainty was calculated by propagation of uncertainties. 
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2.4 Results and Discussion 

 Biopolymers Characterization 

2.4.1.1 Composition 

Cupriavidus necator DSM 428 is a well-known producer of P(3HB) homopolymers capable 

of using different carbon sources including industrial wastes (Esmail, Pereira, Sevrin, et al., 

2021). In this study, this bacterium was used to produce a 3-hydroxybutyrate (3HB) homopol-

ymer using fructose as the sole carbon source (Table 2.1). P(3HB) is one of the most studied 

PHA polymers in the literature. Besides C. necator, there are several reports of different bacte-

rial strains that can produce this homopolymer, such as, Bacillus, Alcaligenes, Burkholderia, 

Halomonas, Rhizobium and recombinant Escherichia coli (Diniz et al., 2023; Ladhari et al., 2023). 

It is also possible to attain P(3HB) using different strategies using MMC (Queirós et al., 2014; 

M. Y. Shen et al., 2023; Zhou et al., 2022). This biopolyester is even commercially available under 

various trademark names for instance, BIOCYCLE, Minerv-PHA, COFCO PHA and YOOP pro-

duced by PHB Industrial S.A. (Brazil), Bio-On (Italy), COFCO (China) and Mango Materials (USA), 

respectively (Koller & Mukherjee, 2022; Yousefi & Wnek, 2024). 

The P(3HB-co-3HV-co-3HHx) biopolymer accumulated by the MMC cells was composed of 

58.95 ± 1.30 mol% 3HB, 19.82 ± 1.26 mol% 3HV and 21.24 ± 0.84 mol% 3HHx (Table 2.1). 

Similar monomer ratios (59 - 71 mol% 3HB, 9 - 16 mol% 3HV and 13 - 32 mol% 3HHx) have 

been reported previously for other terpolyesters synthesized by MMC using fermented fruit 

pulp as the sole carbon source (Meléndez-Rodríguez et al., 2021; Silva et al., 2022). Also, a 

P(3HB-co-3HV-co-3HHx) synthesized by the recombinant strain C. necator P(3HB)-4 fed with 

crude palm kernel oil as main substrate and valerate as co-substrate displayed lower 3HHx 

contents (2 - 12 mol%) with 3HB and 3HV contents in the range of 66 - 94 mol% and 3 - 32 

mol%, respectively (Bhubalan et al., 2010; Ye et al., 2010). The recombinant C. necator 

Re2133/pCB81 was also reported to synthesize P(3HB-co-3HV-co-3HHx) with a monomer 

composition within the same ranges (53 - 81 mol% 3HB, 2 - 34 mol% 3HV and 9 - 45 mol% 

3HHx) by cultivation on tung oil and on fructose with different concentrations of butyrate or 

propionate (Jung et al., 2019; Lee et al., 2021). Lower 3HV contents were reported for the bi-

opolymers produced by the recombinant C. necator Re2133/pCB81 and P(3HB)-4 (2 and 3 
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mol%, respectively) (Bhubalan et al., 2010; Lee et al., 2021). For those strains, the 3HHx content 

varied within 9 - 45 and 2 - 12 mol%, respectively (Table 2.1). The observed variability of P(3HB-

co-3HV-co-3HHx) monomers’ content is a result of the distinct microbial PHA-producing sys-

tems that were fed with different substrates, thus translating into biopolymers with different 

composition. 

The mcl-PHA synthesized by P. chlororaphis subsp. aurantiaca DSM 19603 was com-

posed of 3HHx (3.83 ± 0.11 mol%), 3HO (23.59 ± 0.53 mol%), 3HD (61.14 ± 0.47 mol%), 3HDd 

(6.51 ± 0.15 mol%) and 3HTd (4.93 ± 0.06 mol%). Similar monomeric composition has been 

reported previously for the same bacterial strain grown on different carbon sources, although 

with distinct relative monomeric proportions (Table 2.1) (de Meneses et al., 2020; Pereira et al., 

2019, 2021). Other P. chlororaphis strains were also able to achieve mcl-PHAs with distinct 

monomeric ratios (Table 2.1). More specifically, mcl-PHAs enriched with 3HD monomers were 

reported for P. chlororaphis 555 (44 – 56 mol%) (Cerrone et al., 2015; Walsh et al., 2015), P. 

citronellolis sp. (32-68 mol%) (Cruz, Araújo, et al., 2016; Muhr, Rechberger, Salerno, Reiterer, 

Schiller, et al., 2013; Rebocho et al., 2019), P. putida sp. (44 - 61 mol%) (Ma et al., 2009; G.-Y. 

Tan et al., 2014), and P. mediterranea CFBP 5447 (61 mol%) (Pappalardo et al., 2014) (Table 

2.1). On the other hand, polymers synthesized by P. chlororaphis strains DSM 50083 and PA23 

(Muhr, Rechberger, Salerno, Reiterer, Malli, et al., 2013; P. K. Sharma et al., 2017) were enriched 

in 3HO monomers (46 and 49 mol%, respectively). The presence of 3HDd and 3HTd were de-

tected in polymers synthesized by P. chlororaphis subsp. aurantiaca DSM 19603 (10 - 43 mol% 

and 11 - 17 mol%, respectively), P. chlororaphis HS21 (1 mol% and 11 mol%, respectively), P. 

chlororaphis PA23 (10 and 3 mol%, respectively), P. resinovorans NRRL B-2649 (9 - 18 mol% 

and 1 - 15 mol%, respectively), P. citronellolis NRRL B-2504 (5 - 14 mol% and 1 - 4 mol%, 

respectively) (Table 2.1). It is also noticed that 3HO and 3HD are frequently the predominant 

monomers in the reported mcl-PHA polymers, while 3HDd and 3HTd are only detected in the 

polyesters synthesized by some bacterial strains. These differences are, not only, associated 

with the bacterial strains used during the mcl-PHA production process, but also, with the sub-

strates used for the bioreactor cultivation. As reported by several authors, the composition of 

the mcl-PHA is highly influenced by the carbon sources supplied to the cultures (G.-Y. Tan et 
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al., 2014). This is a useful feature since it grants the opportunity to attain mcl-PHA with tailored 

composition, that will impact the biopolymers final properties. 

The exopolysaccharide FucoPol was synthesized by Enterobacter A47 in a standardized bi-

oreactor procedure using glycerol. This polysaccharide was composed of fucose (34.33 ± 2.05 

mol%), glucose (33.12 ± 2.02 mol%), galactose (26.21 ± 2.04 mol%) and glucuronic acid (9.93 

± 1.06 mol%). These values are within the ones reported previously (30 – 36 mol% fucose; 25 

- 34 mol% glucose; 22 – 29 mol% galactose; 9 – 10 mol% glucuronic acid) (Concórdio-Reis et 

al., 2018). FucoPol is also known to have acetate (3.5–6.8 wt.%), pyruvate (3.7–14 wt.%) and 

succinate (0.6–3 wt.%) as acyl groups, giving this polymer a polyanionic character, due to these 

negatively charged groups, allowing the formation of gel structures through physical cross-

linking via electrostatic interaction with cations (i.e. Fe3+ and Cu2+) (Araújo et al., 2023). 
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Table 2.1 - Composition, molecular mass distribution, thermal properties and crystallinity of the PHA polymers by different microbial sources (3HB, 3-hydroxybutyrate; 3HV, 

3-hydroxyvalerate; 3HHx, 3-hydroxyhexanoate; 3HO, 3-hydroxyoctanoate; 3HD, 3-hydroxydecanoate; 3HDd, 3-hydroxydodecanoate; 3HTd, 3-hydroxytetradecanoate; Mw, 

molecular weight; PDI, polydispersity index; Tg, glass transition temperature; Tm, melting temperature; Tdeg, degradation temperature; Xc, crystallinity index; n.a., data not 

available; n.d., not detected).  

P(3HB) Polymers 

Microbial source 
Composition (mol%) 

Mw  

(×105 Da) 
PDI Tg (°C) Tm1 (°C) 

Tm2 

(°C) 
Tdeg (°C) Xc (%) References 

3HB 3HV 3HHx 3HO 3HD 3HDd 3HTd         

C. necator DSM 

428 

100 n.d. n.d. n.d. n.d. n.d. n.d. 9.2 2.9 4.1 174.2 n.d. 276.6 85.5 This study 

100 n.d. n.d. n.d. n.d. n.d. n.d. 5.0 2.0 n.d. 176 n.d. 293 n.a. (Rebocho et al., 2020) 

100 n.d. n.d. n.d. n.d. n.d. n.d. 5.2 1.8 n.d. 176 n.d. 293 52.4 
(Esmail, Pereira, Sevrin, et 

al., 2021) 

100 n.d. n.d. n.d. n.d. n.d. n.d. n.a. n.a. 5.8 177 n.d. n.a. n.a. 
(Hernández-Herreros et 

al., 2023) 

84 6 n.d. n.d. n.d. n.d. n.d. 0.8 1.8 40.3 167 n.d. 269 64.3 (Ribeiro et al., 2023) 

C. necator 

B10646 

100 n.d. n.d. n.d. n.d. n.d. n.d. 9.2 2.5 n.d. 178 n.d. 295 76 (T. G. Volova et al., 2016) 

100 n.d. n.d. n.d. n.d. n.d. n.d. 7.1 3.4 n.d. 168 n.d. 278 78 
(N. O. Zhila et al., 2023) 

100 n.d. n.d. n.d. n.d. n.d. n.d. 6.5 3.7 n.d. 158 n.d. 261 74 

B. cereus RCL02 100 n.d. n.d. n.d. n.d. n.d. n.d. n.a. n.a. n.a. 171 n.d. 279 n.a. 
(Andler et al., 2023) 

A. vinelandii OP 100 n.d. n.d. n.d. n.d. n.d. n.d. n.a. n.a. n.a. 180 n.d. 275 n.a. 

Halomonas sp. 

SF2003 

100 n.d. n.d. n.d. n.d. n.d. n.d. n.a. n.a. 4 177 n.d. n.a. n.a. 

(Derippe et al., 2024) 94 6 n.d. n.d. n.d. n.d. n.d. 3.4 2.8 -7 171 n.d. n.a. n.a. 

89 11 n.d. n.d. n.d. n.d. n.d. 3.3 2.9 -7 172 n.d. n.a. n.a. 

85 15 n.d. n.d. n.d. n.d. n.d. 4.9 1.4 -0.2 n.a. n.a. n.a. 43 

(Fosse et al., 2023) 77 23 n.d. n.d. n.d. n.d. n.d. 4.7 1.4 -1 n.a. n.a. n.a. 36 

73 27 n.d. n.d. n.d. n.d. n.d. 5.3 1.2 -2.5 n.a. n.a. n.a. 43 
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* - These terpolyemers have a P(4HB) content between 3 and 16 mol%.  

Cont. - Terpolymers - P(3HB-co-3HV-co-3HHx) 

Microbial source 

Composition (mol%) Mw  

(×105 

Da) 

PDI Tg (°C) Tm1 (°C) Tm2 (°C) Tdeg (°C) Xc (%) References 
3HB 3HV 3HHx 3HO 3HD 3HDd 3HTd 

Mixed microbial con-

sortium 

59 20 21 n.d. n.d. n.d. n.d. 0.9 2.2 -3.8 108.5 159.7 275.5 26.2 This study 

59 9 32 n.d. n.d. n.d. n.d. n.a. n..a. n.a. n.a. n.a. n.a. n.a. (Silva et al., 2022) 

71 16 13 n.d. n.d. n.d. n.d. n.a. n.a. 0.2 111 173 266 22.6 

(Meléndez-

Rodríguez et al., 

2021) 

C. necator B-10646 

97.1 1.6 0.3 n.d. n.d. n.d. n.d. 7.5 5.6 n.a. 160 168 284 71 
(N. O. Zhila et al., 

2023) 

64-

93* 
1-25* 0-5* n.d.* n.d.* n.d.* n.d.* 4.4-8.2* 

3.0-

6.0* 

-8.6 to 

-0.7* 

166-

173* 
n.d.* 

259-

286* 
30-45* 

(T. G. Volova et al., 

2016)* 

Recombinant C. ne-

cator Re2133/pCB81 

57-70 11-34 9-19 n.d. n.d. n.d. n.d. n.a. n.a. -2.8 70-133 n.d. n.a. 
5.4-

13.4 
(Jung et al., 2019) 

53 2 45 n.d. n.d. n.d. n.d. 1.6 1.8 n.a. n.a. n.a. n.a. n.a. (Lee et al., 2021) 

81 n.d. 29 n.d. n.d. n.d. n.d. 1.5 1.8 n.a. n.a. n.a. n.a. n.a.  

Recombinant C. ne-

cator P(3HB)-4 

73-83 5-17 10-12 n.d. n.d. n.d. n.d. 
16.0-

18.4 

2.0-

2.2 
n.a. 

141-

143 
n.d. n.a. 

14.5-

27.5 
(Ye et al., 2010) 

66-94 3-32 2-7 n.d. n.d. n.d. n.d. 3.3-4.6 
2.0-

2.6 

-4.7 to 

-0.8 
91-129 

139-

148 
n.a. 

19.2-

45.2 

(Bhubalan et al., 

2010) 

Recombinant A. hy-

drophila 4AK4 

85 4 11 n.d. n.d. n.d. n.d. 30.3 1.8 -1.3 113 n.d. 256 19.5 (Hu et al., 2009) 

48-75 13-24 12-28 n.d. n.d. n.d. n.d. 8.1-12.7 
1.7-

2.9 

-1.9 to 

-12.5 

54.2-

101 
n.d. 

247-

258 
n.a. 

(H. Zhang et al., 

2009) 
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Cont. - mcl-PHA Polymers 

Microbial source 

Composition (mol%) Mw  

(×105 

Da) 

PDI Tg (°C) 
Tm1 

(°C) 
Tm2 (°C) 

Tdeg 

(°C) 
Xc (%) References 

3HB 3HV 3HHx 3HO 3HD 3HDd 3HTd 

P. chlororaphis 

subsp. aurantiaca 

DSM 19604 

n.d. n.d. 4 24 61 6 5 0.4 1.7 -46 44.9 n.d. 274 18.2 This study 

15 n.d. 4 18 42.7 10 11 1.3 2.7 -40.9 42 n.d. 300 12.6 (Pereira et al., 2021) 

n.d. n.d. 3 17 50 13 17 1.3 1.5 -49.9 45 n.d. 288 27 
(de Meneses et al., 

2020) 

P. chlororaphis 555 

n.d. n.d. n.d. 15 56 28 n.d. 1.2 2.3 -42.1 38.2 n.d. 284 n.a. 
(Cerrone et al., 

2015) 

n.d. n.d. 4-6 27-29 44-48 18-24 n.d. 1.0 1.7 
-66 to 

-55 
n.a. n.a. 290 n.a. (Walsh et al., 2015) 

P. chlororaphis 

PA23 
n.d. n.d. 6 49 33 10 3 n.a. n.a. n. a. n.a. n.a. n.a. n.a. 

(P. K. Sharma et al., 

2017) 

P. citronellolis NRRL 

B-2504 

n.d. n.d. 1 22 68 5 4 3.7 2.1 -12 53 n.d. 296 n.a. 
(Rebocho et al., 

2019) 

n.d. n.d. 10-14 
36 to 

48 

32 to 

40 
12 to 14 <1 0.3 1.5 -14 25 n.d. n.a. 1 

(Cruz, Araújo, et al., 

2016) 

P. resinovorans 

NRRL B-2649 
n.d. n.d. 11-19 43-44 28-33 9-12 <1 0.2-0.3 

1.3 to 

1.5 

-29 to 

-16 
36-43 n.d. n.a. 6-7 

(Cruz, Araújo, et al., 

2016; Cruz, Freitas, 

et al., 2016) 

P. putida KT2440 n.d. n.d. 5 89 5 n.d. n.d. 0.8 2.2 -36 57 n.d. n.a. n.a. 
(Derippe et al., 

2024) 

P. mediterranea 

CFBP 5447 
n.d. n.d. 4 17 61 18 n.d. 0.6 1.3 -45.1 40.6 n.d. n.a. 6.4 

(Pappalardo et al., 

2014) 

P. umsongensis 

GO16 
8-14 n.d. 3-8 77-88 1 n.d. n.d. n.a. n.a. -25 29 164 257 n.a. 

(Cerrone et al., 

2023) 
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2.4.1.2 Fourier-Transform Infrared Spectroscopy 

Through the observation of the FTIR spectra it is visible that for all the PHA polymers 

(P(3HB), P(3HB-co-3HV-co-3HHx) and mcl-PHA) there is a similar absorption pattern (Figure 

2.1 A, B and C, respectively). They show an intense absorption peak at around 1720 cm-1 cor-

responding to the stretching band of the ester carbonyl group (C=O) (Deng et al., 2024; Dubey 

et al., 2018; Singh et al., 2021). In all PHA spectra this band is always the strongest, correspond-

ing to a characteristic band of PHA polymers (Rebocho et al., 2020). More specifically, the FTIR 

spectra of the P(3HB) homopolymer (Figure 2.1 A) showed the weakest band in the spectra 

near 2936-2974 cm-1 which corresponds to the methylene C–H elongation vibration (Dubey et 

al., 2018). The bands in the fingerprint region between 978 and 1453 cm-1 are usually related 

with the degree of crystallinity (Singh et al., 2021), where the peak at 1260 cm-1corresponds to 

asymmetric C-O-C stretching vibration (G. Y. A. Tan et al., 2014; T. Volova et al., 2021). The 

region between 1054 and 1179 cm-1 shows series of absorption bands, which can be assigned 

to C-O and C-C stretching, respectively (Rebocho et al., 2019). Similar FTIR patterns have been 

found in the literature for other P(3HB) polymers produced by different bacterial strains (Dubey 

et al., 2018). 

 

Figure 2.1 - Fourier-Transform Infrared Spectra (FTIR) of the biopolymers: P(3HB) (A), P(3HB-co-3HV-co-3HHx) (B), 

mcl-PHA (C), FucoPol (D). 
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When looking at the FTIR spectrum of P(3HB-co-3HV-co-3HHx) terpolymer it is easy to see 

that it also showed the weakest band near 2934-2974 cm-1 (for methylene C–H elongation 

vibration) (Sedlacek et al., 2020). It displayed an asymmetric C-O-C stretching vibration at 1261 

cm-1, together with C-O and C-C stretching at 1054 and 1179 cm-1, respectively (T. Volova et 

al., 2021). When compared with the spectra attained for the P(3HB) homopolymers, both pol-

yesters had a very similar pattern, with an equal number of absorption bands, but with distinct 

intensities, especially in the fingerprint region (Figure 2.1 A and B). These intensity differences 

could be related to the decrease in the crystallinity values revealed by the terpolymer when 

compared with the P(3HB) homopolymer (Table 2.1) (Sedlacek et al., 2020; Singh et al., 2021; 

G. Y. A. Tan et al., 2014; T. Volova et al., 2021). 

Observing the FTIR spectrum of the mcl-PHA (Figure 2.1 C), it is visible that this polymer 

had a slightly different pattern when compared with the other PHA polymers (P(3HB) and 

P(3HB-co-3HV-co-3HHx)) attained in this study (Figure 2.1 A and B, respectively). One of the 

main differences is between 2958-2856 cm-1, where three peaks can be identified which can be 

attributed to the asymmetric methyl group (peak at 2958 cm-1), to the stretching vibration due 

to asymmetric -CH2 of the lateral monomeric chains (peak at 2925 cm-1) and to the symmetrical 

methyl group (peak at 2856 cm-1) (Choonut et al., 2020; Tanikkul et al., 2020). This bands are 

reported in the literature to be stronger for mcl-PHA polymers and weaker when regarding 

P(3HB) homopolymers (Rebocho et al., 2020), as represented in Figure 2.1 A and C. Between 

969 and 1466 cm-1, a broad group of peaks is observed, indicating the presence of several 

characteristic structures within PHA polymers. For example, the peak at 1260 cm-1corresponds 

to asymmetric C-O-C stretching vibration (Choonut et al., 2020). The region between 1013 and 

1162 cm-1 shows series of absorption bands, which can be assigned to C-O and C-C stretching 

(Tanikkul et al., 2020). The presence of this broad band together with the absence of strict 

peaks is probably related to the decrease in the crystallinity values revealed by the mcl-PHA 

polyester when compared with the other two PHA polymers (the P(3HB) homopolymer and the 

P(3HB-co-3HV-co-3HHx) terpolymer) (Table 2.1) (Rebocho et al., 2019; G. Y. A. Tan et al., 2014). 

The band nearby 806 cm-1 is attributed to the -CH2 bonds in the side chain of the polymer 

(Rebocho et al., 2019). Similar FTIR patterns have been found in the literature for other mcl-
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PHA polymers produced by other bacterial strains (Choonut et al., 2020; Rebocho et al., 2019; 

Tanikkul et al., 2020; Wróbel-Kwiatkowska et al., 2019). 

The FTIR spectrum of FucoPol has clearly different pattern when compared with the pattern 

observed for the PHA polymers (Figure 2.1 D), given the carbohydrate nature of the biopoly-

mer. A broad intense band is visible around 3300 cm-1 that is common for samples containing 

polysaccharides (Fialho et al., 2021; Vázquez-González et al., 2022). This band represents O–H 

stretching of hydroxyls and bound water. This band overlaps in part with the C–H stretching 

peak of -CH2 groups appearing between 2846-2946 cm-1 (Concórdio-Reis, Pereira, et al., 2020; 

Vázquez-González et al., 2022). The band at 1715 cm-1 is attributed to the C=O stretching of 

carbonyls in acyl groups (Araújo et al., 2023; Fialho et al., 2021). The band at 1249 cm-1 may 

also be attributed to the C–O–C vibration of acyl groups (Araújo et al., 2023). In the same way, 

the bands at 1602 and 1372 cm-1, can be attributed to the asymmetric and symmetric stretch-

ing, respectively, of carboxylates (O=C-O) (Concórdio-Reis, Pereira, et al., 2020). Bands at 1200 

and 900 cm-1 represent skeletal C–O and C–C vibration bands of glycosidic bonds (Vázquez-

González et al., 2022). All peaks shown by FucoPol (Figure 2.1 D) in this study match those 

reported in previous studies attained by the same bacterial strain. 

2.4.1.3 Molecular Mass Distribution 

The biopolymers produced in this studied had very distinct Mw and PDI values. Among the 

PHAs, P(3HB) presented the highest Mw (9.15 ± 0.72 ×105 Da) together with a PDI value of 2.86 

± 0.54 (Table 2.1). These values were higher than those reported for the same strain grown on 

different carbon sources (5.0 - 5.2 ×105 Da and 1.8 - 2.0, respectively) and short chain length 

poly(hydroxyalkanoates) (scl-PHAs) (0.8 ×105 – 9.2 ×105 Da) (Table 2.1). 

The P(3HB-co-3HV-co-3HHx) biopolymer had a Mw of 0.94 ± 0,14 ×105 Da (Table 2.1). 

Higher values, between 1.5 ×105 Da and 30.3 ×105 Da, were reported for the P(3HB-co-3HV-

co-3HHx) synthesized by different bacteria, namely, the recombinant strains C. necator 

Re2133/pCB81 and A. hydrophila 4AK4 (Table 2.1). The biopolymer’s PDI was 2.18 ± 0.29, which 

is within the average range reported for mcl-PHAs (1.3 – 2.7) and for different terpolyesters 

produced by the distinct bacterial strains (1.7 – 5.6) (Table 2.1).  

The mcl-PHA synthesized by P. chlororaphis subsp. aurantiaca from fructose presented 

a Mw of 0.42 ± 0.04 ×105 Da, a value that is lower than those reported for polymers produced 
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by P. chlororaphis strains (1.0 – 1.3 ×105 Da) (Table 2.1). This Mw is slightly lower than the values 

reported for other Pseudomonas sp. grown with distinct carbon sources (0.2 – 3.7 ×105 Da) 

(Table 2.1). On the other hand, the mcl-PHA attained in this work had a PDI of 1.72 ± 0.08, 

which is within the values reported in the literature for the polymer achieved by P. chlororaphis 

strains (1.5 – 2.3) and for another Pseudomonas sp. (1.3 – 2.3) (Table 2.1). 

The Mw and PDI values attained in this work for all PHA polymer makes them suitable to a 

wild range of applications, such as coatings, medical devices, drug delivery, and scaffolds for 

wound management (Rebocho et al., 2019). Also, the observed differences between the Mw 

and PDI values from this study and the ones reported in the literature can be explained by the 

use of the different production conditions, more specifically, the composition of the feedstock 

and media, cultivation mode, the microorganisms used, the stage of growth when the cells 

were harvested, as well as, the downstream processing (Rai et al., 2011; Sudesh et al., 2000). 

The monomeric composition can also influence the resulting Mw and PDI (N. Zhila & Shishat-

skaya, 2018). Differences the PHA's Mw and PDI have a direct impact in the preparation of 

polymeric solutions. Since higher Mw polymers tend to form more viscous solutions at rather 

lower concentrations the processability of a PHA polymer could be highly influenced by its Mw 

and PDI values. 

The polysaccharide FucoPol had an average Mw of 1.40 ± 0.02 ×106 Da, together with a PDI 

of 1.18 ± 0.01, which are similar to previously reported values (1.7 - 5.8 ×106 Da and 1.3 – 1.9, 

respectively) (Baptista, Araújo, et al., 2022). The high Mw observed in FucoPol gives this biopol-

ymer the capacity to act as a thickening and emulsifying agent to form viscous solutions and 

to stabilize emulsions (Baptista, Pereira, et al., 2022).  

2.4.1.4 X-Ray Diffraction 

The X-ray diffraction spectra for the P(3HB) homopolymer (Figure 2.2 A) exhibited peaks at 

2θ equal to 13.4°, 16.8°, 20.2°, 21.5°, 22.5°, 25.5°, 27.2°, and 30.9° that were assigned to the 

(020), (110), (021), (101), (111), (130), (040) and (002) planes, respectively, as described by (Rin-

con-Granados et al., 2023). Similar XRD patterns have been described for other P(3HB) poly-

mers (Chernozem et al., 2020; Rincon-Granados et al., 2023; Spasova et al., 2020). The P(3HB) 

homopolymer from this work presented the highest Xc among all the polymers tested (P(3HB), 

P(3HB-co-3HV-co-3HHx), mcl-PHA and FucoPol) with a value of 85.5% (Table 2.1). Slightly 
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lower Xc were reported for P(3HB) homopolymers (60-80%) produced by other microorganisms 

(Kopf et al., 2023; T. G. Volova et al., 2016; N. O. Zhila et al., 2023). 

 

Figure 2.2 - X-ray diffractogram of the attained biopolymers: P(3HB) (A), P(3HB-co-3HV-co-3HHx) (B), mcl-PHA (C), 

FucoPol (D) and the silica standard used as holder (grey line). 

The X-ray diffractogram of P(3HB-co-3HV-co-3HHx) (Figure 2.2 B) shows the typical behav-

iour of a semi-crystalline biopolymer. It exhibits peaks at 2θ qual to 13.4º, 16.8º, 22.3º, 25.5º, 

27.1º and 30.7º which corresponds to the (020), (110), (111), (130), (040), and (002) lattice 

planes of the orthorhombic unit cell of P(3HB), as described by (Chernozem et al., 2020; Melen-

dez-Rodriguez et al., 2018). This is representative of the crystalline fraction of the terpolymer 

due to its high content in 3HB monomers (59 mol%) (Martínez-Herrera et al., 2020). The pres-

ence of a broad peak at 2θ around 20º region relate to the amorphous fraction due to the 

incorporation of 3HV (20 mol%) and 3HHx (21 mol%) monomers, which significantly reduce 

the degree of crystallinity of the biopolymer (Bhubalan et al., 2008). The P(3HB-co-3HV-co-

3HHx) polyester revealed to have a Xc value of 26.2% (Table 2.1), which is concomitant with the 

phenomenon observed in the DSC analysis (regarding the presence of two melting tempera-

tures). This occurrence is probably due to its high contents of 3HV and 3HHx monomers (Bhu-

balan et al., 2008; Meléndez-Rodríguez et al., 2021). Moreover, the terpolymer also exhibited a 

Tg value, corroborating its semi-crystalline behaviour observed in the X-ray diffraction analysis. 
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It has been shown for P(3HB-co-3HHx) copolymers that increasing their content in 3HHx mon-

omer leads to lower crystallinity degree values (Meléndez-Rodríguez et al., 2021). The observed 

semi-crystallinity of P(3HB-co-3HV-co-3HHx) can also be explained by the co-crystallization of 

3HB and 3HV (Ye et al., 2010). A similar behaviour was reported for the P(3HB-co-3HV-co-

3HHx) terpolymer produced by A. hydrophila 4AK4 (Ye et al., 2010).  

The mcl-PHA's X-ray diffractogram shows a broad band at the 2θ region around 19°, 

whereas the crystalline zone displayed one diffraction peak near 21.5° (Figure 2.2 C), this spec-

trum is representative of an amorphous material with low crystallinity index (18.2%) (Table 2.1). 

This result is concomitant with the DSC analysis, where it was observed the presence of a glass 

transition temperature which is a characteristic of amorphous polymers (Pereira et al., 2021). 

Moreover, this crystallinity value is within the range of other mcl-PHA polymers produced by 

the same bacterial strain grown with different carbon sources but under similar bioreactor cul-

tivation conditions (12.6% to 27%) (de Meneses et al., 2020; Pereira et al., 2021). However, this 

value was higher than those reported for the biopolymers produced by P. resinovorans, P. 

citronellolis and P. mediterranea (ranging from 1 % to 7 %) (Table 2.1). Being an amorphous 

material, the mcl-PHA produced in this work has a high disorder degree which makes it a less 

rigid and, consequently, a more flexible and elastic polymer with potential application as a 

coating material in the food packaging industry or in the biomedical field, for example, as 

wound dressing materials, for controlled drug delivery systems or for construction of 3D tissue 

scaffolds (Pereira et al., 2021). 

The differences noticed in the Xc of all the PHA biopolymers attained in this study are related 

to their monomer composition, particularly with their high content in long side chain mono-

mers (3HHx, 3HO, 3HD, 3HDd and 3HTd) (Pereira et al., 2021).  

For the polysaccharide FucoPol, which was completely amorphous, no crystalline peaks were 

observed (Figure 2.2 D), in accordance with previous reports (Concórdio-Reis, Pereira, et al., 

2020).  

2.4.1.5 Thermal Properties 

2.4.1.5.1 Differential Scanning Calorimetry 

The DSC analysis for the P(3HB) polymer displays an endothermic peak related to polymer 

melting, visible at a temperature (Tm) of 174.24 ± 0.96 °C, together with a slight slope at 4.13 
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± 0.50 °C which is representative of the polymer's glass transition temperature (Tg) of 4.13 ± 

0.50 °C (All heating cycles are shown in Appendix 2 - Figure A.1). This Tm is within the values 

usually reported for P(3HB) (167 to 180 °C) (Table 2.1). When compared with synthetic com-

mercialized materials, the Tm values of P(3HB) were slightly higher than the ones observed for 

high density poly(ethylene) (HDPE) (112 to 132 °C), for low density poly(ethylene) (LDPE) (88 

to 130 °C) (Anjum et al., 2016) and for PLA (150 to 162 °C) materials (Yousefi & Wnek, 2024). 

The Tg is also within the values reported for P(3HB) or P(3HB-co-3HV) polymers (4 to 5.8 °C 

and -7 to -0.2 °C, respectively) (Table 2.1). When compared with synthetic commercialized ma-

terials, the Tg values of P(3HB) were higher than the ones observed for HDPE (-80 °C) and for 

LDPE (-36 °C) (Anjum et al., 2016) but lower for PLA (45 to 60°C) materials (Yousefi & Wnek, 

2024). Moreover, by observing the thermogram it is also evident the occurrence of a cold crys-

tallization phenomena, where a clear exothermic peak (around 50 °C) is detected, this have 

already been reported previously for P(3HB) or P(3HB-co-3HV) polymers (Esmail, Pereira, 

Sevrin, et al., 2021). From all the PHA polyesters studied in this work (P(3HB), P(3HB-co-3HV-

co-3HHx) and mcl-PHA) the cold crystallization was only visible for the P(3HB) polymer.  

The DSC curve of P(3HB-co-3HV-co-3HHx) shows two melting endotherms at 108.51 ± 0.01 

°C (Tm1) and at 159.72 ± 0.52 °C (Tm2) (All heating cycles are shown in Appendix 2 - Figure A.2). 

This phenomenon is observed in some P(3HB-co-3HV-co-3HHx) polyesters, probably associ-

ated with the semi-crystalline behaviour of these biopolymers due to the high contents of 3HV 

and 3HHx monomers (Bhubalan et al., 2008; Meléndez-Rodríguez et al., 2021). This crystallinity 

reduction has an impact on the polymers’ melting temperatures, usually unfolding in the pres-

ence of two endothermic peaks, the first for the lowest crystalline density fractions of the ter-

polymer, and the second for the most thermodynamically stable 3HB-rich fractions, as de-

scribed by (Meléndez-Rodríguez et al., 2021). The P(3HB-co-3HV-co-3HHx) terpolymer de-

scribed by Meléndez-Rodríguez et al., 2021 had a Tm1 and Tm2 values of 111 °C and 173 °C, 

respectively, which may be related with the biopolymer’s higher content in 3HB monomers. 

The determined Tm1 values are within the ones reported for other terpolymers, where Tm1 is 

usually between 91 - 129 °C, however, for Tm2 the attained values are slightly higher than the 

ranges found previously in the literature 139 to 148 °C (Table 2.1). Nevertheless, these values 

are all lower than those reported for the homopolymer P(3HB) (173 to 180 °C) (Anjum et al., 
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2016; Khanna & Srivastava, 2005). The lower melting temperatures might be related to the 

biopolymer's higher 3HHx content, since the incorporation of this monomer within 3HB do-

mains apparently disturbs the possibility of the crystallization processes associated with 3HB, 

thus reducing the crystallinity of the terpolymers (Meléndez-Rodríguez et al., 2021; Zhao & 

Chen, 2007). The P(3HB-co-3HV-co-3HHx) biopolymer also exhibited some degree of melting 

transition, with a Tg of -3.8 ± 0.1 °C. This low Tg value could explain the biopolymer’s elasto-

meric behaviour at room temperature (Zhao & Chen, 2007). The homopolymer P(3HB) is a 

more crystalline polymer, exhibiting small transition events, usually within 0 - 5 °C (D’Anna et 

al., 2022; Righetti et al., 2022; Surisaeng et al., 2022), while the terpolyesters usually display a 

Tg value between -4.7 °C and -0.8 °C (Table 2.1), since they have longer side chain monomers 

and are more amorphous (Bhubalan et al., 2010). When compared with synthetic commercial-

ized materials, the Tm and Tg values of P(3HB-co-3HV-co-3HHx) were higher than the ones 

observed for HDPE and LDPE materials (Anjum et al., 2016). 

The DSC thermogram of mcl-PHA shows a melting endotherm, corresponding to its Tm, at 

44.91 ± 0.80 °C (All heating cycles are shown in Appendix 2 - Figure A.3). This polymer also 

exhibited a Tg of -46.02 ± 0.07 °C (Table 2.1), an intrinsic characteristic of amorphous materials 

where polymers change from a rigid glassy state to a softer and more flexible stage (Pereira et 

al., 2019). Similar values of Tg (-66 and -40.9 °C) and Tm (38 and 45 °C) were reported for mcl-

PHAs produced by the same bacterial strain. Both values are, also, within the ranges reported 

for mcl-PHA polymers synthesized by other Pseudomonas sp. (Table 2.1). When compared with 

synthetic commercialized materials similar Tg (from -65 to -58 °C) and Tm (from 57 to 65 °C) 

values were observed by PCL materials (Yousefi & Wnek, 2024). 

The thermal properties from the PHAs attained in this study (P(3HB), P(3HB-co-3HV-co-

3HHx) and mcl-PHA) are intrinsically correlated with the composition and molecular weight of 

each polymer, which consequently, are deeply dependent on the bacterial strain, feedstock, 

cultivation conditions, as well as the extraction and purification processes used (Pereira et al., 

2021).  

2.4.1.5.2 Thermal Gravimetric Analysis 

Through the observation of the thermogram from the TGA for the P(3HB) there was near 

2% of weight loss until a temperature around of 265 °C, which shows the thermostability of 
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this polymer and the expected low water content due to the inherent hydrophobic behaviour 

of this biopolymer (Figure 2.3 A). However, a 5% of weight loss was attained at a temperature 

of 276.6 °C (Tdeg) (Table 2.1). This value is similar to the reported ones for other P(3HB) homo-

polymers (269 - 295 °C) (Table 2.1). After this step, the decomposition showed a single weight 

loss between 276 °C and 314 °C (as shown by the DTG curve), of approximately 82%, with a 

maximum degradation rate at 294.4 °C, together with a char yield of 8% at 500 °C (Figure 2.3 

A). The presence of a single degradation step coupled with a very low char yield shows the 

high purity of the polymer. Comparable behaviour has been observed for P(3HB) polymers 

produced by other bacterial strains (Andler et al., 2023; Esmail, Pereira, Sevrin, et al., 2021; 

Rebocho et al., 2020). 

 

Figure 2.3 - Thermogravimetric analysis (TGA) curve with the respective first derivative of TGA curve (DTG) of the 

biopolymers: P(3HB) (A), P(3HB-co-3HV-co-3HHx) (B), mcl-PHA (C) and FucoPol (D). 

As shown by the TGA curve for P(3HB-co-3HV-co-3HHx) (Figure 2.3 B), the decomposition 

of the terpolyester is a fast one-step process (also shown by the DTG curve). The curve was 

stable until around 260 °C, suffering a weight loss of 5% at a temperature of around 275.5 °C 

(Tdeg) (Table 2.1) and a major weight loss (92%) with a single weight loss step between 276 °C 

and 315 °C, and a maximum degradation rate at 295.9 °C, with a char yield of approximately 

2%, at 500 °C (Figure 2.3 B). These results are within those reported for other terpolymers (256 
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- 284 °C) (Table 2.1), somewhat higher than those reported for P(3HB-co-3HV) (224 – 268 °C) 

(Meléndez-Rodríguez et al., 2021; H. Zhang et al., 2009; Zhao & Chen, 2007) and P(3HB-co-

3HHx) copolymers (239 - 251 °C) (Zhao & Chen, 2007), but slightly lower than for P(3HB) ho-

mopolymers (269 - 295 °C) (Table 2.1).  

The TGA curve for the mcl-PHA shows a thermal stability up to 260 °C, with a weight loss of 

about 3%. The decomposition of the polymer was a fast one-step process (as shown by the 

DTG) (Figure 2.3 C). The curve exhibited a weight loss of 5% at a temperature of 274 °C (Tdeg) 

(Table 2.1), followed by a major degradation step from 275 °C until 320 °C, (also shown by the 

DTG curve), near 85%, and a maximum degradation rate at 295.6 °C, together with a char yield 

of 1.5% at 500 °C. The Tdeg of the biopolymer is within the values reported for other mcl-PHAs 

(257 – 300 °C) (Table 2.1). The mcl-PHA produced by the same strain when grown with other 

carbon sources and under similar bioreactor cultivation conditions, also had higher Tdeg values 

(288 and 300 °C) (Table 2.1).  

FucoPol displayed two weight loss steps in its TGA curve (as shown by the DTG curve) (Figure 

2.3 D). The first occurs between 40 - 170 °C, where the sample loses around 10% of its mass, 

probably due to loss of the absorbed water, given the hygroscopic nature of FucoPol. After-

wards, the sample maintains its mass stable until around 200 °C, suffering a weight loss of 5% 

at around 240 °C. The maximum degradation rate (corresponding to the second and major 

step of mass loss) at 266.6 °C, where the sample loses around 30% of its mass, losing another 

20% until 100 °C, resulting in a final yield of 38% at 500 °C. A similar behaviour was reported 

for FucoPol and for other polysaccharides (Baptista, Torres, et al., 2022b). 

2.4.1.6 Cell Testing - Cytotoxicity Test 

The possible cytotoxicity of PHA polymers was assessed using the indirect extract method, 

where these polyesters were exposed to the growth media of each cell line, at a concentration 

range of 1.5 to 50 mg/mL of the tested PHA sample (P(3HB), P(3HB-co-3HV-co-3HHx) and mcl-

PHA), for 48h. Cell viability was observed through the colorimetric resazurin assay evaluated in 

cells incubated with the extracts. Viability values were normalized to the negative control (C−). 

According to the ISO 10993-5, cell viability below 70% of the blank is considered an indication 

of a cytotoxic effect (ISO10993-5:2009) (Nedeljkovic et al., 2022). However, through the obser-

vation of Figure 2.4 it is possible to conclude that all the PHA polymers tested revealed no 
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cytotoxic effect for fibroblasts (HFFF2) (Figure 2.4 A) and keratinocytes (HaCaT) (Figure 2.4 B) 

in the concentration range that was tested, since the cell viability were well above the 70%. 

These confirms that none of the PHA polymers leached any soluble cytotoxic compounds. The 

positive control (C+) revealed an extremely low cell viability, which is representative of the 

test's sensitivity. Therefore, these polyesters can be considered as raw materials for tissue en-

gineering applications. These results are concordant with previously published results, since 

PHA polymers are well-known by their non cytotoxicity towards both cell lines (Kalia et al., 

2023; Ladhari et al., 2023; Liu et al., 2024; Solarz et al., 2023).  

 

Figure 2.4 -  Cell viability results for fibroblasts (HFFF2) (A) and keratinocytes (HaCaT) (B), obtained in a cytotoxicity 

assessment of P(3HB) (BLUE), P(3HB-co-3HV-co-3HHx) (ORANGE), mcl-PHA (GREEN) negative (YELLOW) and posi-

tive (GREY) control. 

FucoPol's non-cytotoxic nature was reported in previous studies (Concórdio-Reis, Pereira, 

et al., 2020; Guerreiro et al., 2020). FucoPol at concentrations ranging from 0.001 to 10 mg/mL 

were tested for different cell lines, namely, human skin keratinocytes (HaCaT), human fibro-

blasts (HFFF2), human osteosarcoma (Saos-2), chronic myelogenous leukaemia (K562), mono-

cyte leukaemia (THP1), breast and lung adenocarcinoma (MCF-7 and A549, respectively), ovar-

ian carcinoma (A2780), mouse fibroblasts (NCTC clone L929), mouse myoblast (C2C12), Vero 

cells (Araújo et al., 2023; Baptista et al., 2023; Concórdio-Reis, Pereira, et al., 2020; Fialho et al., 

2021; Guerreiro et al., 2020). 

The cell compatibility of these polymers promotes their use as raw materials for the devel-

opment of scaffolds to harbour cell adhesion and proliferation for wound management appli-

cations.  
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2.5 Conclusions 

In this chapter, three different PHA polymers (P(3HB), P(3HB-co-3HV-co-3HHx) and mcl-

PHA) were produced in bioreactor cultivation processes. The biopolymers were then extracted, 

purified, and characterized in terms of their physical and chemical properties. In summary, the 

P(3HB) that was produced had a Mw of 9.2×105 Da and a PDI of 2.9. It exhibited a Tm of 174.2 

°C, a Tg of 4.1 °C, a Tdeg of 276.6 °C, and a Xc of 85.5%. The P(3HB-co-3HV-co-3HHx) terpolymer, 

composed of 59 mol% of 3HB, 20 mol% of 3HV, and 21 mol% of 3HHx, had a Mw of 0.9×105 

Da and a PDI of 2.2. It had two melting points at 143.7 °C (Tm1) and 159.7 °C (Tm2), a Tg of -3.8 

°C, a Tdeg of 275.5 °C, and a Xc of 26.2%. The mcl-PHA that was obtained had a composition of 

4 mol% of 3HHx, 24 mol% of 3HO, 61 mol% of 3HD, 6 mol% of 3HDd, and 5 mol% of 3HTd. It 

had a Mw of 0.4×105 Da, a PDI of 1.7, a Tm of 44.9 °C, a Tg of -46 °C, a Tdeg of 274 °C, and a Xc 

of 18.2%. All PHAs demonstrated to be non-cytotoxic for fibroblasts and keratinocytes.  

FucoPol was produced by Enterobacter A47 in a standardized procedures using a bioreactor 

process and was recovered/purified from the cultivation broth with a diafiltration/ultrafiltration 

system. FucoPol was composed of fucose (34.33 mol%), glucose (33.12 mol%), galactose (26.21 

mol%) and glucuronic acid (9.93 mol%). It was an amorphous biopolymer with a Mw of 1.4×106 

Da and a PDI of 1.2 together with a Tdeg around 240 °C. FucoPol is known to be non-cytotoxic 

against several cell lines including fibroblasts and keratinocytes. 

The biopolymers produced in this step will be used as raw materials to develop porous 

structures for cellular adhesion and proliferation to evaluate their suitability for use in wound 

management applications.
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3.1 Summary 

The inherent non-cytotoxic behaviour of PHA polymers (P(3HB), P(3HB-co-3HV-co-3HHx) 

and mcl-PHA) makes them suitable materials for the development of porous scaffolds for bio-

medical applications (i.e., tissue engineering, dressings, or wound management). This feature 

is important to ensure that future porous structures produced with these materials are bio-

compatible and will do no harm when in contact with human skin. In addition, PHA's intrinsic 

structural properties provide a unique opportunity to develop scaffolds for wound manage-

ment applications. Therefore, in this chapter, porous structured materials were developed us-

ing PHA polymers, namely, P(3HB), P(3HB-co-3HV-co-3HHx) and mcl-PHA, with two different 

strategies: the emulsion templated technique and the hot-pressing salt leaching method. Here, 

it became evident that the mcl-PHA polyester was unable to generate porous structures in 

either strategy. However, P(3HB) and P(3HB-co-3HV-co-3HHx) could be used in these two dif-

ferent techniques to attain 3D scaffolds. The obtained biopolymeric scaffolds were character-

ized in terms of their morphology, porosity, and ability to support cell adhesion and prolifera-

tion for fibroblasts. The obtained P(3HB) and P(3HB-co-3HV-co-3HHx) structures had very dis-

tinct morphologies and porosities (ranging from 49.8 to 87.1%), where the highest fibroblast 

proliferation values were attained after 7 days of cell cultivation observed by P(3HB) scaffolds 

obtained by the hot-pressing salt leaching method (178%) and the emulsion templated tech-

nique (311%). This last method revealed to be the most promising to develop 3D scaffolds 

based on these two PHA polymers. The main goal of this chapter was to evaluate if the pro-

duced PHA polymers could serve as raw materials to develop porous structures with the ability 

to support fibroblast adhesion and proliferation. It stayed clear that only with P(3HB) and 

P(3HB-co-3HV-co-3HHx) was it possible to attain porous structures capable of supporting cel-

lular growth. Therefore, these two biopolymers were selected for further investigation. 
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3.2 Introduction 

The intrinsic biocompatibility of PHAs provides a unique opportunity to develop porous 

biomaterials for wound management applications. The techniques used to develop porous 

structures play a significant role in the final applicability of the scaffold. The material processa-

bility and complexity of the method are also crucial to produce the best porous structures for 

wound dressing applications (Dutta et al., 2017). To achieve this, several methods have been 

developed to produce porous scaffolds, such as emulsion templating, freeze-drying, electro-

spinning (Esmail, Pereira, Zoio, et al., 2021), 3D printing (Eltom et al., 2019; Jensen & Teng, 

2020), and solvent-casting particulate leaching (SCPL) (Esmail, Pereira, Zoio, et al., 2021). 

Emulsion-templating is a promising approach for the fabrication of scaffolds with high po-

rosity (up to 99%) and interconnected pores (Aldemir Dikici & Claeyssens, 2020), which are 

requirements for a variety of applications, including tissue engineering (Kinikoglu, 2017; Ni-

kolova & Chavali, 2019). This technique comprises the preparation of an emulsion with two 

phases (one organic and one aqueous), where the aqueous phase is dispersed in the organic 

solution. When the organic solvent evaporates, it exposes the solid biopolymer that was pre-

viously dissolved, creating a structured material. The droplets of the aqueous phase will func-

tion as templates to produce highly porous scaffolds upon evaporation. This method not only 

produces structures with high porosity and interconnectivity, but it also allows for the adjust-

ment of the scaffolds’ porosity by changing the aqueous phase volume (Aldemir Dikici & 

Claeyssens, 2020; T. Zhang et al., 2019). This method has been used for the preparation of 

porous scaffolds based on different polymers, including polyhydroxyalkanoates (PHAs). Exam-

ples include the porous scaffolds based on the co-polymer P(3HB-co-3HV), characterized by 

having some interconnected porosity throughout the structure, together with an average pore 

size of 7 μm (Ruiz et al., 2011). Esmail (2021) was also able to produce porous scaffolds with 

the emulsion templating method using P(3HB-co-3HV) and the homopolymer P(3HB) (Esmail, 

Pereira, Sevrin, et al., 2021; Pereira et al., 2023).  

Freeze-drying (or lyophilization) is a method to obtain porous scaffolds through solvent 

sublimation. In this case, the polymer is dissolved in the appropriate solvent (i.e. dioxane), then 

poured into a container and frozen. This structure is then subjected to sublimation in a freeze 

dryer. The result is a porous scaffold with numerous interconnected pores, but with physical 
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integrity (Ambekar & Kandasubramanian, 2019; Eltom et al., 2019). Most PHA polymers, like 

P(3HB) and P(3HB-co-3HV), are only soluble in harsh organic solvents (i.e. chloroform, di-

chloromethane) which could compromise the freeze-drying step used in this technique. 

Electrospinning is a technique based on the use of an electric field for controlling the for-

mation and deposition of polymeric fibres onto a surface. A high voltage is applied to the 

polymer solution, creating a charge repulsion that results in a liquid jet that travels to the target 

surface. The nanofibrous scaffold obtained has highly interconnected pores, but the thickness 

achievable with this method is still a little bit limited (Ambekar & Kandasubramanian, 2019; 

Jensen & Teng, 2020). The fabrication of biocompatible PHA-based electrospun scaffolds has 

been reported for several PHAs, namely, P(3HB), P(3HB-co-3HHx), P(3HB-4HB-3HV) and 

P(3HB-co-3HV), however, the scale-up of this procedure can be difficult to make (Esmail, Pe-

reira, Zoio, et al., 2021). 

3D printing is a method based in the development of porous structures through computer 

aid designs (CADs). This technique is a rapid prototyping technology that allows to have porous 

scaffolds with controlled pore structure (Ambekar & Kandasubramanian, 2019). 

SCPL technique allows the formation of highly porous structures (50 – 90%), by mixing a 

polymeric solution with salt particles (e.g. NaCl) and casting into a surface. Then, when the 

solvent evaporates, the scaffold is submerged in water and the salt particles are dissolved and 

leached out from the structure. This method allows to attain tuneable pore dimensions, 

through the size of the salt particle used. However, the pore interconnectivity is still a little 

limited in this technique (Eltom et al., 2019; Esmail, Pereira, Zoio, et al., 2021). To overcome this 

issue the polymer could be melted and pressed to ensure that the produced matrix has the 

correct porosity and interconnected pores. This method has been explored to produce PCL 

scaffolds for bone tissue engineering (Gavinho et al., 2023). 

The inherent biocompatibility of PHAs like P(3HB), P(3HB-co-3HV-co-3HHx) and mcl-PHAs 

makes them interesting materials for the development of porous scaffolds for biomedical ap-

plications (i.e., tissue engineering and wound management). This feature is important to ensure 

that the produced structures have reduced cytotoxicity and do not induce allergic reactions 

when in contact with skin. Therefore, in this chapter the main goal was to develop porous PHA 

scaffolds (from P(3HB), P(3HB-co-3HV-co-3HHx) and mcl-PHA) using two different 
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approaches, namely, the emulsion-templating technique and the hot-pressing salt leaching 

method. The obtained biopolymeric scaffolds were characterized in terms of their morphology, 

porosity and their capacity to support fibroblast adhesion and proliferation. 
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3.3 Materials and Methods 

 PHA Films 

P(3HB), P(3HB-co-3HV-co-3HHx) and mcl-PHA films were obtained by casting 10 or 20 mL 

of a biopolymeric solution (at 4% (w/v), 9.5% (w/v) and 10% (w/v), respectively) in chloroform 

(99.5%, Sigma-Aldrich, USA) into glass petri dishes (with a diameter of 5 or 10 cm) (Figure 3.1) 

and placing them in the fume hood inside a desiccator, at room temperature, until complete 

solvent evaporation. The films were kept at room temperature in closed glass petri dishes until 

use. 

 

Figure 3.1 - Schematic representation of the solvent evaporation method to obtain cast films. Adapted from (Esmail, 

Pereira, Sevrin, et al., 2021). 

 Porous Scaffolds 

In this study, two different strategies were tested to prepare porous scaffolds based on PHA 

polymers (P(3HB), P(3HB-co-3HV-co-3HHx) and mcl-PHA): emulsion templating and hot-

pressing with salt leaching. 

3.3.2.1 Emulsion Templated Scaffolds 

For preparation of the porous scaffolds using P(3HB) and P(3HB-co-3HV-co-3HHx), 10 mL 

of the biopolymer solution in chloroform (99.5%, Sigma-Aldrich, USA) were mixed with 1 mL 

of deionized water and stirred with a magnetic stirrer until a stable emulsion formed (±1 hour). 

Different biopolymer concentrations were used, namely, 4% and 9.5% (w/v), respectively. The 

resulting emulsions were transferred to 5 cm petri dishes and left in the fume hood inside a 

desiccator, at room temperature, until complete solvent (water and chloroform) evaporation 

(Figure 3.2). The scaffolds were kept at room temperature in a closed glass petri dish until use. 

For mcl-PHA it was not possible to obtain a porous scaffold with this method because this 
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polyester could not form a stable emulsion, even at higher polymeric concentrations (20% and 

40% (w/v)). 

 

Figure 3.2 - Schematic representation of the emulsion templating technique to attain porous scaffolds. Adapted 

from (Esmail, Pereira, Sevrin, et al., 2021). 

3.3.2.2 Hot-Pressing Salt Leaching Scaffolds 

To prepare porous scaffolds through the hot-pressing salt leaching method, P(3HB), P(3HB-

co-3HV-co-3HHx) and mcl-PHA biopolymers were dissolved in 30 mL of chloroform (99.5%, 

Sigma-Aldrich, USA) at concentrations of 5% (w/v), 10% (w/v) and 20% (w/v), respectively. This 

technique was adapted from a procedure used before by Gavinho et al., 2023. Briefly, to each 

PHA solution was added 1.5 g of salt that was previously grinded and size-selected using sieves 

with pore sizes of 150 μm and 200 μm. The resulting suspension (with PHA and NaCl) was then 

casted into a glass with a casting knife (Elcometer 3580/3, UK) and after solvent evaporation, 

PHA films (of P(3HB), P(3HB-co-3HV-co-3HHx) or mcl-PHA) with NaCl were obtained. After-

wards, these films were cut (using a metal punch) into circular shaped pieces with 15 mm of 

diameter. The obtained discs were stack into three and placed inside a metal holder, between 

two layers of NaCl. These structures were then compressed and heated (at 20 bar and 190 °C, 

respectively). After cooling down, the resulting compact material was placed in water at room 

temperature during 24 h for salt leaching. The porous scaffolds were left at room temperature 

to dry (Figure 3.3). For the mcl-PHA polyester the membranes obtained after hot-pressing were 
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disrupted during the salt leaching step probably due to the slow crystallization rate and low 

melting point displayed by this biopolymer (Reddy et al., 2022). 

 

Figure 3.3 - Schematic representation the hot-pressing salt leaching method to obtain porous scaffolds. 

 Morphological Characterization  

Macroscopic characteristics such as colour, texture and homogeneity were assessed visually. 

The thickness of the films and scaffolds was measured using a micrometer (Elcometer 124, UK). 

3.3.3.1 Scanning Electron Microscopy 

For the scanning electron microscopy (SEM) analysis, samples were frozen in liquid nitrogen 

and broken to obtain smaller pieces that were mounted for SEM observation using double 

sided carbon tape, aluminium stubs and sputter coated with gold-palladium (60/40%) alloy 

(Q150T ES, Quorum, UK). The analysis was performed using a bench top scanning electron 

microscope (TM3030 Plus, Hitachi, Japan) using an acceleration voltage of 15 kV. The obtained 

SEM images were processed by ImageJ. 

3.3.3.2 Mercury Porosimetry  

Mercury porosimetry was used for assessing the P(3HB) and P(3HB-co-3HV-co-3HHx) scaf-

folds porosity prepared by the emulsion templating technique and the hot-pressing salt leach-

ing method. An AutoPore® IV 9500 Series apparatus was used with a range of low pressures 

between 4 and 345 kPa, which translates to a pore size range of 397 and 4.5 μm, and a range 
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of high pressure between atmospheric pressure (101 kPa) and 228 MPa, corresponding to 15 

and 0.007 μm pore sizes (Appendix B.1 and Appendix B.3). 

 Cell Testing 

3.3.4.1 Cell culture and Media 

Fibroblast cells (HFFF2, Human Caucasian Foetal Foreskin Fibroblasts from a 14- to 18-week-

old human foetus, ECACC, UK) were cultured in low-glucose DMEM with stable glutamine and 

sodium pyruvate (Biowest, USA) supplemented with penicillin (100 U/mL) (Life Technologies, 

USA), streptomycin (100 μg/mL) (Life Technologies, USA) and 10% FBS (Biowest, USA). 

3.3.4.2 Adhesion and Proliferation Assay 

To determine the adhesion and proliferation of HFFF2 cells seeded on the developed PHA 

structures, the scaffolds were cut with a 15 mm circle punch to be used as samples for cell 

culture. Before cell seeding, the samples were sterilized in ethanol 70% (as previously de-

scribed) and soaked in complete culture medium (low glucose DMEM) for 24h. Afterwards, 

HFFF2 cells were seeded, at a density of 20,000 cells/cm2, over a 1 cm2 area over each sample 

inside a 24-well tissue culture plate (TCP) (Avantor, USA). Cell controls were set by seeding cells 

at the same density directly over the surface of the TCP wells for viability assays. After seeding, 

cells were incubated at 37 °C, 5% CO2 in a humidified atmosphere incubator (MCO-19AIC(UV) 

Sanyo, Japan). Cell adhesion and proliferation were evaluated through the population assess-

ment by a colorimetric viability assay with resazurin, as described previously. Briefly, a resazurin: 

cell culture medium solution was added to the immobilized scaffolds with adhered cells and 

incubated during 4 h at 37 °C, 5% CO2 in a humidified atmosphere incubator (MCO-19AIC(UV) 

Sanyo, Japan). Cell viability and population was assessed through the reduction of resazurin 

into resorufin by viable cells and measuring the optical density in a microplate reader (BioTek 

ELX 800UV microplate reader) at 570 and 600 nm, respectively. This assay was performed 24 h 

after cell seeding (day 1 of culture) to estimate cell adhesion, and then after 4 and 7 days to 

assess cell proliferation. The statistical differences between the samples and the cell control 

were assessed by GraphPad Prism 5 through a one-way Analysis of Variance (ANOVA) with 
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Bonferroni’s multiple comparison test (where, * p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001) (Aghayan et 

al., 2022; Piironen et al., 2020) (Appendix B.2, Appendix B.4 and Appendix B.5). 
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3.4 Results and Discussion 

The porosity and morphological properties of a structured material influence their applica-

bility as wound management products. Low-porosity films can still be used as wound dressing 

materials, since they might maintain the humidity at the wound surface, preserving an imper-

meable layer to the microorganisms and preventing secondary infections. These materials 

could also be further improved to serve better their purposes. However, they will never function 

as 3D scaffolds for cell growth. Porous scaffolds, on the other hand, could harbour cellular 

adhesion, migration, proliferation, and differentiation. The structural properties of these prod-

ucts (pore size, interconnectivity, and porosity) affect their ability to sustain cell growth. There-

fore, porous scaffolds need to have certain morphological requirements to function as suitable 

materials for their use in tissue engineering applications. More specifically, for fibroblasts to 

freely migrate and fully proliferate throughout the whole scaffold, such porous materials 

should have a high porosity (from 60% to 90%) (Choi et al., 2018; Khan et al., 2023). Pore inter-

connectivity is also quite important for cellular migration and differentiation (Choi et al., 2018; 

Esmail, Pereira, Sevrin, et al., 2021). 

 PHA films 

3.4.1.1 Morphology 

The P(3HB) films were homogenous and had a whitish translucent macroscopic appearance 

(Figure 3.4 A.I.) with thicknesses between 160 and 250 μm. Cast films of this homopolymer 

were rigid and through the observation of the SEM images, it was clear, that there was some 

roughness on its surface (Figure 3.4 A.II.), displaying a certain rugosity that could be related to 

the high crystallinity showed by this polymer. The cross-section images also displayed some 

irregularities and fissures that are probably a result of the fast evaporation and crystallization 

rate during the drying process (Figure 3.4 A.III.), with the absence of any porosity across the 

whole film thickness. Similar morphological features were reported for other P(3HB) and 

P(3HB-co-3HV) cast films (Bergstrand et al., 2012; Fabra et al., 2014). 
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Figure 3.4 - P(3HB) (A), P(3HB-co-3HV-co-3HHx) (B) and mcl-PHA (C) film’s macroscopic appearance (I) and SEM 

images of the surface amplified 1200× for P(3HB), 1000× for P(3HB-co-3HV-co-3HHx) and 800x for mcl-PHA (II) 

and cross-section amplified 1200× for P(3HB) 1000× for P(3HB-co-3HV-co-3HHx) and 4000x for mcl-PHA (III). 

The P(3HB-co-3HV-co-3HHx) films obtained by solution casting and solvent evaporation 

were white, slightly translucid, and macroscopically homogeneous (Figure 3.4 B.I.), with a thick-

ness ranging between 90 and 200 µm. The terpolymer cast films were more flexible when han-

dling than the P(3HB) non-porous structures. However, the SEM analysis revealed the presence 

of surface roughness (Figure 3.4 B.II), similar to P(3HB) cast films, with the exception that P(3HB-

co-3HV-co-3HHx) cast films exhibited an apparent porosity that was not perceivable in the 

cross-section image (Figure 3.4 B.III.). Similar morphological features were reported for other 

P(3HB-co-3HV-co-3HHx) cast films (L. Wang et al., 2010), for blends of P(3HB) and poly(butyl-

ene succinate) (Righetti et al., 2022) and blends of PLA/P(3HB) films (D’Anna et al., 2022).  

The films prepared with mcl-PHA were homogeneous, opaque with a yellowish colour and 

macroscopically homogeneous (Figure 3.4 C.I.) with a thickness range of 150 to 300 µm. This 
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film was more flexible when handling than the P(3HB) homopolymer and P(3HB-co-3HV-co-

3HHx) terpolymer films. The SEM imaging of the mcl-PHA film's surface revealed that this 

structure was composed of small overlapped polymeric spheres tightly packed to each other 

without any pores or holes (Figure 3.4 C.II.). The cross-section images showed that this layer 

was smooth and dense with the absence of air bubbles or pores (Figure 3.4 C.III.). Similar mor-

phologies were reported for films prepared with the other mcl-PHA (Pereira et al., 2019, 2021), 

PLA, PCL, and poly(ethylene terephthalate) (PET) polymers (Fabra et al., 2014; Nashchekina et 

al., 2020; Ward et al., 2020).  

Compact, dense, PHA films can be advantageous since they can function as antibacterial 

materials for different biomedical applications, including drug delivery and tissue engineering 

(H. Park et al., 2024). However, porous scaffolds allow cells to freely migrate and fully proliferate 

throughout the whole structure. This feature enables the possibility of achieving highly differ-

entiated tissue, which is crucial for several medical applications including wound regeneration. 

This justifies why 3D porous scaffolds are considered very promising candidates for the devel-

opment of wound dressing materials for wound healing applications. 

 Emulsion-templated scaffolds 

PHA porous scaffolds can be prepared through different procedures. In the emulsion tem-

plating technique it is crucial to attain an emulsion able to maintain its stability throughout the 

whole solvent evaporation process. In this method, there are several details that could interfere 

with the emulsion's stability. The conditions used in this procedure such as temperature, agi-

tation process, polymer's Mw, concentration of the polymeric solution, ratios between the dis-

persed and continuous phases, and the solvent evaporation rate are crucial details that inter-

fere with the emulsion's stability, thus affecting the production and characteristics of the po-

rous scaffolds. Studies regarding the water ratios and the concentration of the PHA solutions 

were published recently (Esmail, Pereira, Sevrin, et al., 2021; Pereira et al., 2023). Polymers with 

high Mw form viscous solutions at lower concentrations when compared with lower Mw poly-

mers. The mcl-PHA polymer was the polyester with the lowest Mw value (0.4x105 Da) among 

the biopolymers tested in this study. Given this, it was not possible to attain a mcl-PHA solution 

with the viscosity required to sustain a good emulsion stability, even for high concentrations 
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up to 40% (w/v). This could be probably due to the slow crystallization rate usually displayed 

by these polymers (Reddy et al., 2022). 

3.4.2.1 Morphology 

The porous scaffolds prepared by the emulsion templating method using P(3HB) were ho-

mogeneous, had an opaque white colour (Figure 3.5 A.I.) and a thickness around 600 μm. The 

observation of the SEM images revealed that these scaffolds had a rough surface (Figure 3.5 

A.II.), similar to the homopolymer films, without any visible microporosity, probably due to the 

quick solvent evaporation process. However, the cross-section images revealed the presence 

of pores of varied sizes with apparent interconnectivity (Figure 3.5 A.III.). The porosity deter-

mined by mercury porosimetry of this scaffold was 82.2%, which is a high value usually attained 

by electrospun scaffolds of bacterial cellulose and PVA (from 70% to 80%) (Khan et al., 2023), 

jelly fig polysaccharide structures (73.5%) for tissue engineering applications (Thangavel et al., 

2024), PCL structures (74%) prepared by emulsion templating (Yadav et al., 2019) and chitosan 

with gelatin from fish skin cross linked with glutaraldehyde (GTA) structures obtained by elec-

trospinning (84%) (Gomes et al., 2017). Given their high porosity, these scaffolds were more 

brittle and fragile when compared with the previously P(3HB) films. Analogous morphological 

structures have been reported for other P(3HB) homopolymer scaffolds prepared by the emul-

sion templating technique and by the solvent casting particulate leaching strategy (Bergstrand 

et al., 2012, 2014; Esmail, Pereira, Sevrin, et al., 2021). These structures also resembled the po-

rous 3D scaffolds achieved by thermally induced phase separation of PLA polymer (Mauro et 

al., 2024). 
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Figure 3.5 - P(3HB) (A) and P(3HB-co-3HV-co-3HHx) (B) scaffolds obtained with the emulsion-templating technique 

with 1 mL of water. Macroscopic appearance (I) and SEM images of the surface amplified 1200× for P(3HB) and 

amplified 500× for P(3HB-co-3HV-co-3HHx) (II) and cross-section amplified 1000× for P(3HB) and amplified 500× 

for P(3HB-co-3HV-co-3HHx) (III). 

The P(3HB-co-3HV-co-3HHx) porous scaffolds achieved by the emulsion templating 

method, were white with an opaque appearance, and a homogeneous smooth surface (Figure 

3.5 B.I.). They had thickness values ranging from 160 to 300 µm and were flexible, similarly to 

the terpolymer films. Being more flexible when handling than the P(3HB) porous scaffolds with 

macroscopic features similar to those structures. Scaffolds prepared from the terpolymer com-

prised pores of distinct size, including macropores with a diameter of approximately 100 µm, 

dispersed throughout a microporous structure (Figure 3.5 B.II.). Furthermore, the pores were 

interconnected through tunnel-like structures. Moreover, in the cross-section images it is also 

possible to observe the presence of pores of varied sizes (Figure 3.5 B.III.). The porosity of 

P(3HB-co-3HV-co-3HHx) structures was 49.8%, which was a much lower value when compared 

with P(3HB) emulsion templated scaffolds. Similar porosities have been attained for P(3HB-co-

3HV) (42.2%) and PLA with P(3HO) (50.9%) structures obtained by electrospinning (De la Ossa 

et al., 2022; Solarz et al., 2023), for porous materials with collagen and PLA achieved by 3D 

printing (ranging from 52% to 63%) (Ambekar & Kandasubramanian, 2019) and for structures 

of poly(dimethylsiloxane) (PDMS) (60%) produced by emulsion templating (Riesco et al., 2019). 
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Scaffolds with equivalent morphological properties have been reported for P(3HB-co-3HV) 

structures obtained with the emulsion templating technique and by the solvent casting partic-

ulate leaching strategy (Esmail, Pereira, Sevrin, et al., 2021; Ruiz et al., 2011). Different polymeric 

materials were also reported to display such structural features, for instance scaffolds achieved 

with PLA (X. Zhu et al., 2015), PCL (Reignier & Huneault, 2006) and blends of chitosan with 

gelatin (Modaress et al., 2012).  

The resulted P(3HB) and P(3HB-co-3HV-co-3HHx) scaffolds had distinct porosities (82.2% 

and 49.8%, respectively) that are within the ranges reported by other materials for tissue engi-

neering applications (De la Ossa et al., 2022; Gomes et al., 2017; Rodríguez-Tobías et al., 2016). 

This means that these structures are promising candidates for fibroblast culture. These porous 

materials usually display high surface area to volume ratios allowing cells to exchange nutrients 

and metabolites providing them with an adequate environment for their metabolism (Vieira et 

al., 2019). The presence of interconnected pores is also an advantage, since it allows cells to 

migrate, proliferate and differentiate throughout the whole scaffold. Yet, further improvement 

could still be done regarding the scaffold's surface composition and roughness or hydrophilic-

ity, since these properties can directly affect cellular behaviour (Vieira et al., 2019).  

3.4.2.2 Adhesion and Proliferation Assay 

Viability of fibroblasts (HFFF2) seeded over the surface of PHAs porous scaffolds and TCP 

wells (cell control) was evaluated through the resazurin colorimetric assay. The assessment was 

determined after 1 day of seeding and in the following days 4 and 7 to estimate cellular adhe-

sion and proliferation, respectively. In Figure 3.6 (blue columns) it is possible to observe the 

adhesion results obtained from the ratio between the average cell viability for each PHA scaf-

fold and the average viability of the cell control. When compared to the control, PHA emulsion 

templated scaffolds had statistically lower adhesion rates, around 46% for P(3HB) structures 

and about 29% for P(3HB-co-3HV-co-3HHx) porous materials. Similar adhesion rates in HFFF2 

cells (around 50%) were observed previously for electrospun scaffolds with PU, PCL and chi-

tosan, as well as the combination of the last two polymers (Vieira et al., 2019, 2024).  
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Figure 3.6 - Fibroblasts (HFFF2) relative cell population. Cells were seeded on P(3HB) and P(3HB-co-3HV-co-3HHx) 

porous scaffolds attained with the emulsion templating technique and TCP wells (CC) and assayed with resazurin 

after 1 (BLUE), 4 (ORANGE) and 7 (GREY) days of culture. Vertical lines represent the standard deviation of the mean. 

Statistical differences between the samples and the cell control were assessed through a one-way ANOVA with 

Bonferroni’s multiple comparison test (where, * p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001). 

Fibroblasts proliferation was assessed from the quotient between cell viability on days 4 or 

7, and day 1. During the first 4 days, cells adhered and proliferate in both PHA structures, 

reaching population values of 159% and 100% for P(3HB) and P(3HB-co-3HV-co-3HHx) scaf-

folds, respectively. The differences of cellular proliferation (after 4 days) between PHA polymers 

and the cell control are much less significant (with no statistical relevance) than the differences 

observed regarding cell adhesion ratios. This means, that the observed higher cellular popula-

tion achieved by the P(3HB) emulsion templated scaffold, was due its higher cell adhesion. 

After 7 days of cell culture, further fibroblast proliferation was observed for both PHA scaffolds. 

However, P(3HB) structures achieved a population percentage significantly higher (311%) than 

P(3HB-co-3HV-co-3HHx) scaffolds (145%). This result was expected since P(3HB) emulsion 

templated scaffold had higher cell adhesion in this experiment. When compared with the cell 

control (228%), it stays clear that P(3HB) structures had a statistically greater proliferation, while 

P(3HB-co-3HV-co-3HHx) scaffolds revealed to have a significantly lower population. Despite 

being hydrophobic materials PHA emulsion templated scaffolds were still able to support fi-

broblast adhesion and proliferation due to their porosity.  Similar proliferation profiles were 
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observed previously in P(3HB-co-4HB) scaffolds produced by solvent casting and seeded with 

human gingival fibroblasts (HGF) (Chen et al., 2023). Similar behaviours with P(3HB), P(3HB-co-

3HV) and PCL scaffolds obtained by the solvent casting salt leaching method, also seeded with 

HGF, have been reported (Phuegyod et al., 2023). 

 Hot-Pressing Salt Leaching Scaffolds 

To obtain porous scaffolds using PHA polymers through the hot-pressing salt leaching 

method, it is important to have a polymer that is slightly rigid and crystalline enough to sustain 

a solid structure without collapsing or disrupting with the presence of holes and pores. This 

means that only polymers with a certain crystallization rate can produce porous structured 

materials through this procedure. Given this, when mcl-PHA polyester was used in this method, 

the scaffolds lost their structure and disrupted during the salt leaching step. This could be 

explained by the slow crystallization rate, low melting point (44.9 °C) and low crystallinity 

(18.2%) exhibited by this biopolymer. It is known that mcl-PHAs with these properties have 

limited melt processability (Reddy et al., 2022). The P(3HB) and the terpolymer, on the other 

hand, usually have faster crystallization rates and exhibited a higher crystallinity (85.5% and 

26.2%, respectively), and melting points (174.2 °C and 108.5-159.7 °C, respectively), which 

makes them suitable for their processing into porous scaffolds by this technique. 

3.4.3.1 Morphology 

The porous scaffolds that were prepared by hot-pressing salt leaching using P(3HB) were 

homogeneous, white, slightly translucid (Figure 3.7 A.I.) with a thickness ranging from 290 to 

340 μm. Macroscopically, these structures were more resistant and flexible when handled com-

paring with the previously P(3HB) scaffolds obtained by the emulsion templating technique. 

SEM images revealed the presence of a high porosity surface (Figure 3.7 A.II.), with pore inter-

connectivity and with a structure morphologically different from the PHA films and scaffolds 

obtained using the solvent casting and the emulsion templating method, respectively. The 

cross-section images also showed pores of varied sizes with apparent interconnectivity (Figure 

3.7 A.III.), that were also distinct from the previously achieved PHA structures. When compared 

with P(3HB) porous scaffolds obtained by emulsion templating process, these materials were 

more stiff, rigid and similar to what was obtained in the films of this homopolymer. Analogous, 
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morphological structures have been reported in the literature for P(3HB) scaffolds produced 

with tetrahydrofuran and chloroform obtained by non-solvent-induced phase separation 

(NIPS) (Kang et al., 2020) and for PCL porous scaffolds obtained using the hot-pressing salt 

leaching technique (Gavinho et al., 2023). P(3HB) porous scaffold obtained with the hot-press-

ing salt leaching method had a porosity of 67.7%. When compared with the porosity achieved 

by the PHA structures from the emulsion templating technique, this value was a lower than the 

one reached by P(3HB) polymer (82.2%) and higher than the porosity of P(3HB-co-3HV-co-

3HHx) terpolymer (49.8%). Similar porosities have been previously reported for P(3HB-co-3HV) 

scaffolds produced by 3D printing (65%) (Shishatskaya et al., 2023) and for scaffolds produced 

by electrospinning using: P(3HB) with tricalcium phosphate (70%) (Skibiński et al., 2023), PLA 

(77.5%) (Ambekar & Kandasubramanian, 2019), PCL with chitosan (71%) (Gomes et al., 2017) 

and bacterial cellulose with PVA (from 70% to 80%) (Khan et al., 2023). 

 

Figure 3.7 - P(3HB) (A) and P(3HB-co-3HV-co-3HHx) (B) scaffolds obtained by the hot-pressing salt leaching method 

macroscopic appearance (I) and SEM images of the surface amplified 150× (II) and cross-section amplified 300× for 

P(3HB) and amplified 80× for P(3HB-co-3HV-co-3HHx) (III). 

Meanwhile, P(3HB-co-3HV-co-3HHx) porous scaffolds obtained by the hot-pressing salt 

leaching method were white, opaque and had a homogeneous rough surface (Figure 3.7 B.I.). 

This white appearance resembled the P(3HB-co-3HV-co-3HHx) scaffold previously obtained 

by the emulsion templating technique. The material thickness ranged from 600 to 700 µm and 
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were brittle with less flexibility when handled than the terpolymer's films and scaffolds achieved 

before. The surface SEM images showed a highly porous structure with interconnective poros-

ity (Figure 3.7 B.II.), resembling what was observed by the P(3HB) hot-pressing scaffolds. This 

morphology was quite different from the structures obtained previously with the solvent cast-

ing and emulsion templating strategies for both PHA polymers. The cross-section SEM images 

(Figure 3.7 B.III.) revealed the presence of high pore density throughout the whole thickness of 

the material (with pores of varied sizes and interconnected). This was similar to the previously 

obtained for the P(3HB) hot-pressing scaffold, and very distinct from the formerly achieved 

PHA structures. Structures with equivalent morphological aspect have been reported for 

P(3HB-co-4HB) obtained by solvent casting (Ryltseva et al., 2023), for P(3HB), P(3HB-co-3HV) 

and PCL materials obtained by solvent casting salt leaching (Phuegyod et al., 2023), porous 

scaffold from a blend of 50% P(3HB-co-3HHx) and 50% of PCL (De Carvalho et al., 2023). P(3HB-

co-3HV-co-3HHx) porous structures attained with the hot-pressing salt leaching process 

reached a porosity of 87.1%. This value was higher than the one obtained for the P(3HB) poly-

mer using the same scaffold production method (67.7%). When compared with the porosity 

achieved for the PHA structures from the emulsion templating technique, this value was similar 

to the one reached by P(3HB) (82.2%) and higher than porosity of the porous structure of 

P(3HB-co-3HV-co-3HHx) (49.8%). Highly porous scaffolds have been previously reported for 

structures obtained with electrospinning with P(3HB) (85%) (Rodríguez-Tobías et al., 2016), PCL 

with gelatin from fish skin cross linked with GTA (90%), PCL with chitosan (90%) and gelatin 

with GTA (90%) (Gomes et al., 2017). Similar values were also obtained with scaffolds of P(3HB-

co-3HV) (90%) obtained by the solvent casting salt leaching method (Phuegyod et al., 2023), 

of keratin/alginate sponges (93.5%) (Tiwari et al., 2023), and 3D printed structures of PU, tri-

ethanolamine and hydroxyapatite ranging from 80% to 90% of porosity for bone tissue engi-

neering applications (T. Zhang et al., 2023). These porosity results suggest the presence of 

correlation between the fragility of a scaffold and its porosity. In both PHA polymers, when the 

value of porosity increased, the produced structures were apparently more brittle and fragile, 

non-depending on the strategy used. This was expected since the presence of pores and holes 

in structured materials create less dense scaffolds making them more vulnerable to mechanical 

stress. 
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Similarly to what was described for the emulsion templated scaffolds, the hot-pressing salt 

leaching structures could also be great candidates for fibroblast culture. Their porosity (67.7% 

and 87.1%) and pore interconnectivity could offer cells the opportunity to freely migrate and 

populate the whole scaffold volume, while exchanging nutrients for their adequate metabolic 

environment (Vieira et al., 2019). These structures had distinct porosities that were within the 

values reported for scaffolds suitable for cellular cultivation (from 60% to 90%) (Choi et al., 

2018; Khan et al., 2023). 

3.4.3.2 Adhesion and Proliferation Assay 

The ability of P(3HB) and P(3HB-co-3HV-co-3HHx) hot-pressing salt leaching scaffolds to 

support fibroblast (HFFF2) adhesion and proliferation was assessed using the same procedure 

as for the emulsion templating porous structures. Through the observation of Figure 3.8 (blue 

column), it is visible that, when compared to the control, both PHA scaffolds had statistically 

lower adhesion rates, around 40% for P(3HB) and about 25% for P(3HB-co-3HV-co-3HHx) 

structures. These were slightly lower values comparing to the ones attained by the same poly-

mers with the emulsion templating technique, 46% and 29%, respectively. Similar adhesion 

rates were observed previously in a bilayer scaffold of bacterial cellulose and PVA (ranging 

from 45% to 110%) seeded with fibroblast (NIH 3T3) (Khan et al., 2023).  
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Figure 3.8 - Fibroblasts (HFFF2) relative cell population. Cells were seeded on P(3HB) and P(3HB-co-3HV-co-3HHx) 

porous scaffolds obtained with the hot-pressing salt leaching method and TCP wells (CC) and assayed with resazurin 

after 1 (BLUE), 4 (ORANGE) and 7 (GREY) days of culture. Vertical lines represent the standard deviation of the mean. 

Statistical differences between the samples and the cell control were assessed through a one-way ANOVA with 

Bonferroni’s multiple comparison test (where, * p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001). 

After 4 days, HFFF2 cells had populated both PHA structures, but on opposite of what was 

observed in the emulsion templated scaffolds, P(3HB-co-3HV-co-3HHx) porous material 

reached higher population value than P(3HB) polymer, 156% and 117%, respectively. In these 

PHA scaffolds it is also possible to see the same behaviour as reported previously by the emul-

sion templating technique where the differences in cellular proliferation (after 4 days) between 

PHA polymers and cell control were less significant than differences observed regarding cell 

adhesion ratios. After 7 days of fibroblast culture, it was observed further HFFF2 proliferation 

in the P(3HB) scaffolds (178%), however, for P(3HB-co-3HV-co-3HHx) structures cell popula-

tion significantly decreased (79%). When compared with the cell control (205%), it is visible 

that P(3HB) structures had a statistically similar behaviour to the TCP, while P(3HB-co-3HV-co-

3HHx) scaffolds revealed to have a significantly lower population. This reduction in cell popu-

lation might be explained by the thickness and 3D architecture of the P(3HB-co-3HV-co-3HHx) 

porous structure. Since this scaffold was thicker than the previously PHA matrices it could dif-

ficult the cell's access to nutrients throughout the whole scaffold's volume, especially in deeper 

parts of the structure (Choi et al., 2018; Khan et al., 2023). Moreover, smaller pores found within 

the structure could also be an explanation for why cells were able to adhere on the scaffold's 

surface and proliferate after 4 days. If pore size is reduced inside P(3HB-co-3HV-co-3HHx) po-

rous structure, cells could migrate through scaffold and proliferate freely, but only until they 

reach a pore size threshold limit (Choi et al., 2018; Khan et al., 2023). 

Fibroblast adhesion capacity and shape are regulated by focal adhesions mediated by in-

tegrins, transmembrane proteins that connect the scaffold and/or extracellular matrix (ECM) to 

the actin cytoskeleton (Khalili & Ahmad, 2015). Small connections points in the scaffold's matrix 

(< 1 μm) could limit the size, number, and location of focal adhesions, limiting cellular spread-

ing throughout the scaffold (Vieira et al., 2019). The number of integrin binding domains are 

possibly different in all the PHA scaffolds obtained in this work, probably due to their distinct 

porosity and surface area, which might explain the diverse cell adhesion and proliferation val-

ues observed in the structures attained by the two strategies. Analogous proliferation profiles 
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were observed previously for P(3HB-co-3HV) scaffolds obtained by electrospinning seeded 

with fibroblasts (NIH 3T3) (Kaniuk et al., 2020),  PCL, chitosan with gelatin from fish skin cross-

linked with GTA structures seeded with HFFF2 (Gomes et al., 2017) and for a bilayer material of 

bacterial cellulose with PVA obtained by electrospinning and seeded with fibroblast (NIH 3T3) 

(Khan et al., 2023).  

 Comparison of adhesion and proliferation results for both emulsion 

templated and hot-pressing salt leaching scaffolds 

The adhesion and proliferation results for the porous structures produced with P(3HB) and 

P(3HB-co-3HV-co-3HHx) polymers using the two different strategies had distinct results. In 

Figure 3.9, it is possible to observe the fibroblast population values from all the previously 

obtained PHA scaffolds. It also stays clear that the adhesion to the P(3HB) scaffolds was higher 

than for structures produced with P(3HB-co-3HV-co-3HHx). However, after 4 days, the homo-

polymer emulsion templated scaffold still had the highest cell population, but this value was 

similar when compared with the one produced by hot-pressing salt leaching with PHA terpol-

ymer. After 7 days of cell cultivation, it is possible to see that (P3HB) polymeric scaffolds had 

higher cell population values than P(3HB-co-3HV-co-3HHx) porous structures (Figure 3.9). This 

could be explained by the higher adhesion results showed by the homopolymer in both strat-

egies. P(3HB) emulsion templated scaffold supported a significantly higher proliferation after 

7 days than all the other structures. In general, P(3HB) sustained higher adhesion and prolifer-

ation rates (after 1 and 7 days, respectively) when compared with P(3HB-co-3HV-co-3HHx) 

polymer, and emulsion templated scaffolds showed to have superior cell population when 

compared with hot-pressing salt leaching porous structures. Nevertheless, further improve-

ment could still be done on the structures achieved with both strategies regarding their surface 

composition, roughness, and hydrophilicity to enhance its ability to support fibroblast adhe-

sion, proliferation, and migration. 
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Figure 3.9 - Fibroblasts (HFFF2) relative cell population. Cells were seeded on PHA porous scaffolds obtained with 

the emulsion templating technique (P(3HB) in (BLUE) and P(3HB-co-3HV-co-3HHx) in (ORANGE) and hot-pressing 

salt leaching method (P(3HB) in (GREY) and P(3HB-co-3HV-co-3HHx) in (YELLOW), assayed with resazurin after 1, 4 

and 7 days of culture. Vertical lines represent the standard deviation of the mean. Statistical differences between 

the samples were assessed through a one-way ANOVA with Bonferroni’s multiple comparison test (where, * p ≤ 

0.05; ** p ≤ 0.01; *** p ≤ 0.001). 
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3.5 Conclusions 

The intrinsic non-cytotoxic behaviour of the PHA polymers (P(3HB), P(3HB-co-3HV-co-

3HHx) and mcl-PHA) provides a unique opportunity to develop materials for wound manage-

ment applications. In this study, films were prepared from all the PHA polymers. Additionally, 

it was possible to obtain porous structured materials using PHA polymers, (P(3HB) and P(3HB-

co-3HV-co-3HHx)), with two different strategies: the emulsion templated technique and the 

hot-pressing salt leaching method. Generally, the porous structures achieved by these proce-

dures were macroscopically white and opaque, with thicknesses ranging from 160 to 700 μm, 

and porosity values from 49.8 to 87.1%, which are within the ranges reported for other scaffolds 

used in tissue engineering applications (De la Ossa et al., 2022; Gomes et al., 2017; Rodríguez-

Tobías et al., 2016). Through the observation of the SEM images and the porosity results it 

stays clear that all the PHA scaffolds possessed pores of different sizes on their surface and 

cross section, where the highest pore densities were obtained for the emulsion templated 

structure of P(3HB) polymer (82.2%) and for the hot-pressing salt leaching scaffold of P(3HB-

co-3HV-co-3HHx) polyester (87.1%).  

The resulting PHA scaffolds showed to be able to support fibroblast adhesion and prolifer-

ation. Some of these porous structures had interconnected pores that allow cells to freely mi-

grate and proliferate throughout the whole scaffold, while providing them with a correct ex-

change of nutrients to promote an appropriate metabolic environment. The adhesion values 

obtained for all the PHA structures were always lower when compared with the cell control 

(from 25% to 46%). All porous materials had lower proliferation values than the TCP, except for 

P(3HB) emulsion templated scaffold that achieved higher fibroblast population, after 7 days of 

cell cultivation (311%). In general, P(3HB) scaffolds also had higher proliferation values than 

P(3HB-co-3HV-co-3HHx) structures. When comparing both strategies, the emulsion templated 

structures attained higher cell populations after 7 days, than the hot-pressing salt leaching 

scaffolds. P(3HB) showed to be the most promising PHA to be used in wound dressing appli-

cations. 

These results prove that the PHA scaffolds obtained with these two strategies are suitable 

for fibroblast cultivation. However, they need to be further improved to reach population val-

ues equal or even greater than the cell control. The addition of a biological active component 
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(such as, FucoPol) could enhance the bioactive properties of the PHA scaffolds, improving ad-

hesion and proliferation, to achieve a reliable tissue engineering material for wound manage-

ment applications. 
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4.1 Summary 

FucoPol is an amorphous, high molecular weight polysaccharide rich in Fucose. This biopol-

ymer possesses a variety of distinctive properties, including the ability to form, films/hydrogels, 

provide UV protection, offer cryoprotection, act as flocculating agent, and function as thickener 

and as an emulsifier. FucoPol is also known to promote the in vitro migration of keratinocytes, 

which envisages its use for wound management applications. The intrinsic emulsifier capacity 

and skin regeneration potential of FucoPol are important properties that could improve the 

biological activity of porous PHA structures. The addition of this polysaccharide to PHA scaf-

folds could result in a hybrid material with enhanced bioactive properties suitable for wound 

management applications. Therefore, in this chapter, FucoPol was used with two different pur-

poses: first, to stabilize the emulsion (of the PHA solution and water) during the solvent evap-

oration process when using the emulsion templating technique and, second, to improve the 

biological activity of the PHA porous scaffold achieved by the hot-pressing salt leaching 

method. In this last technique, FucoPol was added within the PHA structure through a jellifica-

tion process with the help of an iron chloride solution. The resulting scaffolds were subsquently 

assessed for their morphology, porosity, and ability to facilitate the adhesion and proliferation 

of fibroblasts. The inclusion of FucoPol in the 3D scaffolds demonstrated an enhancement in 

fibroblast proliferation after 7 days for P(3HB) and P(3HB-co-3HV-3HHx) porous structures ob-

tained by both strategies. It also stayed clear that the most promising strategy to obtain porous 

PHA scaffolds was the emulsion templating technique, mainly due to the biological properties 

achieved by these structures. When comparing the same PHA polymer, fibroblast proliferation 

values (after 7 days) achieved by the emulsion templated scaffolds were always higher than the 

hot-pressing salt leaching porous structures. It was also visible that P(3HB) scaffolds generally 

had higher fibroblast proliferation values after 7 days than porous structures produced with 

P(3HB-co-3HV-3HHx). Given this, the most promising candidates to be used in wound healing 

applications were the emulsion templated scaffolds achieved by P(3HB) with and without the 

presence of FucoPol.  
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4.2 Introduction 

Emulsion systems are inherently unstable, often requiring the addition of surfactants to im-

prove their stability (Akbari & Nour, 2018). Usually, the surfactants used in emulsion-templat-

ing techniques are either synthetic terpolymers (such as poly(ethyleneoxide) (PEO) and 

poly(propyleneoxide) (PPO)) or high hydrophile-lipophile molecules (for instance, Triton X-405 

and Span 80 (sorbitan monooleate)) (Kimmins & Cameron, 2011). However, for tissue engi-

neering applications, the presence of surfactants on the material can be a major issue due to 

their non-biodegradability, possible toxicity, and the possibility that they could induce allergic 

reactions when in contact with human skin (Bouyer et al., 2012), a step that can make the 

technique quite laborious and expensive, together with the surfactants’ cost (Aldemir Dikici & 

Claeyssens, 2020; T. Zhang et al., 2019). Therefore, the utilization of natural biodegradable and 

biocompatible surfactants, such as polysaccharides, could be a major step towards the devel-

opment of new materials for tissue engineering applications. Dextran has already been studied 

as an emulsifier agent in water-in-chloroform emulsions (Carrier et al., 2011), although the 

emulsions could not maintain their droplet size and stability for a long time. Another example 

was the use of arabic and xanthan gums for stabilization of chloroform-in-water emulsions; 

however, the produced emulsions lacked physico-chemical stability (Anarjan & Ping Tan, 2013). 

More recently, the emulsifying ability of a novel EPS produced by Haloferax mucosum (DSM 

27191) was demonstrated in the stabilization emulsions of water and nonpolar solvents such 

as chloroform and n-hexane (López-Ortega et al., 2020).  

FucoPol, among its various properties, has demonstrated film-forming capacity and emul-

sifying ability (Baptista, Pereira, et al., 2022; Concórdio-Reis, Pereira, et al., 2020). Moreover, 

FucoPol was shown to be non-cytotoxic towards various cell lines, including human skin 

keratinocytes and fibroblasts (Concórdio-Reis, Pereira, et al., 2020; Guerreiro et al., 2020), more 

specifically, FucoPol demonstrated to promote in vitro migration of keratinocytes, suggesting 

its use for wound dressing applications (Concórdio-Reis, Pereira, et al., 2020). Given this, the 

addition of FucoPol to the previously used methods could assist the emulsion templating tech-

nique into achieving better structural scaffolds. Also, given the polyanionic character of Fuco-

Pol it is possible to form gel structures through physical crosslinking via electrostatic interac-

tion with cations (i.e. Fe3+ and Cu2+) (Araújo et al., 2023). This procedure could be used to add 
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FucoPol to the previously obtained structures with the hot-pressing salt leaching method. The 

presence of this polysaccharide might further increase the biological activity of these scaffolds. 

Therefore, in this chapter the main goal was to add FucoPol to the previously developed 

porous PHA scaffolds (P(3HB) and P(3HB-co-3HV-co-3HHx)) to improve their biological activ-

ity. Either by stabilizing the emulsion (of the PHA solution and water) during the solvent evap-

oration process (in the emulsion templating technique) or by adding FucoPol within the PHA 

structure through a jellification process (in the hot-pressing salt leaching method). The ob-

tained scaffolds were then characterized in terms of their morphology, porosity, and ability to 

harbour fibroblasts adhesion and proliferation. 
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4.3 Materials and Methods 

 Active Wound Dressings 

4.3.1.1 Emulsion Templating with FucoPol as Bioemulsifier 

The P(3HB):FucoPol and P(3HB-co-3HV-co-3HHx):FucoPol scaffolds were prepared by 

emulsifying the PHA chloroform solutions with an aqueous FucoPol solution. P(3HB) and 

P(3HB-co-3HV-co-3HHx) were dissolved in chloroform at concentrations of 4% and 6.7% (w/v), 

respectively. FucoPol was dissolved in deionized water at a concentration of 0.1% (w/v). The 

P(3HB) and P(3HB-co-3HV-co-3HHx) solutions (10 mL) were mixed with 1 mL of the FucoPol 

solution, and the mixtures were stirred with a magnetic stirrer until an emulsion formed (±1 

hour), with no visible phase separation. The resulting emulsions were then transferred to 5 cm 

Petri dishes and left in the fume hood inside a desiccator, at room temperature, until complete 

solvent (water and chloroform) evaporation (Figure 4.1). The biopolymers were kept at room 

temperature in a closed glass petri dish until use. 

 

Figure 4.1 - Schematic representation of the emulsion templating technique to attain porous scaffolds with FucoPol. 

Adapted from (Esmail, Pereira, Sevrin, et al., 2021). 

4.3.1.2 Hot-Pressing Salt Leaching Scaffolds Impregnated with Jellified FucoPol 

To obtain porous scaffolds through the hot-pressing method with jellified FucoPol, first the 

same method previously described In Chapter 3, section 3.3.2.2. was used to prepare a porous 

scaffold. Afterwards, FucoPol was crosslinked by the cation mediated gelation method de-

scribed by (Araújo et al., 2023). Briefly, the formerly produced porous PHA scaffolds (P3(HB) 

and P(3HB-co-3HV-co-3HHx)) were submerged in 50 mL of FucoPol solution (1%, w/v) at room 

temperature for 24 h and then soaked in 50 mL of a FeCl3˖6H2O (98%, Sigma-Aldrich, USA) 

solution (with a concentration of Fe3+ of 1.5 g/L) also at room temperature but only for 2 h. 



Chapter 4. Development of Active Wound Dressings 

 80 

The obtained structures were washed with deionized water until a constant conductivity was 

achieved (± 1 μS/cm). After this step, the PHA with jellified FucoPol material was accomplished 

(Figure 4.2). 

 

Figure 4.2 - Schematic representation of the impregnation of FucoPol on PHA scaffolds through the FucoPol jellifi-

cation process. 

 Morphological Characterization  

4.3.2.1 Scanning Electron Microscopy 

For the scanning electron microscopy (SEM) analysis, the samples obtained hot-pressing 

salt leaching scaffolds with jellified FucoPol were freeze dried for water removal and then pro-

cessed with the remain samples according to what was described previously in Chapter 3 - 

Section 3.3.3.1 of this dissertation. 

4.3.2.2 Porosity Measurements 

The samples porosity was assessed by mercury porosimetry as described previously in 

Chapter 3 - Section 3.3.3.2 of this dissertation. 

 Cell Testing 

4.3.3.1 Cell culture and Media 

The fibroblast cells and culture media used in this section were the same as described before 

in Chapter 3 - Section 3.3.4.1 of this dissertation (Appendix C.1). 
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4.3.3.2 Adhesion and Proliferation Assay 

The adhesion and proliferation of HFFF2 cells were assessed using the same procedure as 

described earlier in Chapter 3 - Section 3.3.4.2 of this dissertation (Appendix C.2, Appendix C.3 

and Appendix C.4). 
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4.4 Results and Discussion 

 Active Wound Dressings 

4.4.1.1 Emulsion templated scaffolds obtained by emulsification with FucoPol 

Aiming to improve the emulsions’ stability during the solvent evaporation process and con-

sequently enhance the scaffolds biological properties, FucoPol was used as a bioemulsifier. To 

attain this, during the emulsion process P(3HB) or a P(3HB-co-3HV-co-3HHx) solutions (4% 

and 6.7% w/v, respectively) in the organic phase were used, and mixed with a FucoPol solution 

as the aqueous phase (0.1%, w/v). The obtained emulsions showed no phase separation during 

the whole solvent evaporation process indicating their stability. This procedure resulted in po-

rous PHA (P(3HB) or P(3HB-co-3HV-co-3HHx)) scaffolds with distinct porosities. 

4.4.1.1.1 Morphology 

The P(3HB):FucoPol porous scaffolds achieved by the emulsion templating method were 

slightly heterogeneous, had an opaque white colour (Figure 4.3 A.I.) with a thickness around 

215 μm. The structures were rigid when handled and very similar to those obtained previously 

for P(3HB) polymer with the same technique. However, the P(3HB):FucoPol scaffolds were ap-

parently more flexible and less brittle. Through the observation of SEM images, it stays clear 

that the scaffolds had a rough surface (Figure 4.3 A.II.), similar to the homopolymer emulsion 

templated scaffolds, with visible microporosity. The cross-section images, on the other hand, 

showed the presence of large pores, involving the whole scaffold thickness (Figure 4.3A.III.). 

The morphological aspect of these scaffold was completely different from the previously ob-

tained films and porous structures of P(3HB) and P(3HB-co-3HV-co-3HHx) by either solvent 

casting, emulsion templating or hot-pressing salt-leaching methods. Similar morphological 

structures were reported for scaffolds of P(3HB) obtained by solvent casting salt leaching tech-

nique (Puppi et al., 2019) and for porous materials of hydroxyethyl-methacrylate with halloysite 

nanotubes/thymol (Cesarino et al., 2024). This scaffold displayed a porosity of 65.1%, when 

compared with the previously attained emulsion templated porous structures this value was 

lower for P(3HB) homopolymer (82.2%), but still higher when using P(3HB-co-3HV-co-3HHx) 

(49.8%). This porosity value is similar to the one obtained with the hot-pressing salt-leaching 
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method for P(3HB) (67.7%). Similar porosity values have been reported for P(3HB-co-3HV) with 

olive leaf extract obtained by electrospinning (63.3%) (De la Ossa et al., 2022), PCL gels (65%) 

(Tiwari et al., 2023), and PLA scaffolds produced with 3D printing and gas foaming method 

(ranging from 57% to 70%) (Ambekar & Kandasubramanian, 2019). 

 

Figure 4.3 - P(3HB) (A) and P(3HB-co-3HV-co-3HHx) (B) scaffolds attained by the emulsion templating technique 

with FucoPol at 0.1% macroscopic appearance (I) and SEM images of the surface amplified 1000× (II) and cross-

section amplified 500× for P(3HB) and 1000× for P(3HB-co-3HV-co-3HHx) (III). 

The porous P(3HB-co-3HV-co-3HHx):FucoPol scaffolds were white and opaque, with an ho-

mogeneous mostly smooth surface (Figure 4.3 B.I.). They presented a thickness around 145 µm 

and were less flexible when handling, compared to the terpolymer's porous scaffolds attained 

with the emulsion templating strategy. The surface SEM image (Figure 4.3 B.II.) showed the 

presence of different sized pores, with visible interconnectivity, similarly to what was observed 

by the terpolymer's emulsion templated scaffold. In the cross-section images, pores with dif-

ferent diameters decreasing in size along the thickness of the scaffold were also perceivable 

(Figure 4.3 B.III.), which resembled the porous PHA structures achieved with the emulsion strat-

egy. Due to the presence of FucoPol in the dispersed phase, the solutions displayed a higher 

viscosity when compared with water, which may have led to a small coalescent effect of the 

internal phase of the emulsion resulting in larger pores close to the scaffold’s surface (Figure 

4.3 B.III.), and smaller pores at the bottom (Figure 4.3 B.III.), this could also be explained by the 

lack of emulsion stability during the solvent evaporation process. Scaffolds with equivalent 
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morphological properties have been reported for P(3HB-co-3HV) with 5% of poly(ethylene 

glycol) (PEG) (Tomietto et al., 2020), for poly(dimethylsiloxane)(PDMS) and PCL structures ob-

tained by the emulsion templating technique (Riesco et al., 2019; Yadav et al., 2019). The po-

rosity of P(3HB-co-3HV-co-3HHx):FucoPol structures was 41.7%, which was the lowest value 

when compared with all the previously obtained PHA scaffolds (with and without FucoPol). The 

presence of FucoPol in the dispersed phase led to an evident decrease in porosity. This behav-

iour was also observed for the P(3HB) polymer. Similar porosities have been reported for 

P(3HB-co-3HV) porous structure produced with selective laser sintering (46%) (Patel et al., 

2024) and for PLA produced by electrospinning (40.6%) for tissue engineering applications 

(Solarz et al., 2023). 

4.4.1.1.2 Adhesion and Proliferation Assay 

The ability of P(3HB):FucoPol and P(3HB-co-3HV-co-3HHx):FucoPol emulsion templated 

scaffolds to support fibroblast (HFFF2) adhesion and proliferation was assessed following the 

same procedure used in previously in Chapter 3. Briefly, cells were seeded over the surface of 

the scaffolds and TCP wells (cell control) and their viability evaluated through the resazurin 

colorimetric assay. After 1 day of seeding, it was possible to estimate cellular adhesion and in 

the following days 4 and 7, proliferation was assessed. In Figure 4.4 (blue columns) it is visible 

that the adhesion results obtained for the PHA emulsion templated scaffolds (with and without 

the use of FucoPol) were similar for both structures (around 40%), but significantly lower than 

the cell control. It is also visible a slightly increase in cellular adhesion of the P(3HB-co-3HV-

co-3HHx) porous structure when FucoPol was used (from 29% to 39 %). Similar adhesion rates 

(around 50%) were obtained by PCL (56%) (Querido et al., 2022) and PCL with chitosan (ranging 

from 32% to 48%) (Gomes et al., 2017; Querido et al., 2022) scaffolds produced by electrospin-

ning and seeded with HFFF2.  
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Figure 4.4 - Fibroblasts (HFFF2) relative cell population. Cells were seeded on P(3HB) and P(3HB-co-3HV-co-3HHx) 

porous scaffolds with and without FucoPol obtained with the emulsion templating technique and TCP wells (CC) 

and assayed with resazurin after 1 (BLUE), 4 (ORANGE) and 7 (GREY) days of culture. Vertical lines represent the 

standard deviation of the mean. Statistical differences between the samples and the cell control were assessed 

through a one-way ANOVA with Bonferroni’s multiple comparison test (where, * p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001). 

Figure 4.4 illustrates a noticeable increase in fibroblast population after 4 days across all 

scaffolds, both with and without the inclusion of FucoPol. It is also clear that structures ob-

tained using FucoPol exhibited higher proliferation rates within 4 days for both PHA polyesters 

compared to scaffolds achieved without the use of this EPS. These values increased from 159% 

to 203% and from 100% to 160% for P(3HB) and P(3HB-co-3HV-co-3HHx), respectively. More-

over, similarly to what was seen in Chapter 3 (in the absence of FucoPol), with the use of this 

EPS, the PHA homopolymer showed a higher cell population than the PHA terpolymer, also 

slightly higher than the cell control (182%). In addition, when compared to the TCP control 

after 4 days, the fibroblast proliferation for all the PHA scaffolds had no statistical differences. 

During the following days (until day 7), the HFFF2 cells continued to proliferate in all the PHA 

scaffolds, however, for P(3HB) structures obtained with FucoPol there was a slight increase in 

fibroblast population when compared to what was previously achieved (from 311% to 325%), 

but for P(3HB-co-3HV-co-3HHx) scaffolds produced with EPS there was a significantly increase 

in proliferation (from 145% to 340%), which was the highest result obtained for the emulsion 

templated scaffolds and statistically higher than the cell population achieved by the TCP con-

trol after 7 days. Similar proliferation profiles were observed previously for P(3HB-co-3HV) 
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scaffolds obtained by electrospinning seeded with fibroblasts (NIH 3T3) (Kaniuk et al., 2021) 

and PCL structures produced by electrospinning with gelatin from fish skin cross linked with 

GTA seeded with HFFF2 (Gomes et al., 2017). 

In general, the adhesion values are similar between the structures produced with and with-

out the addition of FucoPol, revealing a small impact of this EPS in these results. However, 

scaffolds obtained in the presence of FucoPol increased fibroblast population when compared 

to the ones prepared without this polysaccharide and these values were higher for both PHA 

polymers after 4 and 7 days (Figure 4.4). These results were somehow expected, since the pres-

ence of FucoPol was previously reported to be beneficial when in contact with different cell 

lines (Baptista et al., 2023; Concórdio-Reis, Pereira, et al., 2020; Guerreiro et al., 2020). 

4.4.1.2 Hot-Pressing Salt Leaching Scaffolds with Jellified FucoPol 

To improve the hot-pressing salt leaching scaffold's biological properties, FucoPol was 

added to these structures it is a bioactive polymer. To achieve this, the previously obtained 

P(3HB) and P(3HB-co-3HV-co-3HHx) scaffolds were submerged in a FucoPol solution (1%, w/v) 

for FucoPol impregnation within the PHA porous materials that were then soaked in FeCl3 so-

lution (with a concentration of Fe3+ of 1.5 g/L) to cause FucoPol crosslinking by cation mediated 

gelation within the scaffolds. The result were hybrid materials composed of either P(3HB) or 

P(3HB-co-3HV-co-3HHx) with jellified FucoPol. 

4.4.1.2.1 Morphology 

The porous P(3HB) scaffolds with jellified FucoPol were homogeneous, with a slightly orange 

opaque colour. These materials had an outside FucoPol layer with a rigid P(3HB) core. Figure 

4.5 A.I. shows the dried structure before SEM analysis. It is visible that FucoPol detached from 

both top and bottom of the porous structure. Before SEM analysis the structures must be com-

pletely dry. After scaffold freeze drying, due to the physical properties and lack of interaction 

between P(3HB) and FucoPol, small sheets of the EPS polymer did not remain attached to the 

PHA porous structure (Figure 4.5 A.I.). This explains why in Figure 4.5 A.II. it is not possible to 

observe the presence of FucoPol on the scaffold's surface SEM image. Here, it is visible a slightly 

distinct structure when compared to what was observed previously for the P(3HB) hot-pressing 

salt leaching scaffold. However, in the cross-section SEM image (Figure 4.5 A.III.) it is perceiva-

ble the presence of small FucoPol sheets at the bottom of the scaffold embedded within the 
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P(3HB) porous structure. This confirms that this EPS was able to diffuse and jellify inside the 

PHA material, which could be crucial for improving cellular proliferation. Similarly, structures 

have been reported for P(3HB) scaffolds produced with tetrahydrofuran and chloroform ob-

tained by non-solvent-induced phase separation (NIPS) (Kang et al., 2020) and the FucoPol 

sheets resembles the morphological aspect of jelly fig polysaccharide scaffolds produced for 

skin tissue engineering applications (Thangavel et al., 2024). 

 

Figure 4.5 - P(3HB) (A) and P(3HB-co-3HV-co-3HHx) (B) scaffolds obtained by the hot-pressing salt leaching method 

with jellified FucoPol macroscopic appearance (I) and SEM images of the surface amplified 200×. (II) and cross-

section amplified 500× for P(3HB) and amplified 120× for P(3HB-co-3HV-co-3HHx) (III). 

On the other hand, P(3HB-co-3HV-co-3HHx):FucoPol porous scaffolds attained by the hot-

pressing salt leaching method were slightly orange, completely opaque and had an homoge-

neous gel-like surface with a brittle and less rigid PHA core. Similar to what happen previously 

with the hybrid material of P(3HB) and FucoPol, this scaffold also needed to be freeze dried. 

This revealed that the surface of this structure was slightly rough (Figure 4.5 B.I.). However, on 

the opposite to what occurred with the homopolymer and EPS material, in P(3HB-co-3HV-co-

3HHx) structure FucoPol was able to remain on the surface and bottom of the scaffold. Here, 

the high thickness of the structure (between 600 and 700 µm) could be an important property 

to ensure that FucoPol stays embedded within the structure during the freeze-drying step. The 

presence of the EPS polymer was visible to the naked eye due to its yellow/orange colour 
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(Figure 4.5 B.I.) and observable in the SEM images (Figure 4.5 B.II.), as small FucoPol sheets 

spread throughout the whole surface of the scaffold. By looking at the cross-section images of 

this hybrid material (Figure 4.5 B.III.), similar to what happened with the P(3HB) homopolymer 

and EPS, here it is also possible to detect minor segments of FucoPol present within the scaf-

fold's thickness. Structures with equivalent morphological properties have been reported for 

scaffolds made from blends of 50% P(3HB) with 50% of PCL (De Carvalho et al., 2023), for 

collagen porous materials achieved by the freeze-drying technique (Kiany et al., 2024), for poly-

L-lactic acid (PLLA) foams, and for PLLA porous structures with 10 %wt. of PHA, both obtained 

by direct quenching method (Lopresti et al., 2022).  

4.4.1.2.2 Adhesion and Proliferation Assay 

Fibroblasts viability was assessed through the same procedure as before. In Figure 4.6 (blue 

columns), it is possible to observe the adhesion results for P(3HB) and P(3HB-co-3HV-co-3HHx) 

hot-pressing salt leaching scaffolds (with and without the incorporation of FucoPol). When 

compared with the control, PHA hot-pressing salt leaching scaffolds had statistically lower ad-

hesion rates. The fibroblast adhesion for P(3HB) structures with FucoPol were similar to those 

previously obtained for P(3HB) scaffolds without FucoPol (35% and 40%, respectively). The 

same behaviour was observed for P(3HB-co-3HV-co-3HHx) scaffolds where the values were 

also identical (a slight decrease from 25% to 27%). Similar adhesion rates (around 35%) were 

observed previously for PCL mats with chitosan flakes seeded with HFFF2 (Querido et al., 2022).  



Chapter 4. Development of Active Wound Dressings 

 89 

 

Figure 4.6 - Fibroblasts (HFFF2) relative cell population. Cells were seeded on P(3HB) and P(3HB-co-3HV-co-3HHx) 

porous scaffolds with and without FucoPol obtained with the hot-pressing salt leaching method and TCP wells (CC) 

and assayed with resazurin after 1 (BLUE), 4 (ORANGE) and 7 (GREY) days of culture. Vertical lines represent the 

standard deviation of the mean. Statistical differences between the samples and the cell control were assessed 

through a one-way ANOVA with Bonferroni’s multiple comparison test (where, * p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001). 

After 4 days, the HFFF2 population on the P(3HB) scaffold with FucoPol was 179%, which 

was the highest value among the PHA hot-pressing salt leaching scaffolds, identical to that of 

the cell control (186%). The cell proliferation on P(3HB-co-3HV-co-3HHx) scaffolds was smaller 

in the presence of FucoPol (from 153% to 133%). Nevertheless, the differences of cellular pro-

liferation (after 4 days) between PHA polymers and the cell control were much less significant 

than differences observed regarding cell adhesion ratios. After 7 days of fibroblast cultivation, 

a decrease in cell proliferation on P(3HB-co-3HV-co-3HHx) scaffolds with FucoPol was ob-

served, this behaviour was very similar to what happened before without the presence of this 

EPS. However, for both PHA polymers the presence of FucoPol proved beneficial in attaining 

higher cell populations when compared with structures without the EPS, increasing from 178% 

to 333% for the P(3HB) homopolymer, and from 80% to 121% for the P(3HB-co-3HV-co-3HHx) 

terpolymer. The result achieved by the P(3HB) hot-pressing salt leaching scaffold surpassed 

the fibroblast proliferation attained by the cell control (206%). This value resembled the cell 

population that was reached by the emulsion templating structures with FucoPol for both 
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P(3HB) (325%) and P(3HB-co-3HV-co-3HHx) (340%). Analogous proliferation profiles were ob-

served previously for collagen and P(3HB-co-4HB) scaffolds grown with HGF cells (Chen et al., 

2023) and for P(3HB) blended with its functionalized oligomers in fibroblasts (NIH 3T3) (Bo-

yandin et al., 2024). 

4.4.1.3 Comparison of adhesion and proliferation results for both emulsion templated and 

hot-pressing salt leaching scaffolds with FucoPol 

The adhesion and proliferation results for the P(3HB) and P(3HB-co-3HV-co-3HHx) scaffolds 

with FucoPol produced with the two different methods are presented in figure 4.7. Through 

the observation of the adhesion results, it is clear that all the PHA:FucoPol structures had very 

similar adhesion values with no statistically significant difference. However, after 4 days the 

scaffolds produced with the P(3HB) homopolymer revealed a higher proliferation when com-

pared to the structures obtained with P(3HB-co-3HV-co-3HHx). At day 7 of HFFF2 cultivation, 

the scaffolds of the homopolymer with FucoPol achieved by both methods had similar cell 

population values when compared with the terpolymer porous structures produced only with 

the emulsion templating technique. This behaviour was seen earlier in Chapter 3, where P(3HB) 

scaffolds revealed to have a higher proliferation after 7 days than all the other structures, how-

ever, with the presence of FucoPol, P(3HB-co-3HV-co-3HHx) emulsion templated scaffold 

could significantly increase its fibroblast population reaching values close to what was attained 

for P(3HB) porous structures. In general, all the materials reported similar adhesion rates. Re-

garding fibroblast proliferation, only the P(3HB-co-3HV-co-3HHx):FucoPol attained with the 

hot-pressing salt leaching method supported a lower cell population when compared with the 

remaining scaffolds. It stays clear that the presence of FucoPol increased the cell population in 

the scaffolds especially for the structures produced with the P(3HB) homopolymer. 
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Figure 4.7 - Fibroblasts (HFFF2) relative cell population. Cells were seeded on PHA porous scaffolds obtained with 

the emulsion templating technique (P(3HB) in (BLUE) and P(3HB-co-3HV-co-3HHx) in (ORANGE) and hot-pressing 

salt leaching method (P(3HB) in (GREY) and P(3HB-co-3HV-co-3HHx) in (YELLOW) with FucoPol, assayed with resaz-

urin after 1, 4 and 7 days of culture. Vertical lines represent the standard deviation of the mean. Statistical differences 

between the samples were assessed through a one-way ANOVA with Bonferroni’s multiple comparison test (where, 

* p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001). 
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4.5 Conclusions 

PHA and FucoPol are very versatile materials with potential use in wound healing systems. 

This study showed that it is possible to achieve porous scaffolds based on two natural biopol-

ymers (PHA and FucoPol) through two different methods. These structures exhibited conven-

ient biological properties (revealed by in vitro results with fibroblasts) suitable for soft tissue 

engineering purposes, for instance in skin regeneration for wound treatment applications. The 

inclusion of FucoPol in 3D scaffolds was found to enhance the proliferation of fibroblasts after 

7 days for both P(3HB) and P(3HB-co-3HV-3HHx) porous structures, regardless of the produc-

tion method used. The emulsion templating technique emerged as the most effective method 

for creating porous PHA scaffolds, primarily due to the biological properties these structures 

exhibited. When the same PHA polymer was compared, the fibroblast proliferation rates (after 

7 days) for scaffolds created using the emulsion templating technique consistently surpassed 

those of the hot-pressing salt leaching porous structures. Moreover, P(3HB) scaffolds typically 

demonstrated higher fibroblast proliferation rates after 7 days, when compared to porous 

structures made with P(3HB-co-3HV-3HHx). Consequently, the most promising candidates for 

wound healing applications were the emulsion templated scaffolds made from P(3HB), both 

with and without FucoPol. However, to make a deeper evaluation of the potential of this ma-

terial for wound management, the mechanical properties should be assessed, as well as specific 

in vitro and in vivo research should be performed. 
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5.1 General Conclusions 

In this dissertation, three different PHA polymers P(3HB), P(3HB-co-3HV-co-3HHx), and mcl-

PHA (composed by 3HHx, 3HO, 3HD, 3HDd and 3HTd monomers), were tested for the prepa-

ration of porous scaffolds with properties adequate for their use as active wound dressings, 

namely, non-cytotoxic behaviour, porosity, pore interconnectivity and ability to support fibro-

blast adhesion and proliferation. 

The biopolyesters had distinct molecular weights (ranging from 0.4 to 9.2 x105 Da), different 

crystallinities (from 18.2 to 85.5%), diverse melting points (between 44.9 and 174.2 °C), various 

glass transition temperatures (from -46 to 4.1 °C), and similar degradation temperatures 

(around 275 °C). They were demonstrated to be not cytotoxic towards fibroblasts and keratino-

cytes.  

FucoPol, an amorphous high molecular weight exopolysaccharide (1.4 x106 Da), rich in fu-

cose (34.33 mol%), with high degradation temperature (240 °C) and non-cytotoxic for fibro-

blasts and keratinocytes, was used as bioemulsifier and/or bioactive component for the prep-

aration of active scaffolds. 

Films of each PHA polymers were prepared previously through solution casting and solvent 

evaporation and used for comparison. Porous structured materials based on P(3HB) and 

P(3HB-co-3HV-co-3HHx), were prepared by two different strategies: the emulsion templated 

technique and the hot-pressing salt leaching method. Generally, the porous structures 

achieved by these procedures were macroscopically white and opaque, with thicknesses rang-

ing from 160 to 700 μm, and porosity values from 49.8 to 87.1% which are within the ranges 

reported by other materials for tissue engineering applications (De la Ossa et al., 2022; Gomes 

et al., 2017; Rodríguez-Tobías et al., 2016).  

Through the observation of the SEM images and the porosity results it stayed clear that all 

the PHA scaffolds revealed pores of different sizes on their surface and cross section layer, 

where the higher porosities were attained by an emulsion templated structure for the P(3HB) 

polymer (82.2%) and by a hot-pressing salt leaching scaffold for P(3HB-co-3HV-co-3HHx) pol-

yester (87.1%). The morphological appearance of these structures resembled those of porous 

scaffolds obtained with synthetic polymers, such as, PLA, PCL and PET, which are examples of 

polymers commonly used in wound dressing applications. However, the use of these polymers 
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due to their inherent low biocompatibility and biodegradability, revealed to be disadvanta-

geous when compared with PHA porous materials (Borbolla-Jiménez et al., 2023; Sadeghi-

Aghbash et al., 2023; Zahra et al., 2023). 

The produced PHA scaffolds were able to support fibroblast adhesion and proliferation. The 

adhesion values for all the PHA structures were always lower when compared with the cell 

control (from 25% to 46%). All porous materials had lower proliferation rates than the TCP, 

except for P(3HB) emulsion templated scaffold that achieved higher fibroblast population after 

7 days of cell cultivation (311%). Focal adhesion regulates the capacity and shape of fibroblast 

attachment. It is controlled by transmembrane proteins called integrins, which link the actin in 

the cytoskeleton to the scaffold or extracellular matrix (ECM) (Khalili & Ahmad, 2015). The size, 

number, and position of focal adhesions may be restricted by small connection points (< 1 μm) 

in the scaffold matrix, which would prevent cells from spreading across the scaffold (Vieira et 

al., 2019). The differences in cell adhesion and proliferation values between all the structures 

could be explained by the distinct number of integrin binding domains found in the PHA scaf-

folds, due to their distinct porosities and surface area. 

PHA and FucoPol, as previously showed, are highly adaptable polymers with potential ap-

plications in wound healing systems. This dissertation demonstrated the use of these biopoly-

mers in two separated methods (emulsion templating and hot-pressing salt leaching) to de-

velop structures with enhanced biological properties. It was shown that FucoPol served as a 

bioemulsifier for emulsion stabilisation during the solvent evaporation process when using the 

emulsion templating technique, producing 3D porous structures with improved biological fea-

tures, achieving relative fibroblast populations after 7 days of 325% and 340% for P(3HB) and 

P(3HB-co-3HV-co-3HHx), respectively. FucoPol was used as a bioactive material when using 

the hot-pressing salt leaching method to develop structures with improved biological activity, 

which also proved to be advantageous for the scaffolds made of P(3HB) polymer, reaching a 

proliferation rate of 333%.  

The PHA scaffolds produced in this work revealed superior proliferation profiles than the 

ones described for structures produced with PCL, PU and chitosan cultured with the same cell 

line (Querido et al., 2022; Vieira et al., 2018, 2019, 2024). This proliferation performance was 

similar to that previously reported for other PHA structures and collagen membranes, also 
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seeded with fibroblasts (Boyandin et al., 2024; Chen et al., 2023). Given this, the most promising 

candidates for wound treatment applications revealed to be the emulsion templated porous 

structures obtained with P(3HB), P(3HB):FucoPol, P(3HB-co-3HV-co-3HHx):FucoPol and the 

hot-pressing salt leaching scaffolds of P(3HB):FucoPol. These results suggest that the most 

promising PHA polymer to produce 3D scaffolds was the homopolymer P(3HB), while the emul-

sion templating technique proved to be the most favourable method to produce porous struc-

tures for all the PHA polymers tested. The two procedures used to develop porous scaffolds in 

this study, namely the emulsion templating process and the hot-pressing salt leaching method, 

hold potential for industrial production. However, there are some possible scale-up constraints 

that must be considered. The main limitation would be the use of chloroform that is needed 

to dissolve the PHA polymers in both procedures. To overcome this issue, it is imperative to 

find innovative processing procedures that either, do not require the use of organic solvents, 

or involves the use of environmentally friendly ones that can solubilize these biopolymers to 

facilitate their applicability on an industrial scale. 

To conclude, this work revealed that it is possible to achieve porous scaffolds based on two 

natural biopolymers, PHA and FucoPol, through two different methods and with convenient 

biological properties (revealed by in vitro results with fibroblasts) suitable for soft tissue engi-

neering purposes, for instance in skin regeneration for wound treatment applications. This sus-

tains that these biopolymers have very interesting physical, chemical, and biological properties 

that makes them suitable materials to develop new products (for high-end applications) in a 

wide variety of areas, ranging from fine chemicals to medical products.  
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5.2 Future Perspectives 

The forefront of scientific development is always made of new improvement strategies, 

therefore, despite of all the results attained in this dissertation, there is still a lot of work to be 

done to ensure the use of PHA scaffolds as wound healing products. PHA processing typically 

uses chloroform, which is a toxic organic solvent with a recognized environmental footprint 

and generally not recommended for industrialized procedures. Given this, it could be advan-

tageous exploring new methodologies for an eco-friendlier manipulation of these biopoly-

mers. The incorporation of less hazardous and more sustainable solvents in PHA processing 

might be beneficial, to minimize the environmental footprint and to facilitate their implemen-

tation on an industrial scale. 

PHAs are very versatile materials with many distinct properties, ranging from rigid and brittle 

to soft and elastic polyesters. These polymers are also known for their intrinsic great structural 

properties, biocompatibility, and biodegradability. Therefore, that are many ways to process 

these polymers to achieve different structured products. This would increase the economic 

competitiveness of PHAs and discover novel applications for these polymers in many distinct 

areas (such as packaging, biomedical, drug delivery, tissue engineering). 3D porous structures 

with the ability to support cellular adhesion and proliferation are crucial for soft tissue engi-

neering applications. Therefore, it is extremely important to not only improve the strategies 

already used to produce these scaffolds, but also to find novel approaches and methodologies 

to achieve this type of materials. Some of these techniques could be difficult to apply at a 

larger scale, however, for an industrial production, it is crucial that these processes have unique 

scale up ability. Procedures such as the emulsion templating technique and the hot-pressing 

salt leaching process are a great example of promising strategies that could be further im-

proved. For instance, the successful production of a PHA scaffold through the emulsion tem-

plating technique is clearly dependent on the viscosity/concentration of the biopolymeric so-

lution in the organic phase and on the amount of water used in the dispersed phase. Therefore, 

to improve this strategy it is vital to study different PHA concentrations, as well as different 

water quantities, to evaluate if it is possible to obtain structures with higher porosity. Regarding 

the hot-pressing salt leaching method, it could be interesting to study different sizes and 

amounts of salt grains, to achieve scaffolds with tailored pore sizes and densities. By controlling 
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the porosity of these structures, the materials produced could overcome some limitations of 

cellular proliferation, by providing an adequate pore size. Surface modification to promote 

hydrophilicity and cellular adhesion could also be a viable approach to apply in both strategies 

(emulsion templating and hot-pressing salt leaching) to improve cell compatibility. Blending 

PHA scaffolds with other polymers, namely collagen or gelatin, could be another technique to 

promote a better cell interaction. Different techniques, such 3D printing, electrospinning are 

thermal induced phase separation (TIPS) can also be studied to find new innovative method-

ologies to achieve tailormade porous scaffolds, with a defined pore size and precise porosity 

for tissue engineering applications. This would ensure that the produced structures have the 

correct properties and requirements for wound healing applications. Another advantage is the 

increased range of applications that these scaffolds would make feasible, since each cell line 

has an appropriate pore size to proliferate, controlling the scaffold's porosity provides a wide 

range of applicability for these materials in skin, cardiac, bone, or even, in neuronal tissue (Choi 

et al., 2018).  

In this dissertation FucoPol was used as a bioemulsifier and a bioactive material to be im-

pregnated in PHA scaffolds. However, to further improve the porous structures biological ac-

tivity, various products could be introduced in PHA scaffolds, such as, pharmaceuticals, metallic 

nanoparticles (MNPs), or proteins, to add new physical and biological properties to expand 

their applicability to different areas. These novel smart materials could have noble applications 

especially in the biomedical field, for instance in cancer treatment, in drug delivery, as biomed-

ical materials or as biosensors.  

To ensure that all these scaffolds can be used in wound treatment systems and as a bio-

medical product, further mechanical and permeability tests (especially for water vapor, O2 and 

CO2) need to be performed. This would evaluate if these structures fulfilled the physical re-

quirements needed for this type of applications. Further in vivo studies are also required, to 

correctly assess the material's ability to be used as a biomedical product.  
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A  

 

APPENDIX - CHAPTER 2 

A.1 Gel Permeation and Size Exclusion Chromatography 

(GPC/SEC) 

 

Figure A.1 - Chromatogram of molecular weight determination for P(3HB), P(3HB-co-3HV-co-3HHx), mcl-PHA and 

FucoPol. 
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A.2 Differential Scanning Calorimetry (DSC) 

 

Figure A.2 - DSC scan for P(3HB) with all heating and cooling cycle, where RED is the first heating ramp from room 

temperature to 100 °C; GREEN is the first cooling ramp from 100 to -90 °C; PINK is the is the second heating ramp 

from -90 to 200 °C; BLACK is the is the second cooling ramp from 200 to -90 °C; BROWN is the is the third heating 

ramp from -90 to 200°C; LIGHT BLUE is the is the first cooling ramp from 200 to -90 °C; YELLOW is the is the last 

heating ramp from -90 to 200 °C. 

 

Figure A.3 - DSC scan for P(3HB-co-3HV-co-3HHx) with all heating and cooling cycle, where RED is the first heating 

ramp from room temperature to 100 °C; GREEN is the first cooling ramp from 100 to -90 °C; PINK is the is the 

second heating ramp from -90 to 200 °C; BLACK is the is the second cooling ramp from 200 to -90 °C; BROWN is 



Appendix 

 127 

the is the third heating ramp from -90 to 200°C; LIGHT BLUE is the is the first cooling ramp from 200 to -90 °C; 

YELLOW is the is the last heating ramp from -90 to 200 °C. 

 

 

Figure A.4 - DSC scan for mcl-PHA with all heating and cooling cycle, where RED is the first heating ramp from room 

temperature to 100 °C; GREEN is the first cooling ramp from 100 to -90 °C; PINK is the is the second heating ramp 

from -90 to 200 °C; BLACK is the is the second cooling ramp from 200 to -90 °C; BROWN is the is the third heating 

ramp from -90 to 200°C; LIGHT BLUE is the is the first cooling ramp from 200 to -90 °C; YELLOW is the is the last 

heating ramp from -90 to 200 °C. 
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B  

 

APPENDIX - CHAPTER 3 

B.1 Mercury Porosimetry for Emulsion templated Scaffolds 

Table B.1 - Mercury porosimetry intrusion data summary results for P(3HB) and P(3HB-co-3HV-co-3HHx) Emulsion 

templated Scaffolds. 
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B.2 ANOVA Statistical Analysis of Adhesion and Proliferation 

Tests for Emulsion templated Scaffolds 

Table B.2 - ANOVA statistical analysis with Bonferroni's multiple comparison test of adhesion (after 1 day of cell 

culture) for PHA emulsion templated scaffolds. 

 

Table B.3 - ANOVA statistical analysis with Bonferroni's multiple comparison test of proliferation (after 4 days of cell 

culture) for PHA emulsion templated scaffolds. 
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Table B.4 - ANOVA statistical analysis with Bonferroni's multiple comparison test of proliferation (after 7 days of cell 

culture) for PHA emulsion templated scaffolds. 
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B.3 Mercury Porosimetry for Hot-Pressing Salt Leaching Scaf-

folds 

Table B.5 - Mercury porosimetry intrusion data summary results for P(3HB) and P(3HB-co-3HV-co-3HHx) Hot-Press-

ing Salt Leaching Scaffolds 
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B.4 ANOVA Statistical Analysis of Adhesion and Proliferation 

Tests for Hot-Pressing Salt Leaching Scaffolds 

Table B.6 - ANOVA statistical analysis with Bonferroni's multiple comparison test of adhesion (after 1 day of cell 

culture) for PHA hot-pressing salt leaching scaffolds. 

 

Table B.7 - ANOVA statistical analysis with Bonferroni's multiple comparison test of proliferation (after 4 days of cell 

culture) for PHA hot-pressing salt leaching scaffolds. 
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Table B.8 - ANOVA statistical analysis with Bonferroni's multiple comparison test of proliferation (after 7 days of cell 

culture) for PHA hot-pressing salt leaching scaffolds. 
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B.5 ANOVA Statistical Analysis of Adhesion and Proliferation 

Tests for both Emulsion templated and Hot-Pressing Salt 

Leaching Scaffolds 

Table B.9 - ANOVA statistical analysis with Bonferroni's multiple comparison test of adhesion (after 1 day of cell 

culture) for both PHA emulsion templated and hot-pressing salt leaching scaffolds. 

 

Table B.10 - ANOVA statistical analysis with Bonferroni's multiple comparison test of proliferation (after 4 days of 

cell culture) for both PHA emulsion templated and hot-pressing salt leaching scaffolds. 
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Table B.11 - ANOVA statistical analysis with Bonferroni's multiple comparison test of proliferation (after 7 days of 

cell culture) for both PHA emulsion templated and hot-pressing salt leaching scaffolds. 
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C  

 

APPENDIX - CHAPTER 4 

C.1 Mercury Porosimetry for Emulsion templated Scaffolds with 

FucoPol 

Table C.12 - Mercury porosimetry intrusion data summary results for P(3HB) and P(3HB-co-3HV-co-3HHx) Emulsion 

templated Scaffolds with FucoPol. 
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C.2 ANOVA Statistical Analysis of Adhesion and Proliferation 

Tests for Emulsion templated Scaffolds with and without Fu-

coPol 

Table C.13- ANOVA statistical analysis with Bonferroni's multiple comparison test of adhesion (after 1 day of cell 

culture) for PHA emulsion templated scaffolds with and without FucoPol. 
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Table C.14 - ANOVA statistical analysis with Bonferroni's multiple comparison test of proliferation (after 4 days of 

cell culture) for PHA emulsion templated scaffolds with and without FucoPol. 

 

Table C.15 - ANOVA statistical analysis with Bonferroni's multiple comparison test of proliferation (after 7 days of 

cell culture) for PHA emulsion templated scaffolds with and without FucoPol 
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C.3 ANOVA Statistical Analysis of Adhesion and Proliferation 

Tests Hot-Pressing Salt Leaching Scaffolds with and without 

FucoPol 

Table C.16 - ANOVA statistical analysis with Bonferroni's multiple comparison test of adhesion (after 1 day of cell 

culture) for PHA hot-pressing salt leaching scaffolds with and without FucoPol.  
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Table C.17 - ANOVA statistical analysis with Bonferroni's multiple comparison test of proliferation (after 4 days of 

cell culture) for PHA hot-pressing salt leaching scaffolds with and without FucoPol. 

 

Table C.18 - ANOVA statistical analysis with Bonferroni's multiple comparison test of proliferation (after 7 days of 

cell culture) for PHA hot-pressing salt leaching scaffolds with and without FucoPol. 
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C.4 ANOVA Statistical Analysis of Adhesion and Proliferation 

Tests for both Emulsion templated and Hot-Pressing Salt 

Leaching Scaffolds with FucoPol 

Table C.19 - ANOVA statistical analysis with Bonferroni's multiple comparison test of adhesion (after 1 day of cell 

culture) for both PHA emulsion templated and hot-pressing salt leaching scaffolds with FucoPol.  

 

 

Table C.20 - ANOVA statistical analysis with Bonferroni's multiple comparison test of proliferation (after 4 days of 

cell culture) for both PHA emulsion templated and hot-pressing salt leaching scaffolds with FucoPol.  
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Table C.21 - ANOVA statistical analysis with Bonferroni's multiple comparison test of proliferation (after 7 days of 

cell culture) for both PHA emulsion templated and hot-pressing salt leaching scaffolds with FucoPol.  
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