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Abstract. Fibrous-based composite polyester mats have gained importance in the 

biomedical area due to their morphological characteristics and mechanical performance. 

These materials can be modified by incorporating different inorganic micro- or nano-

particles, thus leading to promising potential applications as medical devices with 

antimicrobial and/or bioactive properties. In this regard, this chapter reports a 

compilation of different studies related to the development of sub-micron fibers based 

on two important polyesters for biomedical use, namely poly(3-hydroxybutyrate) and 

poly(lactic acid). Studies focus on fibers developed through hydrodynamic techniques, 

namely electrospinning, electrospraying, and centrifugal spinning. The incorporation of 

zinc oxide or hydroxyapatite on the polyester-based fibers results in materials that inhibit 

bacterial growth or induce bone cell proliferation. Studies have reported on the effect of 

the fabrication method as well as the concentration of nanoparticles on the antimicrobial 

effectiveness against bacteria such as Escherichia coli and Staphylococcus aureus. 

Particularly, the development of polyesters and their corresponding composites have 

emerged using a novel and scalable technique named Forcespinning®. These recent 

studies report on the influence of morphology and chemical nature on cell adhesion and 

proliferation and more notable on the ability to mass-produce fibrous-based polyester 

composite systems with practical applications. 

     

Keywords: Electrospinning · electrospraying · forcespinning · polyesters · bioactive 

composites 

 

mailto:graciela.morales@ciqa.edu.mx


1   Fibrous scaffolds for biomedical applications 

During the past decades, scientific advances in molecular and cellular biology, as well 

as a progressive understanding of tissue regeneration and wound healing processes have 

stimulated the development of a novel and multidisciplinary field of research known as 

Tissue Engineering. This research field applies engineering and life science to design 

biodegradable and bioactive materials with specific structural properties that allow for 

the simulation of the extracellular matrix (ECM), with the purpose of promoting its 

regeneration or function [1, 2]. Most often, the ultimate goal is implantation in the body 

to repair an injury or replace the function of a damaged organ. Critical functions can be 

structural (bone, cartilage), supportive, transport (skin, blood vessels), secretory, and 

biochemical (liver and pancreas). The concept of scaffold in tissue engineering is to 

mimic the functions of native ECM [3]. Therefore, the properties of engineered scaffolds 

are related to the ECM functions in native tissues and are connected with their structural, 

biological, and mechanical features [4].  

The morphological features associated with fibrous 3D materials closely mimic the 

natural microenvironment constituted of fibrous proteins present in native ECM [5]. In 

combination with their porous nature and high surface area to volume ratio, these 

qualities have made micro-/nano-fibrous scaffolds attractive not only from the academic 

point of view but also in terms of applied science to be used in tissue engineering 

applications. In this sense, they have been used as supports for drug delivering agents, 

dressings for wound healing, and porous scaffolds for the regeneration of tissues, 

including skin, blood vessels, nerves, tendons, bone, and cartilage [6-8]. In the field of 

bone tissue regeneration, efforts are being made to address diseases, such as 

osteogenesis imperfecta, osteoarthritis, osteomyelitis, osteoporosis, traumatic injuries, 

and orthopedic surgeries (i.e., total joint arthroplasty, arthrodesis of the spine, fixation 

of implants, etc.). These efforts have produced a remarkable clinical and economic 

impact in the treatment of bone defects. For this reason, the demand for bone implants 

has been increasing exponentially, until it has become the second tissue with the highest 

requirement for implants [9, 10].  

1.1 Polymer matrices 

https://www.sciencedirect.com/topics/chemistry/fibrous-crystal
https://www.sciencedirect.com/topics/medicine-and-dentistry/extracellular-matrix


A polymer matrix for medical applications has to be categorized as a biomaterial, i.e. a 

material able to interact with a biological system to perform a specific action of 

regeneration or replacement of a tissue, organ, or body function [11]. A biomaterial has 

to be biocompatible, namely, it must have the ability to develop, with an appropriate 

host, a specific response without causing a cytotoxic effect. There are a wide variety of 

factors that affect the tissue response in contact with an implant and are mostly related 

to its biological and physicochemical properties, as well as to its shape and structure [3].  

Some of the most important properties that should define a biodegradable material are 

listed below [12]: 

• Prevent a sustained inflammatory or toxic response after implantation in the body. 

• Possess an acceptable duration of action, which should coincide with the healing 

or regeneration process. 

• Possess mechanical properties appropriate for the indicated application, where the 

variation of mechanical properties with degradation should be compatible with the 

healing or regeneration process. 

• Provide non-toxic by-products and those should be capable of being metabolized 

and eliminated by the body. 

• Present feasible processability for the intended application. 

Polymeric biomaterials are currently used for biomedical applications as their 

mechanical and degradation properties are suitable for mimicking various tissues. 

Especially, scaffolds based on polyesters (poly(-caprolactone) (PCL), poly(lactic acid) 

(PLA), poly(glycolic acid) (PLG), poly(lactic-co-glycolic acid), and 

poly(hydroxyalcanoate)s (PHAs) among others) have gained increasing attention given 

their biodegradability, biocompatibility, and ease of processing [13].  

1.2 Production techniques for fibrous scaffolds 

1.2.1 Fiber production techniques 

Several methods have already been applied for generating micro-/nano-fiber, such as 

melt-blown [14], three-dimensional (3D) printing [15, 16], phase separation [17], 

template synthesis [1], and self-assembly [2, 18]. However, the selection of materials 

that can be produced by these methods is restricted, limiting their practical application 

[19]. On the contrary, electrospinning [20-22] is an extensively studied and widely 



applied method for nanofiber production from a remarkable range of organic and 

inorganic materials. Compared with traditional nanofiber preparation technologies, 

electrospinning can produce fibers with high specific surface areas, uniform pore sizes, 

and high porosity, which significantly improves the performance of nanofibers. In terms 

of adaptability, the versatility of the electrospinning technique has allowed for 

producing a vast range of materials. Moreover, it enables the fiber diameter to be 

adjusted from nano- to micrometers [23].  

In general, spinning technologies for the production of fibers have been based on an 

extrusion process, which allows for the continuous production of materials with one or 

more filaments. The resulting product exhibits different properties depending on the 

used process and selected parameters [24]. Polymeric fibers can be obtained from melts, 

solutions, and emulsions. The polymer melt process offers unique advantages as it 

avoids the use of solvents and possesses economic advantages given the lack of solvent 

recovery steps. On the other hand, using solvent-based methods possesses the advantage 

of increasing the selection of materials to be used while also offering lower energy 

consumption and the potential to develop smaller fiber diameters. Emulsion spinning is 

a method that is selected to produce multiphase polymer fibers with different 

morphologies, active component encapsulations, etc [25, 26].   

Electrospinning typically consists of a syringe and needle through which a polymer 

solution is passed, and the flow is controlled by a metering pump. A power source 

applies several tens of kilovolts on the needle, and therefore on the polymer solution. 

The high applied voltage causes a significant density of charges on the protruding 

polymer droplet (Taylor cone) at the needle tip, to a point where the repulsive forces of 

the charges overcome the surface tension and a jet of polymer is generated that goes to 

the grounded collector, the solvent is evaporated during the path from the needle tip to 

the collector. The final morphology of the materials depends not only on polymer molar 

mass, viscoelasticity, electrical conductivity, and surface tension [27], but also on the 

voltage applied during electrospinning, the distance from the tip to the collector [28], 

and the feeding speed [29]. By adjusting these parameters and determining the 

appropriate values, electrospun micro/nanofibers with desirable morphologies can be 

obtained. 

On the other hand, electrospinning and electrospraying are two electrohydrodynamic 

processes in which a suspension or solution can be spun or sprayed upon applying a 

high direct current voltage to generate fibers or particles, respectively. However, when 



nanostructures have to be incorporated into fibrous materials, it is difficult to uniformly 

disperse and distribute fillers within the electrospun fibers. In this regard, 

electrospraying is a flexible and effective method for fabricating nano-/micro-structures 

composites by spraying a solution in the form of droplets or beads. The simultaneous 

electrospinning and electrospraying technique is a combined strategy that has typically 

been used in which fibers are formed by electrospinning, while nanoparticles are 

deposited on the fiber surfaces through electrospraying. 

Despite the versatility and effectiveness of electrospinning, there are still some 

challenges that need to be addressed, including the accurate and reproducible control of 

fiber morphology, structure, and uniformity as well as the slow collection speed, the 

need for a high voltage electric field, the sensitivity in the conductivity of the solution, 

and the difficulty in manufacturing three-dimensional (3D) structures. There are some 

strategies that allow for expanding the versatility of electrospinning [30, 31]; however, 

there is still a need for techniques allowing for easy and fast generation of sub-micron 

polymeric fibers [32].  

A new process called Forcespinning® has been developed to obtain nanofibers from a 

wide variety of polymers, at a high production speed. This method uses centrifugal 

force, as opposed to the electrostatic force used in the electrospinning technique. 

Furthermore, through Forcespinning®, the fiber can be obtained from a polymer 

solution or from a molten polymer [33]. Conductivity and/or electrostatic charges are 

not relevant parameters for the properties of the precursor solution; therefore, the 

spectrum of materials that can be spun is broader.[34] One of the important features of 

the centrifugal spinning process is its high production speed. The average production 

rate is 50 g/h and meters per minute on industrial scale systems [34, 35], which is at 

least two orders of magnitude higher than typical laboratory-scale electrospinning 

processes. This advantage makes this centrifugal spinning system a low-cost, large-scale 

approach to deliver practical applications of fiber-based systems [36]. 

During fiber formation, the polymeric fluid is placed in the spinneret which contains 

multiple nozzles around the side walls. When the rotation speed reaches a critical value, 

the centrifugal force overcomes the surface tension of the polymer fluid (polymer 

solution or molten polymer), causing fine streams of polymer fluid from the tips of the 

spin head nozzles. The centrifugal force together with the frictional force of the air 

elongate the liquid thread and lead to the nanofiber formation. The material is deposited 

on the surface of a collector, forming a non-woven mesh of nanofibers. The polymer 

concentration and the associated viscosity of the precursory solution, temperature, the 



rotational speed of the spinneret and the collection distance are parameters influencing 

the morphology of centrifugally spun fibers. 

1.2.2 Design consideration of fibrous scaffolds 

For a 3D scaffold construction, the mass transport is an important factor to consider. 

Oxygen and nutrient delivery, waste removal, cell migration and penetration are some 

of the processes involved in a natural ECM environment. These processes are associated 

with the morphological architecture of the scaffold, which is mainly characterized by its 

pore size, total porosity, pore interconnectivity and surface area [37]. Pore size controls 

the tissue in-growth and the internal surface area available for cell attachment. If pores 

are too small for the cell type of interest, they could be blocked by cells preventing 

cellular penetration, extracellular matrix production and vascularization into the internal 

region of the scaffold, where diffusion limitations have been one of the mayor obstacles 

in the production of 3D engineered tissues [38]. There is controversial information about 

the optimal pore size needed for cell growth and tissue formation. It has been reported 

optimal sizes between 5-15 µm for fibroblast, 20-125 µm for keratinocytes and, 200-

400 µm for osteoblasts [39-41]. Additionally, highly porous structures fully 

interconnected with a large surface-to-area volume ratio are required to allow for cell 

ingrowth and facilitate neovascularization. An adequate diffusion and enough surface 

area for cell-polymer matrix interactions have been found in porosity ratios higher than 

90%. However, high porosity has a negative effect on the mechanical strength of a 

scaffold [42, 43]. Therefore, the scaffold design should be optimized to get the 

maximum total porosity with appropriate mechanical needs based on the particular 

application.  

 

Moreover, fiber diameter also plays an important role in cell behavior. Nanofiber 

scaffolds have resulted suitable for enhancing cell differentiation, adhesion, and 

proliferation [44]. However, the small pore sizes, associated with nanoscale fibrous 

scaffold, limit cell migration, thus producing a cell monolayer on the scaffold surface. 

On the other hand, microfiber scaffolds could be potentially advantageous due to their 

large pore sizes, enabling cellular infiltration and nutrient diffusion. These results 

suggest that a multiscale scaffold should be ideal to promote an accurate environment 

for tissue regeneration. Pham et al. [45] developed a bimodal scaffold using a sequential 

electrospinning technique producing multiscale layers of different morphologies. They 



evaluated the fiber diameter effect on the cell morphology, observing a larger number 

of cells (mesenchymal cells) spread throughout the nanofiber membrane. Additionally, 

the authors obtained a significant reduction in infiltration distance of cells when the 

nanofiber layer increased compared with other systems. Shalumon et al. [46] produced 

a 3D PLA multiscale fibrous scaffold using a layer by layer method combining nano- 

and micro-fibers in an optimum ratio. They found cell (MG63) penetration through the 

macropores and a well spread by taking advantage of available nanofibers within them. 

Deepthi et al. [47] designed an electrospun multiscale fibrous scaffold combining 

aligned and non-aligned microfibers. They used a dual electrospinning setup producing 

random PCL nanofibers and aligned microfibers at the same time. Their results showed 

improvement in cell attachment (Rabbit ligament fibroblast) and infiltration within the 

random microfiber systems.  

In the case of composite fibrous materials, the concentration and morphology of micro- 

or nanoparticles incorporated to the polymeric matrix have to be considered as main 

factors affecting the morphology and final performance of the obtained composites, 

which will be addressed in the following sections. 

 

2 Composite Fibrous scaffolds for biomedical applications 

2.1. Tailoring the antimicrobial properties of fibrous polyester 

composites 

Materials based on polymer fibers have suitable morphological characteristics that make 

them attractive for applications in the area of tissue engineering since they promote cell 

adhesion, proliferation, and migration, which are necessary mechanisms for tissue 

regeneration. However, their morphological characteristics could also promote the 

adhesion of bacteria (cells of pathogenic microorganisms), eventually leading to the 

formation of a biofilm. 

In this context, composites materials based on polymeric matrices and metal oxide 

antimicrobial nanoparticles, have been extensively investigated over the last decade. 



The resulting findings have evidenced the interactions between the composite materials 

and microorganisms, which have to be circumvented to minimize the adhesion and 

proliferation of the pathogenic microorganism. As a summary, a sequence of 

interactions is explained below: 

i.Firstly, bacteria are transported near the fibrous material surface by physical forces, such 

as gravitational and Brownian forces, or by protein-based organelles called flagella; 

ii.Then, the attraction between microorganism and fiber surface takes place by physico-

chemical interactions (Van der Waals and hydrogen bond) or chemical reactions, which 

can lead to reversible and irreversible adhesion, respectively; 

iii.After anchoring on the material surface, the microorganism synthesizes the biofilm 

matrix which protects and facilitates its proliferation. 

iv.Finally, biofilm maturation is achieved and subsequent detachment occurs. 

Considering the aforementioned composite material-microorganism interactions in 

conjunction with the well-known antimicrobial mechanism of metallic and metal oxide 

nanoparticles, it could be hypothesized that the antimicrobial activity of fibrous 

polymeric composites derived from different spinning techniques could be tailored by 

modifying the morphological features of fibers and distribution/dispersion of 

antimicrobial agents. For example, Shalumon et al. [48] reported ternary fibrous 

composites consisting of sodium alginate, poly(vinyl alcohol) (PVA), and several 

concentrations of ZnO nanoparticles. The ability of the mats to inhibit the growth of 

both S. aureus and E. coli strains was proportional to ZnO concentration, and 

interestingly ZnO did not cause a detrimental effect on the adhesion of fibroblast cells. 

These materials have proven suitable for wound dressing or cell scaffold applications. 

Biodegradable and/or biocompatible fibrous mats have been developed utilizing other 

matrices, such as chitosan (which has an inherent antibacterial activity) [49], cellulose 

acetate, and PCL containing ZnO nanoparticles which showed excellent antimicrobial 

activity against Candida albicans, E. coli, S. aureus, and Citrobacter freundii [50]. 

Augustine et al. [51,52] found the existence of an optimal ZnO concentration to induce 

inflammation in animals and inhibit the growth of bacteria; furthermore, in the whole 

range of ZnO concentration, PCL/ZnO membranes showed an excellent fibroblast 

attachment, which is very important for the application as a wound healing materials. 

The combination of electrohydrodynamic techniques represents a versatile approach for 

tailoring morphological features and consequently the antimicrobial properties of 

fibrous composites. For instance, Rodríguez-Tobías et al. [53, 54] investigated the 



influence of the electrohydrodynamic technique employed and nanoparticles 

concentration on the antibacterial activity and mechanical performance of biodegradable 

polyesters (PLA or PHB) fibers containing nano-ZnO. In the first instance, it was 

evidenced that increasing the ZnO concentration (from 1% to 5%) the viscosity and 

conductivity of polyester precursory solution remains in the same order of magnitude, 

thus leading to fibers with similar fiber diameter ranging from 0.7 to 0.8 microns, 

porosity from 40-50%, and pore sizes from 10 to 300 microns. In spite of the 

homogeneity in morphological features, some aggregates into the fibers and semi-

exposed on their surface were detected by SEM/TEM. Figure 1 gathers SEM and TEM 

images of the PLA electrospun fibers containing 5 wt.% ZnO nanoparticles, in which it 

could be observed a homogeneous fibrous morphology with a wide diameter 

distribution, and the ZnO aggregates near the fiber surface. Similar trends were also 

found in the case of the electrospinning of PHB/ZnO solutions, but the formed fibers 

were thinner due to the lower viscosity and higher conductivity compared with PLA 

solutions. 

 

Fig. 1 SEM image of PLA/ZnO electrospun fibers (left), their fiber diameter distribution (center) 

and TEM image showing the inner and semi-exposed ZnO nanoparticles in one PLA fiber (right). 

Reprinted from Rodríguez-Tobías et al.,[53] Copyright (2014), with permission from Elsevier. 

Concerning the combination of electrohydrodynamic techniques, it was reported [53-

55] the tandem process based on electrospinning of polyester solutions and simultaneous 

electrospraying of ZnO dispersion with the aim to obtain ZnO-coated fibrous materials 

and determine its antibacterial activity as a function of nanoparticles concentration. It 

was found that fiber diameter remains unchanged due to the absence of ZnO 

nanoparticles in the precursory solutions, and the electrospraying technique leads to a 

deposition system of ZnO aggregates onto the fibers surface, which ranged from several 

nanometers to 2-5 microns. 



The evaluation of mechanical performance of fibrous composites materials is of 

paramount importance since they could be subjected to tensile forces not only during 

their handling but also once exposed to tissues by the corresponding movements. 

Rodríguez-Tobías et al. [53-55] demonstrated that the mechanical performance of PLA 

or PHB fibrous composites is dependent on the electrohydrodynamic technique as well 

as the ZnO concentration. Taking into account the ZnO concentration, both fibrous 

materials, i.e. electrospun and electrospun/electrosprayed polyesters, exhibited an 

increase in tensile strength when increasing ZnO concentration up to an optimal 

concentration of 3 wt.%. Higher ZnO concentrations caused a deterioration of 

mechanical performance probably due to the presence of a high concentration of 

aggregates, which eventually acts as failure points. 

Regarding the main topic of this section, antimicrobial properties of the aforementioned 

polyester fibrous materials were evaluated against E. coli and S. aureus strains by 

immersion tests during 24 h. In general, antibacterial activity was dependent on the type 

of bacteria, ZnO concentration, chemical nature of the polyester and the electrostatic 

technique used. Considering the bacterium, E. coli is more resistant to the fibers 

containing different concentrations of ZnO nanoparticles, which has been attributed to 

the ability of this bacterium to metabolize low concentrations of Zn2+ as an oligoelement 

in conjunction with the nature of its cell wall structure, which is more complex than that 

presented by S. aureus, and their components impart a partial negative charge. These 

findings have been reported in several research works thus demonstrating the 

importance to evaluate the fibrous composite materials against several microorganisms 

to ensure a suitable antimicrobial performance and increase the viability to scale up to 

medical devices. 

On the other hand, the ZnO concentration has an optimal value (3 wt.%) above which 

no longer antibacterial activity is observed. This behavior is associated with the 

agglomeration trend at high ZnO concentration, thus lowering the surface area prone to 

attack the bacteria. As previously mentioned, the chemical nature of the polyester can 

influence the antimicrobial performance of the corresponding fibrous materials since the 

polyester chain polarity can promote the attraction or repulsion of the bacteria as a 

function of its cell wall composition. The effect of nanoparticles agglomeration on 

antimicrobial performance has also been detected for a wide range of polymers and 

inorganic nanoparticles, so that the research scope for these materials has been to 

determine the optimal concentration to lead a good balance in mechanical and 

antimicrobial performance. 



Korina et al. [56, 57] investigated the combination of different electrohydrodynamic 

techniques, thus evidencing that the use of electrospraying and electrospinning leads to 

the metal oxide-coated fibrous material with high surface area prone to attack more 

efficiently to microorganisms. In our research works, when 

electrospinning/electrospraying was used with at least 1 wt.% ZnO nanoparticles, values 

higher than 94% of growth inhibition were achieved. On the contrary, fibrous 

composites materials derived from mere electrospinning exhibited a moderate 

antibacterial activity, which could be related to the low degree of ZnO 

dispersion/exposition and consequently minor interactions between nanoparticles and 

bacteria. 

Recently, Padilla-Gainza et al. [58] have taken advantage of the Forcespinning® 

technique to obtain polyester/ZnO fibrous materials with potential to suppress E. coli 

and S. aureus. The authors evaluated the antibacterial efficiency of PHB- and PLA-

based fibrous composites containing ZnO. In the case of PLA, at a concentration of 5 

wt.%, an inhibition of bacterial growth for both strains exceeded 97%. On the other 

hand, PHB showed an excellent antibacterial performance against both microorganisms, 

observing a slightly higher efficiency at a concentration of 1 wt.%. It is noteworthy that 

the presence of ZnO did not affect the osteoblasts viability, thus increasing the potential 

use of this mats in bone regeneration. 

2.2. Tailoring the bioactive properties of fibrous polyester 

composites 

In many cases, for the design of polymeric fiber scaffolds, it is necessary to consider the 

incorporation of substances that would promote cell-scaffold interactions. Scaffold 

bioactivity in bone tissue regeneration can be increased by incorporating ceramic 

biomaterials, such as laponite nanosilicates, bioactive glasses, calcium phosphates, 

biphasic calcium phosphate, among others [59, 60]. Nevertheless, hydroxyapatite (Hap) 

[Ca10(PO4)6(OH)2] is the most commonly used bioactive component, since it is the main 

inorganic constituent of the bone matrix; specifically, around 69% of the human hard 

tissue bone is Hap [61]. Hap has a Ca/P molar ratio of 1.67 and mostly made up of a 

hexagonal crystal structure. The different crystalline structure of Hap allows it to have 

compositional variations in a biological system. In different reports [62], it has been 



shown that Hap contributes to important biological processes for the regeneration of 

bone tissue, such as osteoconduction [50] (bone growth at the superficial level), 

osteoinduction [63] (pluripotent cells are stimulated to develop bone-forming cells, 

process that induces osteogenesis), and osteointegration (stable anchoring of an implant, 

obtained by direct contact between the bone tissue and the implant) [64]. However, the 

understanding of how Hap stimulates the mechanisms of cell adhesion, proliferation and 

differentiation is a controversial issue that is still under investigation. Currently, 

different fibrous hybrid systems based on biopolyesters and Hap have been studied. In 

this context, it has been reported that these systems offer efficient support for the 

adhesion, growth and osteogenic differentiation of human mesenchymal stem cells 

(hMSCs) [65-67], osteoblasts (MG-63) [68], rat bone marrow cells (rBMSCs) [69], and 

mouse pre-osteoblasts (MC3T3-E1) [70]; properties that have been attributed mainly to 

the presence of Hap. 

As described above, PLA and PHB have received special attention for the design of 

biomedical materials due their versatility to produce systems with different properties. 

In Table 1, hybrid fibrous scaffolds based on PLA and PHB with Hap obtained by 

different spinning techniques are described, with special emphasis on the fiber 

production technique and their biological performance. 

It is interesting to observe the relationship between the fiber diameter and its production 

technique, even considering its dependence with precursory solution properties and 

operational conditions (see the section 1.2.1). Among the techniques described in Table 

1, the systems with the smallest diameters were obtained with the needle/needle-less 

electrospinning techniques, which in turn produced narrower fiber size distributions 

than those obtained with Forcespinning® (see standard deviations). These results have 

a correlation with the scaffold porosity (space between fibers) and pore sizes. High 

porosity and standardized pore sizes improve the 3D material performance to be used 

as scaffolds for tissue regeneration. 

Based on the biological performance, it is difficult to make comparison between fiber 

production techniques, because the results are dependent on type of cells, assay, and 

experimental design. However, it is clear that the Hap incorporation through 

electrospraying improves cell adhesion. The Hap covering on the fibers provides a 

highly rough surface and enables direct and efficient interactions between cells and the 

bioceramic compound. Therefore, the electrospinning/electrospraying approach showed 

improved cell performance (Figure 2) for the systems displayed in Table 1. 



Derivatives of the PHA family, including PHB and poly(3-hydroxybutyric acid-co-3-

hydrovaleric acid) (PHBV), and the three stereochemical forms of PLA, i.e. PLLA, 

PDLA and PDLLA, have shown favorable results in their interactions with different 

types of cells. Hybrid systems including Hap concentration between 15 and 50 wt.% 

have been studied with mesenchymal stem and osteoblast cells. It has been demonstrated 

an inductive effect on the differentiation of h/BMSCs into osteoblasts and the 

osteogenesis. The differentiation has been confirmed by the increase in alkaline 

phosphatase (ALP) activity, indicating an early marker relevant in matrix mineralization 

[71]. Enhanced viability has been found at 20 wt.% which was correlated with the high 

porosity (91%) that could facilitate the diffusive transport of nutrients improving cell 

viability [65]. On the other hand, filopodia formation from osteoblast cells, specifically 

MG63, have been promoted at 11 wt.% of Hap combined with PHBV polymer matrix 

[72]. Osteoblast differentiation have been determined by the presence of osteocalcin, 

obtaining a concentration significantly higher in MG63 cells grown on PLA with 15 

wt.% Hap than in those grown on pristine PLA. Additionally, at this Hap concentration, 

it was found an increased performance in cell growth and viability. A combined effect 

between an adequate Hap concentration content in a 3D structure with wide distribution 

of fiber diameters allows for an efficient cell interaction with the scaffold at 15 wt.% 

system [69]. 

Concerning the Forcespinning® technique, a couple of studies are described in Table 1. 

Padilla et al. [73] reported the design and characterization of PDLLA and PHB scaffolds 

and their performance interacting with human osteoblast-like cells (Saos-2) to evaluate 

their potential in bone tissue regeneration applications. The biological performance was 

evaluated for both polymers at 5 wt.% of Hap. The results showed improved cellular 

response for PDLLA with a cell viability higher than 60%, where the PDLLA-Hap5% 

system promoted an increase of 10% in cell viability test by day 7 of cell interaction. 

This behavior could be attributed to the accessibility to the Hap nanoparticles (NPs) 

within the fibers because most of them were embedded in the PDLLA (Figure 3-f), 

avoiding the NPs-cells interactions for the first and third days of study. The fiber surface 

erosion (hydrolytic degradation) could produce the exposition of greater number of NPs, 

resulting in an increased cell metabolic activity by day 7. Additionally, the surface 

roughness of the final PDLLA fibers (Figure 3-b) could have played an important role 

in the different biological performance observed in the PHB fibers. 

Padilla-Gainza et al. [74] reported an in-depth biological study of a bioactive (Hap) and 

antibacterial (ZnO) PDLLA scaffolds with potential applications for bone regeneration. 

It is important to highlight that the antibacterial evaluation, optimization process, and 



cell viability study [73] previously reported by our research team defined the appropriate 

ZnO and Hap concentrations used for the design of this dual (bioactive/antibacterial) 

hybrid scaffold. The idea to combine ZnO in the final material was to diminish the risk 

to promote the adhesion and growth of pathogenic microorganisms. ZnO has 

demonstrated a selective toxicity for bacteria but exhibits minimal effect on human cells 

[75]. In addition, it has been proven that it exerts a positive osteoconductive and 

osteoinductive effect in mesenchymal cells [76]. The results showed an increased cell 

viability, above 80%, over the test course of days 1, 3, 5 and 7, which could be consistent 

with increased cell number. From day 5, the PDLLA scaffold showed viabilities above 

100% with respect to the positive control, thus suggesting that cells in the positive 

control were near confluence. In the case of fibrous scaffolds, due to a higher surface 

area and adequate pore size, cells continuously proliferated during the tested period. For 

day 7, mitochondria morphology and proliferation studies were further addressed. All 

the scaffolds promoted the growth of MC3T3-E1 cells in clusters within the nanofiber 

matrix. Additionally, the mitochondria morphology showed an interconnected network, 

representing an efficient system to deliver energy or transfer calcium between different 

areas of cells (Figure 4). Complementary osteoblast cells morphology was also studied 

by labeling actin cytoskeletal filaments (Phalloidin) and nucleus (DAPI). It is clearly 

observed in Figure 5, that MC3T3-E1 cells lay on the fibers and surround them, while 

extending in the direction of the fiber. The systems revealed normal cell morphology 

and no signs of necrosis/apoptosis, showing widely spread and spindle-like morphology 

for blank and PDLLA-ZnO 5%-Hap 5%, respectively. As it could be observed in Figure 

5-b, cells were completely in contact with the fibers and some filopodia-like extensions 

were evidenced coming up from the cells towards the fibers (see the arrows), indicating 

favorable cell-fiber interactions. Regarding cell migration (Figure 6), cells were found 

at different depth levels of the scaffold, finding cells down to 37 μm depth from the 

surface. This behavior showed biocompatibility since cells were able to grow embedded 

within the scaffolds. These results suggest that the scaffold could promote the exchange 

of nutrients at different depths given the developed porosity, a feature that is desirable 

in biocompatible materials. This demonstrates a favorable design of the scaffold, as a 

result of its chemical nature, surface porosity, porosity (inter-fiber space) and fiber/pore 

size distribution. 



 

 

Fig. 2 PHB/Hap scaffolds at 15 wt.% of Hap (a) TEM images of single fibers from blend (left 

side) and spray (right side) and (b) MTS assay of hMSC after 1 h of incubation on fibrous 

scaffolds. Bars represent mean values ± standard deviations (n = 4). Asterisks indicate significant 

difference obtained by t-test (p ≤ 0.05). Reprinted from Ramier et al.,[66] Copyright (2014), with 

permission from Elsevier. 

 

 

 

 



 

Fig. 3 SEM images (a, b, and d), TEM (f, g), box chart of fiber diameter (c) and mapping of 

phosphorous element obtained through EDS of PDLLA-Hap 5% system produced at ω 7000 rpm, 

𝑫𝒇
̅̅ ̅̅  and ∅ are the average fiber diameter and porosity, respectively. Reprinted from Padilla et 

al.,[74] Copyright (2021), with permission from Elsevier. 



 

Fig. 4 (a) Resazurin-MC3T3-E1 cell viability test; Ctr.+: positive control (cells grown on glass 

coverslips) was taken as reference to determine the cell viability of the systems. Blank is defined 

by cell interacting with a PDLLA fiber without NPs. The results are presented as the mean of 

three experiments ± the standard deviation of the mean (*p < 0.05, **p < 0.01). (b) MC3T3-E1 

Confocal micrographs (mitochondria are labeled with Mitotracker (red), while DAPI labels cell 

nuclei (blue)) obtained at day 7 of scaffold-cell interaction, after being subject to the cell viability 

test (scale bar: 20 μm). Reprinted from Padilla et al.,[74] Copyright (2021), with permission from 

Elsevier. 

 



 
Fig. 5 Osteoblast cells (MC3T3-E1) morphology observed in PDLLA fiber scaffolds obtained 

through confocal microscopy, cytoskeletal filaments (green) and nucleus (blue): (a) Cell clusters 

found in day 5 (PDLLA blank) and 7 (PDLLA-ZnO 5%-Hap 5%) of the scaffold-cell interaction 

test (scale bar: 20 μm), and (b) SEM images of the osteoblast cells interacting with the fibers from 

PDLLA blank and PDLLA-ZnO 5%-Hap 5%, left and right side, respectively (day 7) (scale bar: 

2 μm). Reprinted from Padilla et al.,[74] Copyright (2021), with permission from Elsevier. 
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b) 



 
Fig. 6 MC3T3-E1 cell growth embedded in PDLLA-ZnO 5%-Hap 5% fiber scaffolds in three-

dimensions. Lateral and upper view of fluorescence confocal Z-stacks (a and c, respectively) 

showing the cell cytoplasm (green) and nucleus (red) of MC3T3-E1 cells (yellow asterisks) into 

the PDLLA-ZnO 5%-Hap 5% fiber scaffolds (white), pointed by yellow arrows, for day 7 of cell-

scaffold interaction. Imaris three-dimensional reconstruction of the fluorescent signal for 

cytoplasm, nucleus, and fiber scaffolds (represented as orange dots for better viewing) are shown 

in (b) and (d). Scale bar for all figures is 30 μm. (For interpretation of the references to color in 

this figure legend, the reader is referred to the web version of this article). Reprinted from Padilla 

et al.,[74] Copyright (2021), with permission from Elsevier. 

 

 

 



 

Table 1  Main characteristics of hybrid fibrous scaffolds based on PLLA, PDLLA, PHB or PHBV with Hap nanoparticles: technique, Hap concentration (CHap), average fiber diameter 

(𝑫𝒇
̅̅ ̅̅ ), pore size, porosity (Ø, inter-fiber space) and biological performance 

System Technique CHap 

(wt.%) 
𝑫𝒇
̅̅ ̅̅  (µm) Pore size  

(µm) 

Ø (%) Biological Performance Ref 

PHB/Hap(blend)  Electrospinning  0 

15 

 

950 ± 160 

640 ± 80 

 

5-15a 

1-7 

 

61a 

61 

MTS assay  

Cell: hMSC 

- PHB/Hap (spray) shown a higher cell adhesion after 1 h 

cell-scaffold interaction than PHB/Hap (blend) 

 

[56] 

PHB/Hap (spray) Electrospinning 

/Electrospraying 

15 950 ± 70 2-11a 77a 

PLLA/Hap Electrospinning 0 

20 

50 

770 ± 350 

840 ± 330 

1030 ± 390 

NR 80 ± 3a 

91 ± 2 

70 ± 4 

MTT assay and ALP activity 

Cell: hMSCs  

-Induce osteogenic and osteoclastogenic differentiation of 

human mesenchymal stem cells. 

[55] 

PHB/Hap Gas-jet/electrospinning 10 NR NR NR MTS assay  

Cell: BMSC 

-Good support for the attachment, proliferation and 

differentiation 

[57] 

PLLA/Hap Needle-less 

electrospinning 

0 

5 

15 

160-340 

287-545 

242-729 

NR NR Cell viability (live/dead viability kit) and osteogenic cell 

differentiation 

Cell: MG63 

-No considerable cytotoxic effect in human osteoblast-like 

MG63. 15 wt.% of Hap presented a higher potential for 

tissue engineering application. 

 

 

 

[59] 

PHBV/Hap Electrospinning 0 

11 

2920 ± 280 

3760 ± 370 

 

NR NR Resazurin assay 

Cell: MG63 

-Hap promoted the filopodia formation increasing the 

specific cell activities 

 

 

 

[62] 

PDLLA/Hap 

Forcespinning® 

 

0 

5 

10 

15 

1030 ± 779 

1890 ± 1050 

- 

- 

NR NR 

95.6 ± 0.1b 

Resazurin assay 

Cell: Saos-2  

-PDLLA systems promoted 

higher cellular response than those formulated with PHB. [63] 

 PHB/Hap 0 

5 

10 

15 

1720 ± 550 

1920 ± 710 

1820 ± 830 

1890 ± 680 

5 to 200c  NR 

92.9 ± 0.1b 

94.4 ± 0.4 

96.2 ± 0.5 

PDLLA/Hap/ZnO Forcespinning® 

 

5 1840 ±1030 2 to 2561.7c 92.7±0.16b Resazurin assay, proliferation and migration study 

Cell: MC3T3 

[64] 



- PDLLA scaffold promoted a favorable cell response, 

with viabilities above 80%. 

- PDLLA-ZnO 5%-Hap 5% scaffold promoted favorable 

cell morphology.  

-Scaffold design promoted a sustained increase in cell 

proliferation and migration into the 3D structure. 

 

MTT assay, (3-(4,5-dimethylthiazol-2-yl)- 2,5-diphenyltetrazolium bromide: it is based on reduction of the MTS tetrazolium by viable mammalian cells to generate a colored formazan 

dye that is insoluble in cell culture media. 

MTS assay, (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium): it is based on reduction of the MTS tetrazolium by viable mammalian cells to 

generate a colored formazan dye that is soluble in cell culture media. 

Resazurin assay, is based on the reduction of oxidized non-fluorescent blue resazurin to a red fluorescent dye (resorufin) by the mitochondrial respiratory chain in live cells. 

NR: not reported 
a Mercury intrusion porosimetry 

b     ∅ = (1 −
𝑚

𝑍∗𝐴∗𝐻∗𝜌
)*100 where m, Z, A, H, and ρ stand for the mass, thickness, width, length of the scaffold and the density of the polymer 

c Pore area in μm2, as determined by the Image J software. 

 

 

 

 

 

 



3 Conclusions 

In this chapter, important aspects about the design of polymeric fibrous composite materials for biological 

applications were addressed. Fiber size and their distribution, porosity (inter-fiber space), surface morphology, 

type of polymer matrix and the incorporation of agents in accurate concentration to prevent bacterial growth 

and improve cell interaction are crucial factors to design promising 3D fibrous structures for tissue engineering 

applications. Electrospinning and centrifugal spinning have been the most extensive technologies used to 

produce fibrous scaffolds. Particularly, PHB and PLA based fibrous scaffolds have been widely used in medical 

applications, and their combination with ZnO and/or Hap have produced promising antibacterial and/or 

bioactive alternatives for wound healing, and bone tissue regeneration. 
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