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Abstract 

Porous biopolymers received an increasing academic and industrial interest finding 

application in several fields such as tissue engineering, bioprocess intensification and 

waste removal.  

Tissue engineering combines the knowledge of materials science and 

bioengineering in order to develop structures able to substitute and restore the normal 

function of injured or diseased tissues. In this context, polymeric 3D or 2D scaffolds 

are widely investigated as temporary cell guidance during the tissue restore. 

Porous biomaterials can offer a versatile and cost effective way for immobilization 

of filamentous microorganisms in submerged fermentation processes for the 

production of biologically active compounds. Engineered biopolymeric membranes 

can lead to an increment of cell densities, improved gas–liquid mass transfer, stimulate 

microbial metabolism, protect cell from unfavorable agents, and preserve their 

physiological activity thus resulting in a net increment of bio-productivity. 

Finally, in the recent years, much effort has been dedicated to the development of 

sustainable and inexpensive sorbent materials for oil/water separation based on natural 

fibers, which combine attractive properties such as renewability, biodegradability, 

high specific strength and modulus, low density and environmental friendliness. In this 

context, porous bio-materials can act as a multifunctional devices able a combining 
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the properties of sorbents materials and that of the organic carrier able to enhance the 

activity and viability of oil-degrading cells for bioremediation. 
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Introduction 

1.1 Overview 

Polymeric materials obtained by renewable sources and with potential 

biodegradability and/or bioactivity are becoming more and more interesting both from 

an academicals and an industrial point of view [1–10]. In particular, porous 

biopolymers received an increasing interest thus finding application in several 

technologically advanced fields such as biomedical devices [11,12], bioprocess 

intensification [13,14] and waste removal [15]. The success of porous biopolymers, 

can be ascribed to several factors such as the relative easy processability if compared 

with other materials. In fact, they can be produced melt in a 3D molded monolithic 

form [11] or in thin films [16] thus providing significant advantages in many practical 

applications. Furthermore, the diversity of synthetic routes for biopolymers facilitates 

the design and/or modification of structures capable of incorporating multiple 

chemical functionalities into the porous framework or at the pore surface [17]. 

Moreover, biopolymers can easily be filled with nanoparticles thus enhancing certain 

properties or adding new, in the prospective of multifunctional porous materials [16].  

1.2 Biopolymers and their Bulk and Surface Modification 

Porous biomaterials for advanced applications can be either natural or synthetic. 

However, synthetic biopolymers offer several advantages over natural materials since 

they are more available in the market, they usually exhibit higher mechanical 

performance and they can be tailored to give a wide range of more predictable 

properties. In this context, the most common biodegradable synthetic polymers being 

used or studied for advanced applications include polylactic acid (PLA), polyglycolic 

acid (PGA) and polycaprolactones (PCL) [16,18,19]. On the other hand, natural 

biopolymer such as collagen (COL), hyaluronic acid (HA) and chitosan (CS) are 

widely used in the preparation of scaffold for biomedical applications [20–30] or as 

oily waste removal in the case of cellulosic porous structures [15,31,32]. 
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On the basis of the final application, surface chemistry of biopolymers could be not 

adequate and needs modifications able to preserve the favorable bulk characteristics 

of the biomaterial, such as strength and degradation ability [33]. For instance, the 

surface of most synthetic polymers is hydrophobic and exhibit a low surface energy 

(SE) value thus negatively affecting the polymer-cell interactions [34]. 

Among the several approaches proposed for the surface modification of polymers, 

low-pressure plasma has gained great scientific and industrial importance [34,35]. 

Plasma can be described as an energetic medium composed of radicals, atoms, 

electrons, positively and negatively charged ions, and molecules, which are obtained 

by using outer energetic source [36]. It is often used to improve adhesion of coatings, 

wettability, printability, bio-compatibility and other surface related properties of 

polymers [34,35]. On the other hand, in order to improve oil/water selectivity in 

biopolymeric sorbent for oily waste removal, superhydrofobic surfaces are required 

[15,37–40]. 

1.3 Functionally Graded Porous Biopolymers 

Functionally graded porous biopolymers are usually developed in tissue 

engineering field. Tissue engineering combines the knowledge of materials science 

and bioengineering in order to develop structures able to substitute and restore the 

normal function of injured or diseased tissues. In this context, polymeric three-

dimensional scaffolds are widely investigated as temporary cell guidance during the 

tissue restore [41–43].  

It is well known that living tissues are characterized by a gradient of different cell 

type, extracellular matrix (ECM) morphology, mineral amount and composition as 

well as mechanical response. Designing functionally graded scaffolds (FGS) requires 

the examination of the hierarchical structure of native tissues from the microbiological 

level up to the tissue structure in order to recognize and exploit the relationships 

between structure and function. The main challenge of this strategy lays in finding 

methods able to customize, as much as possible, each region of the scaffolds in order 

to achieve the best regenerative performance taking into account both the tissue and 

the patient requirements [44]. Bilayer structures are usually intended for scaffolds 
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designed for osteochondral repairs. In fact, osteochondral defects involve both bone 

and cartilage as well as their interface. Thus, the possibility to tune specific tailored 

properties in different regions of the scaffold just integrating two layers with different 

chemo-physical properties is a key challenge that can led to a superior osteochondral 

repair, compared with monolayered scaffolds.  

Multilayer systems are characterized by assembling three or more layers in a single 

structure in order to achieve a gradient of properties such as pore size [44–51], pore 

shape [52], mineral content [26,53,54] or chemical cues [38,50,55–61]. Multilayer 

scaffolds are usually designed  for osteochondral repairs [45,46,50,51,54,60] but they 

were also developed for cranial [61], vascular [62], human dermis [48] and tendon-

bone interface [56] regeneration. The principal alternative to bilayer and multilayer 

scaffolds are the continuous gradient scaffolds. These scaffolds may overcome the 

problem of inefficient binding between different layers while displaying a continuous 

change in terms of material composition, pore architecture or growth factors type [63–

66].  

 

1.4 Main Applications of Porous Biopolymeric Structures 

1.4.1 Tissue engineering 

Tissue engineering (TE) is a rapidly growing, interdisciplinary field within the 

health sciences that is devoted to the manufacture of intact tissue and organ constructs 

by imitating natural biological development [67]. The field aims to regenerate whole 

biological components outside the body for eventual replacement therapy (i.e. 

implantation) via the manipulation of cells, natural or synthetic cell-supporting 

scaffold materials, and bioactive molecules. TE holds promise in addressing the urgent 

need of all surgical subspecialties requiring viable, transplantable body parts for the 

reconstruction of a myriad of anatomic structures. For instance, TE has shown 

potential to address major problems in transplantation, such as donor organ shortage 

and the need for lifelong immunosuppression, by (1) serving as a potentially 

inexhaustible source of tissues and organs and (2) circumventing the need for 
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immunosuppression by growing tissue via the expansion of autologous cells [68]. To 

date, the main technology used for the biofabrication and subsequent implantation of 

hollow organs (i.e. trachea) involves the seeding of cellular material onto supporting 

scaffold material. Cell-scaffold technology relies on the principle that cells require a 

supporting structure to proliferate and exert function [45].  

The ideal TE scaffold is a transient structure that degrades over time while allowing 

regenerated tissue to take its place. These scaffolds are often constructed from 

biomaterials which, in addition to providing a suitable 3D or 2D porous structure, can 

lend biological and mechanical signals to induce cell growth and differentiation 

[69,70]. In this sense, the ideal biomaterial should recapitulate the form and activity of 

the ECM that supports the seeded cells in vivo. 

The importance of imitating ECM should not be understated. In the past decade, it 

has become increasingly apparent that it plays a fundamental role in the viability and 

functionality of cells, tissues, and organs. Thus, a deeper understanding of the 

relationship between ECM and cells will facilitate the manufacturing of better 

scaffolds [71]. 

In designing the next generation of advanced biomaterials, it must be taken into 

consideration that body tissues and organs are highly specialized in structure and 

function. Variations in ECM are likely to parallel the specializations of their 

corresponding tissues. Thus the design of a single, all-encompassing biomaterial is not 

a practical design goal [72].  

The most widely used natural polymers to fabricate tissue engineering scaffolds 

include fibrin, collagen, gelatin, chitosan, alginate, and hyaluronic acid [22,73–76]. 

Fibrin is a non-globular fibrous protein, and plays a critical role in blood clotting by 

polymerizing into a mesh over a wound site. It forms a tight complex with thrombin 

and it has been used in mixtures with thrombin to produce an in situ forming gel. Type 

I COL, which is the most abundant collagen of the human body is found in tendons, 

skin, artery walls, and fibrocartilage, and can be extracted from animal tissues. COL 

and gelatin, which is a denatured form of collagen, can form porous gel matrices, are 

also used to functionalize the surface of synthetic polymers to enable cellular 

attachment [69]. CS is a cationic polysaccharide with hydrophilic properties, which is 

used as a scaffolding material to support cell adhesion and differentiation, and owing 
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to its osteoconductive nature, it is particularly applied for bone tissue engineering [75]. 

Alginate is an anionic polysaccharide, which is widely derived from cell walls of 

brown algae. In the presence of divalent cations such as Ca2+ it is capable of forming 

gels with a high swelling degree [25]. HA is an anionic nonsulfated 

glycosaminoglycan, which is mainly found in connective, epithelial, and neural 

tissues. It forms crosslinkable hydrogels with various modifications and is highly cell 

repellent [77]. 

The synthetic polymers used for fabricating tissue engineering scaffolds can be 

grouped into synthetic and natural polymers. Biodegradable synthetic polymers 

commonly used for this purpose include poly(a-hydroxyester)s, polyanhydrides, and 

polyorthoesters [68]. The poly(a-hydroxyester)s such as PLA, PGA and its 

copolymers, used in the form of a solid foam, are the most extensively applied as 

biodegradable scaffolds [11]. Biodegradable polymers, which are approved by the 

Food and Drug Administration (FDA), can easily be processed into various structures 

of 3D matrices, and thus are preferred for scaffold engineering over non-biodegradable 

polymers. Most notably, poly (lactide-co-glycolide) (PLGA) copolymers are 

advantageous biodegradable materials for fabricating tissue engineering scaffolds, due 

to the tunability of degradation behavior and mechanical properties through changing 

the combination ratios of constituents to match the specific requirements for the tissue 

to be regenerated. By carefully optimizing the degradation behavior of the polymer, it 

is possible to engineer scaffolding materials with comparable degradation rates to the 

rate of tissue formation and ECM production, which would ultimately result in a 

successful regeneration of the damaged tissue. It should be noted that biodegradable 

polymers degrade into acidic products, which might hinder cell adhesion and growth. 

This problem can be overcome by using biocompatible hydrophilic polymers such as 

poly(ethylene glycol) (PEG) functionalized with cell-adhesive groups [45,46]. 

1.4.2 Bioprocess Intensification 

Most of industrially relevant bioproducts are produced by means of submerged 

cultivations of microorganisms. In this context, actinomycetes, Gram-positive 

mycelial bacteria, are very prolific producers of naturally occurring bioactive 
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molecules, including most of clinically relevant antibiotics as well as a wide range of 

enzymes of industrial interest [78,79]. In these bacteria, the biosynthesis of bioactive 

molecule is coupled with a complex physiological developmental program as 

demonstrated in Streptomyces coelicolor, a model strain producing various bioactive 

metabolites, including the blue colored polyketide antibiotic actinorhodin (ACT) 

[13,80,81].  

The production of enzymes and bioactive molecules from actinomycete strains take 

place mostly by means of submerged (i.e. in a liquid growth medium) fermentations 

in bioreactors, including industrial processes. However,  submerged fermentations is 

far away from reproducing the real life-style of terrestrial actinomycetes, like 

streptomycete species which are characterized by a saprophytic growth of mycelia 

cells on solid organic substrates from plants and fungi [82]. Therefore, actinomycete 

submerged fermentations usually require an optimization of bacterial growth 

parameters for the development of a robust and economically feasible production 

process.  

During actinomycete submerged fermentations, one of the most frequent factors 

negatively affecting bio-production deals with the formation of mycelial cell pellets 

[83,84]. In this way, inner mycelium usually suffers starvation and/or hypoxia due to 

a bad diffusion of nutrients and oxygen [84,85].  

Immobilization of filamentous microorganisms in submerged fermentation 

processes for the production of biologically active compounds has become more and 

more attractive. More in detail this strategy offers some peculiar advantages over free 

mycelial cells, such as augmented cell densities, improved gas–liquid mass transfer, 

stimulate microbial metabolism, protect cell from unfavorable agents, preserve their 

physiological activity and the possibility of increase cultivation life, which result in a 

net increment of bio-productivity [13,14,86–90]. 

In this context, porous biomaterials can offer a versatile and cost effective way to 

improve the bioprocess of submerged bacterial fermentation. 
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1.4.3 Oily Waste Recovery: Sorbent Materials and Bioremediation  

Oil pollution is one of the environmental concerns that are currently becoming a 

major issue in the petroleum industry. The importance of oil pollution issues becomes 

correspondingly significant with the increase of petroleum activities. Sources of oil 

pollution may arise from the run-off of oil from onshore facilities and from oil tanker 

spills during transportation. Annually, the amount of oil that is transported across the 

international sea, are about five millions tones [91].  

The current methods of controlling oil spills include using booms [92], skimming 

[93], and burning the oil on the surface of the water [94]. These techniques are time 

consuming and energy inefficient, and they create pollution and require excessive 

energy for recovery of the oil. Offshore, where turbulent conditions exist, the use of 

booms and the skimming method might not be feasible due to the propensity for oil to 

disperse in sea water. Burning is the most economical method to eliminate the oil, but 

the time required to burn the oil can lead to its dispersion, depending on the wind 

direction, and even worst, burning the oil causes high CO2 emissions into the 

environment [95].  

Therefore, it is preferable to use sorbents to recover the spilled oils because of their 

peculiar properties such as uptake capacity, uptake rate, buoyancy, oil retention, 

durability, reusability and recoverability of the oil that has been absorbed by the 

sorbent. In the recent years, much effort has been dedicated to the development of 

sustainable and inexpensive sorbent materials based on natural fibers, which combine 

attractive properties such as renewability, biodegradability, high specific strength and 

modulus, low density, and environmental friendliness [96]. Cotton [97,98] wooden 

chips [99], kapok [100,101], rice straw [100,102], banana fibers [103] and kenaf [97] 

have been considered as oil sorbents, but the lack of oil/ water selectivity and the poor 

toughness of these materials have driven the research community to look for better 

alternatives such as cellulosic aerogels [15] or synthetic biomaterials [104]. 

In this context, bioremediation is a promising non-invasive and cost-effective 

technology that could help a more effective and sustainable recovery of contaminated 

water and sediment. Successful delivery of bioremediation requires a combination of 

expertise from such diverse fields as engineering, biology, and biotechnology. In the 
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last few years, the application of biotechnological processes that involves 

microorganisms with the objective of solving environmental pollution problems, is 

rapidly growing. One of the key points for bioremediation is maintaining high biomass 

of bacterial populations. To improve the survival and retention of the bioremediation 

agents in the contaminated sites, bacterial cells must be immobilized. 

Immobilized cells have been extensively used in the production of useful chemicals, 

treatment of wastewaters and bioremediation of pollution cause of its longer operating 

lifetime and enhanced stability and survival of the cells [105,106]. Ideally, the carrier 

material would be biodegradable, available in large quantities, low cost, and have the 

appropriate physical properties to allow for sufficient aggregation of specific 

microorganisms useful for bioremediation [107]. The carrier materials that have been 

studied include sawdust, wheat bran, calcium alginate, potato starch fiber, Styrofoam 

and polyurethane foams [107–114] but be applied in an oil-polluted marine 

environment, the carrier material should float. A floatable formulation makes it easier 

for degraders to have contact with the oil pollutant [115,116]. 

The type of support media used for anoxic biomass immobilization can affect the 

efficiency of a bioreactor as well as the number of cells adhering to the support. In this 

context, porous bio-materials can act as a multifunctional devices able a combining 

the properties of sorbents materials and that of the organic carrier able to enhance the 

activity and viability of the cells. 
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2 State of the Art and Aim of this Work 

2.1 Strategy for Fabricating Porous Biopolymers 

Particulate Leaching 

Particulate leaching (PL) is one of the popular techniques that are widely used to 

fabricate porous biopolymers, in which a porogen agent is used to create the pores or 

channels in the 3D polymeric structure.  

Polymer and porogen agents can be combined by melt mixing by heating the system 

above the polymer’s glass transition temperature. After solidification, the composite 

is subjected to leaching to obtain the final porous structure. The principal advantages 

of this method lay in the absence of organic solvent during the preparation. 

Scaffaro et al. prepared by melt mixing PCL and PLA based scaffold for 

osteochondral defects using NaCl as porogen agent and PEG as co-porogen agent. The 

authors demonstrated the high control and predictability of the pore size distribution 

by tuning the NaCl crystals size (from 20µm to 500 µm) and the porosity of the 

biopolymeric structures simply changing the amount of NaCl particles 

[11,13,19,43,46,117].  

Oh et al., prepared hydrophilic porous scaffold in PLGA/polyvinyl alcohol (PVA) 

by melt molding and particulate leaching. The scaffolds exhibited highly porous and 

open-cellular pore structures with pore size in the range 200–300 μm and porosity 

about 90% [118]. 

Reignier and Huneault prepared interconnected PCL porous scaffolds by a 

combination of polymer and salt particulate leaching. In the first step of this technique, 

a co-continuous blend of two biodegradable polymers, PCL and polyethylene oxide 

(PEO) and a certain amount of NaCl particles are melt blended using a twin screw 

extruder. Subsequently, extraction of the continuous PEO and mineral salts using 

water yields a highly porous PCL scaffold with fully interconnected pores [119]. 

On the other hand, particulate leaching is used with solvent techniques. In 

particular, they involve casting the dissolved polymer around a suitable porogen, 
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drying and solidifying the system. After, the porogen agent is removed by using a 

selective solvent.  

Tang et al. prepared PLGA based scaffold by using this method and a gelatin-

microsphere template as porogen [49]. Liao et al. used NaCl as porogen agent for 

PLGA obtaining a highly porous three-dimensional scaffold (>85 vol %) with a well 

interconnected porous structure [120]. 

Wu et al. used a “room-temperature” injection molding/particulate leaching 

approach for fabrication of biodegradable three-dimensional porous scaffolds made in 

PLGA. In this approach, a “wet” composite of particulate/polymer/solvent was used 

in processing, and thus the injection was not performed at melting state. Appropriate 

viscosity and flowability were obtained at a certain solvent content so that the 

composite was able to be injected into a mold under low pressure at room temperature 

thus avoiding thermal degradation of polyesters [121]. 

Sin et al. reported an enhanced solvent casting/particulate leaching (SC/PL) method 

developed for preparing three-dimensional porous polyurethane (PU) scaffolds for 

cardiac tissue engineering. The enhanced method involved the combination of a 

conventional SC/PL method and a step of centrifugation, with the centrifugation being 

employed to improve the pore uniformity and the pore interconnectivity of scaffolds 

[122]. 

Hou et al. proposed a technique for the preparation of porous polymeric structures 

involving coagulation, compression molding and particulate leaching. The technique 

combines the advantages of thermal processing methods and particulate leaching. A 

high molecular weight polymer solution in an organic solvent containing dispersed 

water-soluble salt particles is precipitated into an excess of non-solvent. The polymer–

salt composite is then processed by thermal processing methods into devices of varying 

shapes and sizes, which can subsequently be extracted to give the desired porous 

structures. The porosities of the scaffolds could be varied between 70% and 95% by 

adjusting the polymer to salt ratio and the pore size could be controlled independently 

by varying the leachable particle size [123]. 

Particulate-leaching is a simple technique to fabricate porous polymeric scaffolds 

with a controlled degree of porosity and pore size, which is achieved by controlling 

the amount of salt added and the size of the salt particles respectively. The porogen 
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agent are usually hydrosoluble solid particles such as NaCl or sucrose but often,  

hydrosoluble polymers such as PEG were used in order to improve the porous 

interconnections [11,45,46,124].  

 

Electrospinning 

Electrospinning is a versatile, simple and cost-effective technique that produce 

polymer fibers employing electrostatic forces. Nanofibers are basically fibers with 

diameters on the order of a few hundreds of nanometers. These nanofibers possess 

high surface area which is favorable for many applications such as tissue engineering, 

waste removal or controlled release [125–127].  

The basic configuration of electrospinning consists of three major components: (i) 

a high-voltage power system, (ii) a fiber collector, and (iii) a spinneret. The spinneret 

is directly connected to a syringe, which acts as a reservoir for the polymer solution to 

be electrospun. This polymer solution can be fed through the spinneret with the help 

of a syringe pump at a steady and controllable feed rate. The fiber-collecting device is 

positioned in front of the spinneret, with an appropriate gap (usually a few 

centimeters). A high-voltage/low-current power system is required for the conversion 

of polymer solution to a charged polymer jet. The electric voltage (usually up to 30 

kV) is applied across the spinneret and the grounded metallic counter electrode (fiber 

collector) to facilitate the charged jet to eject from the spinneret tip toward the surface 

of the fiber collector.  

In order to be able to perform electrospinning experiments with the aim of achieving 

fibers with a target diameter, a predetermined surface topology, is needed controlling 

various parameters characteristic of electrospinning. Following list and range of the 

most relevant parameters governing electrospinning technology: 

 

Electric and material parameters and ranges [128]: 

 Molecular weight of selected polymer species 104 – 107 g/mol 

 Applied voltage 5 – 100 kV 

 Solution flow rate 0.01 – 1 ml/min 

 Polymer concentration 1 – 40 wt% 
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 Electrode distance 1 – 100 cm 

System parameters characteristic of the spinning solutions: 

 Surface tension 20 – 75 mN/m 

 Electric conductivity 0.05 – 30 mS/m 

 Dielectric permittivity 15 – 90 

 Shear viscosity 20 – 300 000 cP 

 Viscoelastic relaxation time 2 – 500 ms 

Charge characteristics affecting the jet deformation: 

 Current 1 – 10 000 nA 

 Surface charge density 10− 8 – 10− 6 C/cm 

 

Control of Nanofiber Diameters 

The diameter of the nanofibers produced by electrospinning is a key parameter for 

most of the applications envisioned for such fibers and the nonwovens composed of 

them. The diameter of the nanofibers controls structural features such as pore sizes and 

specific surface areas in nonwovens that, in turn, affect the selectivity of filters, the 

permeability of filters, and catalytic activities in systems using nanofibers to 

immobilize catalysts or the cell proliferation in tissue engineering relying on 

nanofiber-based scaffolds. A feature unique for electrospinning is that fiber diameters 

down to just a few nanometers can be produced particularly from polymer solutions. 

However, the diameter can also be extended up to more than 10 μm if required. So, 

the task is to find out first of all which spinning parameters have the strongest impact 

on the fiber diameter, and secondly how to adjust these parameters to obtain specified 

fiber diameters consistently and reproducibly. Spinning solution and its polymer 

concentration are key parameters. 

One key factor controlling the diameter of the nanofibers produced in 

electrospinning is the stretching to which the fluid jet is subjected during the course of 

the spinning process with the major stretching taking place in the bending instability 

regime–the higher the stretching of the jet the smaller the diameter of the final fibers. 

A further powerful approach towards modifying fiber diameters over a broad range 

consists in varying the polymer concentration within the spinning solution keeping the 
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feeding rate about constant. A low polymer concentration will cause, first of all, a 

strong shrinkage of the fiber diameter due to solvent evaporation. However, the effect 

of polymer concentrations can cause a fiber diameter variations amounting to a factor 

of 100 and more. A major effect of a variation of the polymer concentration on 

resulting fiber diameters comes obviously also from the corresponding strong variation 

of the viscosity and the viscoelastic response of the fluid jet to deformations. In fact, 

it is well known that, usually, an increasing viscosity lead to an increase in fiber 

diameter. 

A further approach towards controlling the fiber diameter consists in adding 

components that vary the electric conductivity of the solvent. An increased 

conductivity tends to increase the charge density at the surface of the jets, thus 

decreasing the tendency of droplet formation during electrospinning.  

Another factor affecting the fiber diameter is the variation of the distance between 

the spinning die and the counter electrode. Various effects may contribute to fiber - 

diameter variations as the distance is decreased among them an increase in the electric 

field, a suppression of later stages of elongational processes induced by the bending 

instability or the suppression of the complete evaporation of the solvent. It is for this 

reason that again the induced fiber-diameter variations vary strongly with the polymer 

system under consideration.  

An approach that has more recently come into the focus of electrospinning is to use 

a mixture of a solvent selected for the polymer under considerations, adding a certain 

amount of a nonsolvent in order to obtain more stable electrospinning processes and a 

more reproducible preparation of fibers with a given diameter. The best-known 

example is electrospinning of polyamides, in particular polyamide 6 (PA 6), in 

mixtures of the solvent formic acid with the nonsolvent acetic acid. A rather broad 

range of solvent/nonsolvent concentrations can in principle be exploited to induce a 

stable spinning process. It is well known that this approach can be used also for other 

polymer/solvent systems. Yet, so far no real explanation has been offered for the 

underlying effects. It seem possible that a major effect comes from the induction of 

heterogeneous regions in the spinning solution. 

Electrospinning permit to produce core–shell fibers composed of polymer shells 

and cores or of low molar mass materials as core and a polymer shell, or even to 
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produce hollow fibers by using coaxial needles. In coaxial electrospinning two dies 

arranged in a concentric configuration are connected to two reservoirs containing 

different spinning solutions in this approach. 

A variety of materials including biodegradable polymers such as PLA and PCL, as 

well as water-soluble materials such as (PEO), (PVA), and natural polymer such as 

COL, silk protein, and other peptides have been electrospun [129–134].  

 

Gas Foaming 

The gas foaming fabrication of biopolymers is widely exploited for the fabrication 

of highly porous scaffolds for tissue engineering. This process involves saturating a 

polymer solution with carbon dioxide at a high pressure (800 psi) which results in the 

phase separation of clustered carbon dioxide molecules and the creation of pore 

nucleation, a process called "foaming" [135].  

Upon the completion of the foaming process, the polymeric scaffold turns into a 3D 

porous structure with expanded polymeric volume and a decrease in polymeric 

density. The amount of carbon dioxide dissolved in the polymer solution determines 

the porosity and porous structure of the scaffolds. However, the porous structure 

fabricated using this technique often lack the suitable pore interconnectivity, and thus 

are too compact for the use in tissue engineering. By combining gas foaming with salt 

leaching the porosity of the scaffolds is controlled by the use of salts [136]. Using this 

method, the polymer to be expanded in the foaming process comes together around 

salt particles to create a well-connected polymeric network. 

 

Phase Separation 

The phase separation scaffold fabrication technique involves demixing of a 

homogeneous polymer solution by using either another solvent or lowering the 

temperature to the point below the bimodal solubility curve [137]. This technique 

separates the polymeric solution into polymer-lean and polymer-rich phases. Polymer 

is dissolved in phenol or naphthalene, followed by the dispersion of biologically active 

molecule in these solutions. By lowering the temperature a liquid-liquid phase is 

separated, and quenching the mixture below the freezing point of the solvent forms a 

two phase solid, which is subsequently freeze dried to produce porous scaffolds with 
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bioactive molecules integrated into that structure [138]. The porous structure achieved 

by the phase separation technique can be finely tuned by adjusting the various 

thermodynamic and kinetic parameters such as the selection of solvent phase 

separation temperatures. An advantage of the phase separation technique is that it can 

easily combine with other fabrication technology (particulate leaching) to design three 

dimensional structures with control pore morphology. However, the drawback of using 

this technique is the lack of pore interconnectivity in the resultant scaffold [139]. The 

coarsening process and the use of surfactants can be applied to improve the uniformity 

of the pore size and pore morphology of the scaffold [137]. 

 

Freeze-drying 

The freeze drying technique provides a rapid method for fabricating 3D porous 

biopolymers [140,141]. This technique involves creating pores by freezing the 

polymer solution and removing the solvent crystals by lyophilization under high 

vacuum. The polymeric solution can either contain water (i.e., emulsion-based freeze 

drying) or be devoid of water (i.e., non-emulsion-based freeze drying). The polymer 

solution is cast in a metal mold, followed by freezing under high vacuum, which causes 

the removal of solvent from the polymer and the creation of interconnected pores in 

the resultant device [142].  

A variety of biocompatible polymers have been utilized to fabricate biopolymeric 

porous structures using the freeze drying technique. Representative polymers include 

silk proteins [143], PGA, PLA [144] and PLGA. Parameters such as freezing rate, 

temperature, and pH influence the pore size; for example, a fast freezing rate results in 

smaller pores. Main advantages of this technique are that it eliminates a salt-leaching 

step which could have compromised the purity of the scaffold by the trace amount of 

salt remaining in the scaffold and the possibility to achieve high porosity (higher than 

90%). However, this technique often requires organic solvents, potentially dangerous 

for biomedical application and a long processing time [145]. 

 

Rapid Prototyping  

Rapid prototyping (RP), also referred to as solid free-form (SFF) technique, is 

comprised of a group of mechanical processes technologies that fabricate a 3D object 
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in a layer-by-layer fashion. The RP applies computer-aided design (CAD) and 

computer-aided manufacturing (CAM) programs to build highly complex structures 

by layering a series of thin 2D slices (i.e., cross sections) with defined properties 

[146,147]. The cross sections are designed by CAD programs, and corresponding to 

each cross section, the RP machine fabricates layers of materials which are laid down 

one at a time, moving from the bottom to the top to build the porous structure with 

predefined properties such as porosity, interconnectivity, and pore size. Those 

characteristics are very important for tissue engineering because enable this technique 

to fabricate anatomically shaped scaffolds. The RP methodologies include 

stereolithography (SLA), selective laser sintering, ballistic particle manufacturing, and 

3D printing. SLA, which is one of the most common types of RP, operates by 

patterning a photopolymer using a laser beam. RP is an efficient technique for 

generating the porous structures with defined properties such as size, shape, pore 

size/interconnectivity, etc. Major advantages of this technique include high 

reproducibility of the porous architecture and composition, the ability to control 

mechanical properties and degradation kinetics of the final product, which can result 

in fabrication of biomimetic scaffolds, with a variety of designs and material 

compositions for particular applications or for various tissue engineering purposes 

[147–150]. However, the main drawback of this technique currently is its low 

resolution and limitation in the choice of polymeric materials that can be applied for 

this technique [68]. 

 

Phase inversion method 

Phase inversion process is an effective and convenient method and has been 

investigated well. A majority of polymeric membranes applied in oil/water emulsion 

separation have been prepared by phase inversion process [151,152]. In this process, 

a homogeneous polymer and solvent mixture are cast as a thin film or a hollow fiber 

shape, and then immersed into a nonsolvent coagulation bath. The film with a 

symmetric or asymmetric structure is formed by the diffusional interchange of solvents 

and nonsolvents across the interface between casting solution and non-solvent 

coagulant [153]. By means of phase inversion process, blending two or more specific 

substances with hydrophilic and hydrophobic structures and properties with 
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engineering polymers for instance poly(vinylidene fluoride) (PVDF), polysulfone 

(PSF) and polyethersulfone (PES) on account of their eminent chemical resistance, 

thermal stability and mechanical strength [154,155], which has the advantages of easy 

preparation for anticipatory properties and well-controlled porosity, is an efficient way 

to develop potential polymeric membranes applied in oil/water emulsion separation. 

A superhydrophobic-superoleophilic PVDF membrane was fabricated by Jiang and 

coworkers via an inert solvent-induced phase-inversion process [156]. The obtained 

PVDF membranes, for the first time, were able to efficiently separate both micrometer 

and nanometer-size surfactant-free and surfactant stabilized water-in-oil emulsions 

solely driven by gravity, with high flux and separation efficiency (oil purity in filtrate 

after separation > 99.95wt%). 

2.2 Strategy for Fabricating Functionally Graded Porous Biopolymers 

Porous biopolymeric devices with engineered chemical, physical and mechanical 

properties can play a crucial role in several fields, such as biomedical but also waste 

treatment and bioprocess intensification [19,46,157,158]. 

The development of porous laminates composed by different kinds of biopolymer 

allow  controlling several parameters by tuning the properties of each single layer and 

by eventually assembling them into a single device [41,62,159]. For instance, this 

feature is of main concern for interface tissue engineering (ITE), a rapidly developing 

field that aims to the production of structures designed either to repair or to regenerate 

diseased or damaged zones at the interface of different types of tissue. Interface tissues 

are more complex than the homogeneous ones because of the presence of multi-phasic 

and/or anisotropic structures that gradually change from one tissue to another 

[41,157,159]. The desire to mimic these natural structures has driven biomechanical 

engineers to develop custom-made bio-inspired materials with mechanical properties 

similar to natural tissues [53,62,66]. Usually, porous multiphasic laminates are 

developed by 3D printing, suturing, glue or press fitting two/three layers, even if the 

best challenge is achieving a well joint monolith presenting functionally graded 

properties [25,41,55,160–166]. 
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In general, functionally graded scaffolds fabrication strategies can be categorized 

in i) bi-layered or ii) multilayered depending on the number of layers composing the 

whole structure. In other cases, scaffolds are characterized by a continuous gradient of 

one or more specific properties that cannot be related to the presence of well 

distinguishable layers. Furthermore, FGS can be multiphasic [11,60,167] or 

monophasic [45,46,157] since a single material can also be used to produce 

multilayered scaffolds if a significant variations in physical properties among the 

layers (i.e. porosity, pore size or pore shape) is present. 

Bilayer structures are usually intended for scaffolds designed for osteochondral 

repairs. In fact, osteochondral defects involve both bone and cartilage as well as their 

interface. Thus, the possibility to tune specific tailored properties in different regions 

of the scaffold just integrating two layers with different chemo-physical properties is 

a key challenge that can led to a superior osteochondral repair, compared with 

monolayered scaffolds.  

Multilayer systems are characterized by assembling three or more layers in a single 

structure in order to achieve a gradient of properties such as pore size [44–51], pore 

shape [52], mineral content [26,53,54] or chemical cues [38,50,55–61]. Multilayer 

scaffolds are usually designed  for osteochondral repairs [45,46,50,51,54,60] but they 

were also developed for cranial [61], vascular [62], human dermis [48] and tendon-

bone interface [56] regeneration.  

The principal alternative to bilayer and multilayer scaffolds are the continuous 

gradient scaffolds. These scaffolds may overcome the problem of inefficient binding 

between different layers while displaying a continuous change in terms of material 

composition, pore architecture or growth factors type [63,64,139,168–171].  

 

Particulate Leaching 

Several researchers fabricated bilayer or trilayer scaffolds by particulate leaching. 

The FGS system can be prepared by solution casting of the biopolymer in a mold 

containing hydrosoluble particles with two or more different size distribution [172–

174]. When biopolymer/porogen composites are prepared by melt, the multilayer 

structure is usually prepared by an iterative compression molding. This procedure 

enable the preparation of FGS presenting different pore size distribution [19,46,117], 
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chemical composition [11,167] or both [11]. Furthermore, this strategy enable 

achieving a gradient of nanofillers such as hydroxyapatite (HAp)   likely able to 

enhance the biomimetic properties of the scaffold [175].  Particulate leaching allows 

tuning the porosity and pore size by simply tailoring the size and concentration of 

porogen agents. On the other hands, the pore shape is strongly affected by the porogen 

geometry that is difficult to control. 

 

Freeze drying 

The versatility of freeze-drying lays in the possibility to obtain multilayer constructs 

via an iterative technique that allows the material composition and scaffold 

microarchitecture to be specifically tailored in each region of the scaffold. 

Levingstone et al., adopted this method to prepare threelayered scaffold mimicking 

the native composition of subchondral bone ECM. The articular cartilage-mimicking 

layer, was composed by a rich glycosaminoglycan content and type II collagen. The 

cartilage-mimicking layer of the scaffold was made by type I collagen, type II collagen 

and HA. Finally, the bone-mimicking layer was prepared with type I collagen and HA 

[55]. Zhu et al. used a similar approach to fabricate a CS based fourlayered scaffold 

presenting a porous structure able to mimic the cartilage ECM. The Collagen/CS–

PCL/CS scaffolds presented hierarchically distributed average pore-size and porosity 

as well as interconnected porous structure [51]. 

Kon et al., Yusong et al., and Algul et al. prepared threelayered scaffolds made by 

CH, gel and collagen, respectively, by overlapping layers with increasing amount of 

mineral phases. The assembled layers were then freeze-dried obtaining a biomimetic 

interconnected porous structure [53,54,176]. The main advantage of freeze-drying lays 

in the possibility to obtain highly porous, multilayer constructs through an iterative 

technique that can be adopted for a wide range of polymers. On the other hand, the 

method is not easy to be scalable at an industrial level, and it is usually adopted for 

small prototypes. 

 

Electrospinning 

Multi-layer electrospun scaffolds are usually developed by consecutively 

electrospinning different materials.  
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Wang et al. used this technique to prepare a threelayer scaffold for cranial defects. 

The inner PLA layer was designed to reduce tissue adhesion on brain. The middle 

layer, made by PLA/PCL blend, was designed to avoid water infiltration. Finally, the 

collagen-based outer layer was designed to promote cell adhesion. The mechanical and 

in vivo biological test demonstrated that the multilayer scaffold has a sufficient 

mechanical strength and adequate biochemical properties to be potentially used for 

cranial repairs [61].  

Bye et al. used the same approach to prepare poly(3-hydroxybutyrate-co-3-

hydroxyvalerate) (PHBV)/PCL or PLA multilayer scaffolds demonstrating the 

reliability of these systems as bio-barriers for preventing cell penetration [58].  

Electrospinning is a versatile technique for fabricating nano/microscale fibers, 

which has a great potential for mimicking the microenvironment of natural ECM by 

controlling a large number of parameters such as flow rate, potential, distance between 

syringe and collector and so on. Moreover, this approach allows preparing scaffolds 

constituted by different layers in an easier way with respect to other technique. On the 

other hand, the intrinsic morphology of the porous structures is often difficult to be 

permeated by cells, without specific precautions.  

2.3 Porous Biopolymer-based Nanocomposites 

Several biopolymers often shows relative low mechanical properties and an 

intrinsic poor hydrophilicity and, consequently, a low cellular affinity [177]. For these 

reasons, several scientific researches focused on the development of high performance 

porous biopolymers such as post-process surface modifications [17], blends with other 

biopolymers [178] and/or the use of nanofillers [179–181]. More in detail, the 

scientific literature reports a wide number of nanofillers used for improve their 

mechanical performance such as multiwalled carbon nanotubes [180], biopolymeric 

nanoparticles [181], nanoclays [182] and nano-hydroxyapatite [183]. Among these, 

graphene and its derivatives are now considered the most promising fillers for the 

development of high performance materials [184,185]. In particular, the use of 

graphene oxide (GO) as a precursor provides the possibility to exploit the variegated 

oxygen moieties useful to covalently attach several specific compounds, thus 
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extending and diversifying its application fields [186]. Graphene is the name given to 

a flat monolayer of carbon atoms tightly packed into a honeycomb-like carbon lattice 

where the sp2 hybridized carbon atoms are arranged in a regular hexagonal pattern in 

a 2D layer [187]. Although having been studied for over sixty years and widely used 

for describing the properties of various carbon-based materials, graphene was believed 

to be unstable with respect to the formation of curved structures such as fullerenes or 

nanotubes. Unexpectedly, Geim and Novoselov proved in 2004 that free-standing 

graphene was possible [188]. Graphene and graphene-derived materials have aroused 

a great deal of interest because monolayer graphene has been shown to be about 100 

times stronger than steel with a theoretical modulus around 1 TPa and strength of 150 

GPa [189], to conduct electricity better than copper in the in-plane direction and to 

show improved barrier properties due to its platelet-like morphology. Also, owing to 

its atomic thickness, graphene presents a high specific surface area with high 

possibility of interaction with other substrates [187]. Nevertheless, as happens with 

other nanosized graphitic structures, single layer graphene synthesis is still 

challenging, especially in terms of attaining considerable quantities for industrial 

implementation. Two main types of graphene-derived materials have been gaining 

ground in terms of possible large-scale production: reduced graphene oxide (RGO) 

and graphene nanoplatelets (GnP). RGO may be obtained by the chemical or thermal 

reduction of GO, usually synthesized through the oxidation of graphite by means of 

the Hummers method [186,190,191]. Nonetheless, reduction of GO generates 

structural defects in the carbon lattice, considerably reducing the electrical properties 

when compared to pristine graphene [187]. GnP, which are unique nanoparticles 

consisting of short stacks of graphene sheets obtained by the previous intercalation of 

small molecules between graphite layers and later mechanical/thermal exfoliation 

[192], have surged as a possible alternative to RGO.  

2.4 Surface Modification of Biopolymeric Porous Structures 

Bulk modification is a strategy whereby surface properties are changed by 

modifying the bulk of the polymer matrix. Polymer blending or the use of nanofillers 

are widely studied in order to change surface properties such as wettability roughness. 
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For instance, cell-signaling peptides are incorporated into the biomaterials, and the 

resulting  recognition sites are not only present on the surface but also in the bulk of 

the materials [193]. This is mostly beneficial for applications focusing on injectable 

biomimetic materials. The encapsulation of cells within these materials is desirable for 

localized delivery by injection, thus avoiding a surgical procedure.  

Surface modification differs from bulk modification in this respect that an 

object/film is fabricated from a bulk material and subsequently only the surface is 

modified. It is possible to categorize the different available surface modification 

strategies in several ways. For example, some processes are single-step processes; 

others consist of two or more subsequent steps in order to achieve the desired 

modification. A surface can be changed chemically by introduction of functional 

groups or by covalent coupling of molecules onto the surface. Another approach is the 

physical adsorption of a polymer onto the surface. This is, for example, the case for 

dip-coating processes [194], but we will not include all of these physical surface 

modifications except for self-assembled monolayers (SAMs), which are also based on 

physical interactions.  

The most common industrial techniques for direct surface modification include 

flame treatment, metal deposition, irradiation techniques, and corona-discharge 

techniques.  

The modification of a surface by grafting polymers onto the surfaces can also be 

achieved in a variety of manners. Graft polymerization can be achieved by an ionic 

mechanism, a coordination mechanism, coupling mechanism or free-radical 

mechanism. The free-radical mechanism can be subdivided in chemical grafting, 

mechano-chemical grafting and radiation induced-grafting. Radiation-induced 

grafting can be achieved by using different kinds of radiation. High-energy radiation 

such as γ-rays, X-rays and electron beams are known as ionizing radiation. Midenergy 

radiation, mostly UV rays, laser or plasma sources and low energy radiation (infrared, 

ultrasonic, microwave (MW) and visible sources) can bring about desired changes in 

the polymer backbone depending upon the irradiation time and energy of radiation. 

 

Wet Chemical Surface Modification 
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A first class of methods includes the wet-chemical methods. This involves the 

reaction between a chemical compound in solution and a surface. Classic examples 

include aminolysis and alkaline or acidic hydrolysis. Treatment with hydrogen 

peroxide is considered a wet chemical method. The hydroperoxides, which are thus 

introduced on the surface, serve as initiation sites for the subsequent grafting of vinyl 

monomers. 

Hydroxyl and carboxyl end-groups are generated when a polyester is hydrolyzed 

via autocatalytic cleavage of main-chain ester-bonds [195]. Normally roughness and 

hydrophilicity of the surface increase [196]. In some cases, both enhanced cell 

attachment and spreading are reported. In general, subsequent immobilization of 

natural proteins tends to increase cell adhesion and viability [197,198]. As for 

hydrolysis, this also is a surface degradation reaction, roughness also tends to increase, 

and thus wettability increases. Characterization of surfaces is a rather specific field 

with specific complications and limitations. It is challenging to evaluate to what extend 

the change in wettability is due to the introduction of amine groups on the surface,  and 

to what extend the increased wettability can be attributed to the increased roughness.  

Recently, the surface modification of commercial polymer sponges, such as 

polyurethane and melamine sponges, have tuned the surface properties of the sponges 

from hydrophilicity to superhyphobicity, which has attracted considerable attention 

[199–206]. Due to their low density, high porosity, three-dimensional skeleton 

structure, good elasticity, and flexibility, polymer sponges have exhibited excellent 

sorption of both water and oil, making them impractical for highly efficient and 

selective removal of oils from water [199]. However, the modification of sponges 

through coating hydrophobic materials on their surfaces can tune the surface property 

of a sponge from hydrophilicity to superhydrophobicity, resulting in great 

improvement of the sorption selectivity. Thus, far, several materials have been used to 

modify the surface properties of commercial sponges, such as hydrophobic polymers 

[201,203], superhydrophobic activated carbon [205], carbon nanotubes (CNTs) [206] 

and graphene [200,202]. Zhu et al. modified polyurethane sponges by initially coating 

sponge skeletons with a film of copper via electroless deposition and subsequently 

modifying the skeletons with superhydrophobic and superoleophilic coatings through 

a solution-immersion process [199]. The obtained superhydrophobic sponges 
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exhibited selective sorption of various oils up to 13 times their weight and sorption 

capacity retention of about 50–90% after nine cycles. In another study, Zhou et al. 

impregnated polyurethane sponges with ferric chloride and 

perfluorooctyltriethoxysilane (PTES) and subsequently vapor-phase-polymerized 

pyrrole to produce superhydrophobic coatings of PTES–polypyrrole [201]. The as-

prepared sponge selectively absorbed oil from water with high uptake capacity, as 

much as 20 times its own weight and the sorption capacity retention of about 85% after 

5 cycles. Wang and Lin recently reported a method to modify the surface properties of 

polyurethane sponges by repeatedly dip-coating them in a 

CNT/poly(dimethylsiloxane) (PDMS) solution, drying them, and finally curing them 

at 120 °C for 6 h.(30) The obtained superhydrophobic CNT–PDMS-coated sponges 

exhibited good oil sorption capacity, up to 25 times their own weight. 

Dip coating is a simple old way of depositing onto a substrate, especially a uniform 

thin film of liquid for solidification into a coating. The basic flow is steady, and in it 

film thickness is set by the competition among viscous force, capillary (surface 

tension) force and gravity. Thickness and uniformity can be sensitive to flow 

conditions in the liquid bath and gas overhead. The faster the substrate is withdrawn, 

the thicker the film deposited [194].  

In general, these wet chemical methods are very useful, but some drawbacks should 

be noted. The most important disadvantage is that these reactions are nonspecific, 

introducing a range of functional groups. The degree of surface modification may not 

be repeatable comparing polymers of different molecular weight, crystallinity, or 

tacticity.95 Irregular surface etching  as indeed been reported [207]. As this surface 

degradation affects the outer shell of the device a loss of mechanical properties93 or 

faster degradation might be the case. Surface modification of surfaces treated with 

hydrogen peroxide has also been reported. Hydrogen peroxide decomposes to 

hydroxyl radicals, which are more reactive than other oxidative chemicals by applying 

ultraviolet radiation [208]. This technique is used to create hydroperoxide groups on 

polymers by immersing samples in hydrogen peroxide solution and simultaneous 

irradiation with UV-light [209]. This is called photooxidization. 

 

Dry Surface Modification 
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Ozone treatment 

Ozone can be used as such, but it was found that a combination of ozone and UV 

irradiation increased the kinetics of the process significantly. This observation could 

be attributed to different pathways for both methods [210]. UV-ozone treatment of 

different materials such as polyethylene (PE), poly(etheretherketone), poly(vinyl 

fluoride), and PS were studied [211–213]. As for wet-chemical treatment, it can be 

stated that this is a nonspecific technique. Furthermore, the surface composition will 

depend on the cleaning procedure. In addition, reorientation at the surface seems to 

occur [212]. Another concern is the degradation of polymers, which is known to be 

enhanced by ozone [214]. 

 

UV-Treatment and Photografting 

UV treatment has been extensively used for surface graft polymerization of 

polymers in the presence of a photoinitiator or photosensitizer [215,216]. Depending 

on the chemical structure of the grafted polymer, different functionalities are 

introduced to the surface. UV can be applied while the sample is kept under vacuum 

conditions, or submerged in an inert gas such as argon, or covered with monomer 

solution. Often, the photoinitiator, mostly benzophenone (BPO), is either precoated on 

the substrate or present in solution. UV light excites the BPO, which can abstract 

hydrogen atoms from the polymer film when it relaxes, thus creating free radicals on 

the surface. Some authors have reported the introduction of polymers with amine-side-

chains. The photoinduced graft polymerization of acrylamide on polypropylene (PP) 

membranes for the improvement of the antifouling properties was reported [217]. 

 

High-Energy Radiation 

The most common radiation types, used in industry, include γ-radiation and e-beam 

radiation [218]. Ion beams are used in order to achieve ion implantation in the outer 

surface layer or to deposit coatings. Many different ions have been employed for 

irradiating polymers such as hydrogen and helium atoms, as well as ions of gold or 

uranium [218]. Ion implantation does not directly introduce functional groups onto the 

surface but the surface chemistry, and thus the surface properties, are changed. 
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For the treatment of polymers, it should be noted that high-energy irradiation can 

cause additional chemical effects. Free radicals can recombine, leading to cross-

linking. Chains can be cleaved, leading to degradation of the polymer [219,220]. These 

processes occur mostly simultaneously. Higher-energy radiation is considered not a 

viable route for the modification of most biodegradable polymers [221,222]. 

 

Non-thermal Plasma treatment 

Plasma treatment can be used to directly or indirectly introduce different 

functionalities on inert surfaces. Direct modification includes the reactive NH3 plasma, 

which is known to introduce, among others, amines, where O2 plasmas introduces a 

mixture of mainly COOH and OH functionalities. Argon plasmas are typically used to 

introduce free radicals. Indirect modification is based on the grafting of polymers 

bearing the desired functionalities onto the surface. Both strategies and recent 

advancements in the field will be discussed extensively in the next paragraph.  

The use of plasma modification techniques has some major advantages. First of all, 

some techniques will influence the mechanical properties of the outer layer of an 

implant. It is clear that wet chemical treatment of a surface will cause a partial 

degradation and scissions of the polymers at the surface, leading to a decrease of 

mechanical strength and leading to a faster degradation. A comparative study 

demonstrated that the structural and chemical integrity of PLGA 3D scaffolds was 

adversely affected by wet chemical methods [223]. Another advantage is that plasma 

enables to uniformly change surfaces, regardless of the geometry. The technique can 

be used on complex objects such as 3D components for tissue engineering or artificial 

organs [224], nanoparticles and films [225]. Another major advantage is that the use 

of hazardous solvents can be avoided, as plasma is a solvent-free technique. 

In plasma technology, nonthermal plasmas are generated by an electrical gas 

discharge. The application of a strong electric field to a neutral gas ensures ionization 

in the gas volume and the created charged particles are accelerated in the applied 

electrical field. Especially the electrons are affected by the field due to their light mass 

and gain most energy. They achieve high temperatures (105-106 K), while the heavy 

ions efficiently exchange their energy by collisions with the background gas and thus 

remain cold. The gas temperature is below 473 K. On collision between energetic 
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electrons and neutral molecules, radicals are created. These radicals play an important 

role in the chemical activity of the plasma. As a result of the low gas temperature, 

plasma surface treatment is applicable to heat-sensitive materials, such as biopolymers 

[226]. Typical for surface modification developed plasma sources is that they operate 

at low pressures (10-3-1000 Pa). At low pressure the discharge is more stable, and it is 

easier to control the plasma reactions. A long mean free path of the gas particles 

guarantees only few collisions and thus only a small reduction in the number of 

chemically active species. 

The application field of plasma technology is growing very fast. Moreover, 

increasing demands from industry encourage the continuous development of more 

efficient and more flexible plasma techniques. Therefore, it can be noticed that in 

recent plasma technology research, large efforts are made to develop atmospheric 

pressure technology-based plasma reactors to overcome the disadvantages of low 

pressure. Because there is no need for vacuum devices, the investment costs are much 

lower, and atmospheric plasma technology can easily be scaled up to industrial 

dimensions and integrated in in-line processes [227]. 

2.5 Aim of this Work 

Porous biopolymeric structures are rapidly developing for different advanced 

applications such as biomedical, bioprocess intensification and oily waste recovery.  

Porous structures properties such as pore morphology, porosity, mechanical 

performance and wettability can be tuned in several ways, involving both processing 

and post-processing parameters.  

Since it cannot be identified an optimum for each final application, each device has 

to be engineered in order to achieve the best performance in the required field of 

application. For instance, the pore size distribution can drive the cell migration and 

differentiation for tissue engineering while the development of functionally graded 

porous structures can support different cell lines.  The use of nanofillers can lead to 
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increase the mechanical performance of the material and, at the same time, enhance its 

surface property for the final application.  

In this work several biopolymeric porous structures were prepared by using two 

main approaches: particulate leaching and electrospinning. The devices were designed 

and prepared for three main applications: tissue engineering, bioprocess intensification 

and oily waste removal. 

The processing-morphology-properties relationships were evaluated by considering 

both processing and post-processing parameters such as pore size distribution, the use 

of nanofillers and surface chemical treatments. 
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3 Experimental 

3.1 Materials and Processing 

This section of PhD thesis deals with the description of the materials used in this 

work.  

3.1.1 Materials 

PLA and PCL were chosen as polymeric matrix of the porous structure developed 

in this PhD thesis.  

The PLA used in the frame of this work was a sample purchased by Natureworks 

(PLA 2002D, density 1.24 g/cm3) while PCL, Mw=80000 Da, was purchased by 

Sigma Aldrich, as well as NaCl (purity > 99%, d = 2.17 g/cm3), calcium chloride 

(CaCl2, purity>93%, ρ=2.15 g/cm3) and PEG, Mw = 2000 Da.  

For the solution of PCL dichloromethane (DCM) and ethanol (EtOH) were used, 

while for PLA solutions, chloroform and acetone (Ac) were used  

For the GO-g-PEG synthesis, neat graphite (grade Ma 399, 45 μm) was purchased 

by NGS Naturgraphit (Germany). Phosphoric acid, sulfuric acid, hydrochloric acid, 

potassium permanganate, hydrogen peroxide solution, ethanol, diethyl-ether, 1,1′-

carbonyldiimidazole (CDI), ethylenediamine, sodium sulfate, chloroform, N-(3-

dimethylaminopropyl-N′-ethylcarbodiimide) hydrochloride (EDC), Dulbecco's 

Phosphate Buffered Saline (DPBS), Triton X-100 and tripotassium 

ethylenediaminetetraacetate (K3-EDTA) were purchased by Sigma Aldrich. 

Collagen used in this work was a Rat Tail Collagen (purchased by Corning). 

Dulbecco Modify Eagle Medium (DMEM) was purchased by Sigma Aldrich as well 

as the 46,׳-diamidino-2-phenylindole (DAPI). The Fetal Bovine Serum (FBS) by Euro 

Clone while the carboxyfluorescein succinimidyl ester (CFSE) was purchased by 

CellTrace™ CFSE, Life Technologies. The AlamarBlue Cell Viability Reagent was 

purchased by Invitrogen. 
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Water of double distilled quality was obtained from MilliQ Plus systems (Millipore, 

Germany).  

 

3.1.2 Melt Mixing and Particulate Leaching 

3D Porous structures were prepared by combining melt mixing, compression 

molding and particulate leaching as schematically presented in Figure 1.  

 

Figure 1 - Schematic representation of the fabrication rout of 3D porous structures 

Before melt mixing, dried NaCl (45 grams at time) was put in an automatic sieving 

machine (Figure 2A) for 30 minutes at the highest available frequency without 

occurring in resonance. NaCl was collect in several fractions, ranging from 1000 to 

salt particles size smaller than 45 µm as schematized in Figure 2B. 

 

Figure 2 - A) Automatic sieving machine used for NaCl; B) Picture of the materials used for the preparation of 
3D PLA porous structures. 

PLA (or PCL), PEG and NaCl, with weight percentage composition of respectively 

20/5/75, were fed to a batch mixer (Plasticorder PLE-330 Brabender, Germany, Figure 
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3).  The temperature was set to 190°C in the case of PLA and to 100 °C for PCL, the 

rotor speed was 64 rpm, the mixing time was around 10 minutes, in order to ensure 

achieving a constant value of torque.  

 

Figure 3 – Laboratory batch mixer (Plasticorder PLE-330 Brabender, Germany) 

Thereafter, the samples were fed out and rapidly cooled in liquid nitrogen. The 

materials collected were ground and compression-molded in a laboratory press 

(Carver, USA, Figure 4) at 190 °C for PLA and 100°C for PCL at 180 bar in 

appropriate cylindrical molds with a diameter of 10 mm and different widths.  

 

 

Figure 4 - A) Mold and blend before compression molding; B) Laboratory press (Carver, USA); C) Mold and 
blend after compression molding 

The pre-compressed monolayers were eventually assembled by further 

compression molding in order to obtain functionally graded porous structures. 



 

PREPARATION AND CHARACTERIZATION OF BIOPOLYMERIC POROUS STRUCTURES FOR 

ADVANCED APPLICATIONS 

32 
 

Finally, the porogen part of the blends (NaCl and PEG) was removed by selective 

leaching in demineralized water for 5 hours Figure 5A,B. The resulting structure were 

then allowed to dry for 12 hours at room temperature Figure 5C. 

 

 

Figure 5 - A) Blend before leaching; B) Leaching step in demineralized water; C) 3D porous structures after 
leaching and drying in fume hood. 

A sterilization step was needed in order to use the scaffold as biological support. 

The polymeric devices were sterilized for 24 h with ethanol (EtOH) 70% under 

vacuum to allow the pores filling; porous structures were then thoroughly washed with 

complete PBS. Thereafter, in order to prevent cells to drop on the culture plate and to 

encourage a fast cell adhesion in the scaffold, the polymeric supports were treated with 

collagen at 100 μg ml−1. 

3.1.3 Electrospinning 

 

Figure 6 - Electrospinning equipment (Linari Engineering-Biomedical Division, Italy). 
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A conventional electrospinning equipment (Linari Engineering-Biomedical 

Division, Italy) was used to prepare nanofibrous mats in PCL and PLA, as shown in 

Figure 6. The polymeric solutions were prepared as follows: 

 10 wt% of PCL was dissolved in DCM:EtOH (8:2 vol) 

 10 wt% of PLA was dissolved in CHCl3:Ac (2:1 vol) 

For both system the presence of the non-solvent was chosen in order to obtain 

smooth fibres morphology, as discussed above.  

Typically, the solution was filled in a 10-ml glass syringe fitted with a 19-gauge 

stainless steel needle, and then the electrospinning was performed at a series of 

constant parameters: flow rate, 1 ml/h; distance between the needle tip and the 

collector, 15 cm; supplied high voltage, 15 kV; temperature, 25 °C and relative 

humidity, 40%. The obtained nanofibers were collected on a grounded rotary drum 

(diameter = 100 mm) and collected on an aluminium foil.  

The speed of the rotary drum could be changed from 5 rpm up to 200 rpm thus 

controlling the orientation of the fibres. Usually the collecting time was 90 min. The 

collected scaffolds were subsequently dried for at least 2 days under fume hood in 

order to remove any residual solvents. 

3.1.4 Plasma treatments 

PLA electrospun membrane was treated in a plasma reactor (Tucano, Gambetti, 

Italy, Figure 7) with polarized anode at radio frequency (13.56 MHz).  

 

Figure 7 - Plasma reactor (Tucano, Gambetti, Italy) 

The process was carried out in four steps: i) reaction chamber from ambient 

pressure to 0.2 mbar; ii) stabilization of the inner pressure (5 s); iii) air inlet and plasma 
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reaction (see below for further details); iv) venting to ambient pressure (about 100-150 

s). The initial pressure in the chamber was 0.2 mbar. After air inlet (P = 0.3 mbar) and 

during plasma treatment the total pressure was 0.5 mbar. The airflow mass rate was 

kept at 10 sccm by using two mass flow controllers. For the modification of PLA, the 

power was set at 50 W and the reaction time was 30 s. The treatment was repeated 

twice in order to expose both surfaces of the PLA film to the electrode. The plasma 

modified electrospun PLA mats will be denominated PLA-plasma. 

3.1.5 Amino-terminated-PEG synthesis 

Amino-terminated-PEG was obtained as described in the scientific literature by 

Ranucci et al. [228]. Briefly, a mixture of PEG (6 g, 3 mmol) and CDI (2.5 g, 

15 mmol) in anhydrous chloroform (30 ml) was stirred for 30 min at room 

temperature, diluted with further chloroform (100 ml) and washed with water 

(3 × 50 ml). The organic phase was collected, dried on Na2SO4 and filtrated. A 

solution of ethylenediamine (3.5 g, 60 mmol) in chloroform (30 ml) was added and 

the resulting mixture was stirred for 2 h at room temperature. The product was washed 

with 10% aqueous potassium nitrate solution (3 × 50 mL) and water (50 ml), dried 

over Na2SO4 and evaporated in vacuo. The colorless solid obtained was used without 

further purification for the reaction of coupling with GO. 

3.1.6 PEGylation of GO 

GO Figure 8 aqueous suspension (1 mg/mL) was sonicated for 1 h to give a clear 

solution. The amino-PEG (Figure 8A) above described (10 mg/mL) and EDC 

(10 mg/mL) were added and the resulting mixture allowed to react overnight (Figure 

8B).  

The final product (GO-PEG, Figure 8C) was obtained by centrifugation at 4000 rpm 

for 1 h. The viscous, brownish slurry was dialyzed (Spectra/Por® Standard RC tubing; 

MWCO 12–14 kDa) against demineralized water for 24 h (Figure 8D) and then freeze-

dried under the following conditions: −30 °C and 600 μbar overnight to achieve the 

corresponding PEGylated-GO aerogel (GPA, Figure 8E). 
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Figure 8 - A) GO (black) and PEG-NH3 (white); B) GO and amino-PEG reacting; C) GO-PEG slurry; D) Slurry 
dialysis; E) PEGylated GO standing on Taraxacum officinalis.  

3.1.7 Cells Lines And Culture Conditions 

For the biomedical applications of the porous structures, the following cell lines 

were utilized: MC3T3-E1, osteoblastic from mouse C57BL/6 calvaria and NIH3T3, 

fibroblastic from Mouse Swiss NIH embryo (ECACC, European Collection of Cells 

Cultures). Each cell line was grown in DMEM added with 1% glutamine; 1% 

antibiotics and 10% of FBS. These cell lines were chosen as models due to their 

different size, with the aim to investigate the influences of different pore size on their 

migration and proliferation inside the functionally graded porous scaffold.  

For the bioprocess intensification, Streptomyces coelicolor A3(2) (ATCC BAA-

471) spore suspensions were prepared in aqueous glycerol solution (20% v/v) 

according to Kieser et al. [229]. The spore amount was quantified by counting the 

colony forming units (CFU) by seeding serial dilutions of spore suspension aliquots 

on growth medium agar plates incubated at 30°C for at least two days. 

For both free- and immobilized-cell cultivations, S. coelicolor spores (108/mL) 

were inoculated into 50 ml sterile flasks containing 10 ml R5A liquid medium [229] 

and incubated at 30°C on orbital shaker (200 rpm). Three independent series of 

cultures were prepared and processed as biological replicates. All the procedures were 

carried out in sterile conditions. 

In order to evaluate the usability of 3D porous structure for bioremediation, two 

high potential degrading bacterial strains were cultured. Nocardia cyriacigeorgica 

SoB, belonging to Actinobacteria class [230] and Alcanivorax borkumensis SK2 
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belonging to Gammaproteobacteria [231]. The strains were selected for ability to 

degrade a wide range n-alkanes (C8-C36 SOB strain, C5-C32 and alkane branched 

SK2 strain). Nocardia SoB was grown in the  Bushnell–Haas mineral medium (BH; 

Difco) with 1% (v/v) hexadecane (C16)  as the sole carbon source at 30°C  for 7 days 

with continuous shaking at 200 rpm. Alcanivorax borkumensis SK2 was inoculated in 

Onr7a mineral medium supplementing with 1% (v/v) of hexadecane C16 and 

cultivated under the same condition. Control culture on BH and ONR7a medium 

without the hydrocarbon (HC) were also inoculated. The strain was cultivated also in 

mineral medium agar plates, the HC source was supplied by placing a filter paper on 

the lid of the Petri dish with 100µl of C16. Control plates on medium without the HC 

were also inoculated. The resulting pure culture of each degrading bacterial strains was 

used in subsequent experiments. 

The hydrocarbons-degrading strains, were inoculated in 3 ml of mineral medium 

(ONR7a and BH respectively) with 3D polycaprolactone scaffolds containing 

hexadecane as the sole carbon source (1% v/v). The cultures were incubated at 30°C 

with shaking at 200 rpm for 48h. Control culture on BH and ONR7a medium 

containing scaffold saturated with hexadecane without the HC were also inoculated. 

Before treatment all the 3D scaffolds were sterilized by exposure to UV for 30 minutes. 
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3.2 Characterizations and Numerical Analysis  

The following section deals with the description of the characterization methods 

herein adopted. Results will be presented and discussed in the following chapters. 

3.2.1 Design of Experiments Using the Taguchi Approach 

Taguchi has given the discipline and the structure of design of experiment (DOE), 

so that experimenters that work in different parts of the world employ similar design 

and obtain similar results [232]. First, he has established a set of orthogonal arrays 

(OAs), each of which can be used to describe a large number of experimental 

situations; second, he has devised a standard method for the analysis of the results.  

The symbolic designation for the arrays carries the key information on the size of 

the experiment; in the L8 orthogonal array, the number 8 indicates 8 runs are required. 

One basis property of the OAs is that each parameter is tested at each level the same 

number of times; so, the values of the parameters are tested in a fair and balanced 

manner [233]. Experiments design by OAs are attractive thanks to experimental 

efficiency, but there are some potential tradeoffs. OAs work well when the interaction 

between factors are minimal, that is the effect of one factor does not change with the 

level of another factor [234]. Moreover, the best combination of the factors could not 

be in the runs performed because the OAs only represents a portion, which includes 

all the independent combinations of the factors chosen, of all the possible experiments 

[234]. Nevertheless, the combination of standard experimental design techniques and 

analysis methods, in Taguchi approach, has produced consistency and reproducibility 

rarely found in any other statistical method. 

The Taguchi’s technique includes several steps. After the problem identification, it 

follows: 

1. Brainstorming to identify all influencing factors to be included in the study; 

setting of their levels. 

2. Design of experiments by selecting the appropriate Taguchi’s orthogonal array. 

3. Running of the experiments. 

4. Analysis of the results to determine the optimum conditions. 
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5. Confirmation experiment. 

These steps are in contrasts with the traditional techniques in which some initial 

ideas are tested, followed by other ideas and tests and so on. Before beginning the 

experimental runs, Taguchi’s approach decides the entire process, i.e. the factors, the 

levels, how run the tests, how analyse the results. Taguchi’s approach can be employed 

to obtain the optimal values of parameters for the configuration design with the 

minimum number of investigation. 

3.2.2 Analysis of Variance  

The analysis of variance (ANOVA) is the most common statistical method applied 

to results, in a factorial design of experiments, to determine which factors examined 

have most influence on the property of interest. The effect of one factor represents the 

variation of the response of interest of the process varying the levels of the same factor. 

ANOVA computes quantity called sum of squares, degree of freedom, variance and 

variance ratio and organizes in standard tabular format [232]. ANOVA uses a F-test to 

determine the statistically significant factors within the confidence interval examined. 

To better understand the analysis applied in this study, we first explain how to apply 

ANOVA to a L8 matrix with seven factors each at two levels (our case study). 

Table 1 - L8 Taguchi orthogonal array for a seven parameters and two-levels experiment. The additional 
column on the right is related to the values obtained for the generic property studied. 

Expt. no. A B C D E F G Property y 

1 1 1 1 1 1 1 1 y1 

2 1 1 1 2 2 2 2 y2 

3 1 2 2 1 1 2 2 y3 

4 1 2 2 2 2 1 1 y4 

5 2 1 2 2 1 1 2 y5 

6 2 1 2 1 2 2 1 y6 

7 2 2 1 2 1 2 1 y7 

8 2 2 1 1 2 1 2 y8 

 

Table 1 displays the L8 OA with an additional column related to the values obtained 

for the generic property to be maximized. The A-G letters refer the seven factors 

investigated, each at level 1 or 2, while “y1” represents the mean value of the property 

obtained from the experiment no. 1, “y2” represents the mean value of the property 

obtained from the experiment no. 2, and so on. 
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ANOVA partitions total variation of one property into its appropriate components 

[235]: the variation due to each factor, the variation due to the interaction between 

factors and the variation due to error. Taguchi methodology only takes into account 

the variation due to each factor and not the interactions between factors and the error. 

The equation of the total variation can be defined as 

Eqn.  1:   𝑆𝑆𝑇 = 𝑆𝑆𝐴 + 𝑆𝑆𝐵 + 𝑆𝑆𝐶 + 𝑆𝑆𝐷 + 𝑆𝑆𝐸 + 𝑆𝑆𝐹 + 𝑆𝑆𝐺                     

where SST = total sum of squares, SSi = sum of squares due to i-factor (i=A,B,…G) 

SST is the measure of the total variation of the property, while SSi is the measure of 

the variation of the property due to the individual factor. The sum of squares for the 

factor A, column 1, is 

Eqn.  2:   𝑆𝑆𝐴 =
(𝐴1−𝐴2)2

𝑁
 

where N is the number of observations (equal to 8 for L8 array), A1 and A2 are the 

sum of the values yi related with the level 1 and the level 2, respectively, of the factor 

A. That is 

Eqn.  3:   𝐴1 =  𝑦1 + 𝑦2 + 𝑦3 + 𝑦4                     

Eqn.  4:   𝐴2 =  𝑦5 + 𝑦6 + 𝑦7 + 𝑦8                     

In the same way are calculated the sum of squares related to the other factors SSB, 

SSC, SSD, SSE, SSF, SSG. While performing ANOVA, the degrees of freedom (DOF) 

have also to be considered together with each sum of squares. The total degrees of 

freedom DOFT are calculated: 

Eqn.  5:   𝐷𝑂𝐹𝑇 = 𝑁 − 1 = 8 − 1 = 7                     

The degrees of freedom of the factor A are: 

Eqn.  6:   𝐷𝑂𝐹𝐴 =  𝑘𝐴 − 1 = 2 − 1 = 1                    

where kA is the number of levels of factor A. At the same way, the degrees of 

freedom of the other factors are equal to 1. The next step calculates the variance (V) 

due to i-factor, as the sum of squares of the factor divided its degrees of freedom: 

Eqn.  7:   𝑉𝑖 =
𝑆𝑆𝑖

𝐷𝑂𝐹𝑖
                    

where i= A, B, …G. 

In ANOVA studies, error variance determination is very important. Since Taguchi’s 

matrices do not assign columns for error evaluation, the column factor with the 



 

PREPARATION AND CHARACTERIZATION OF BIOPOLYMERIC POROUS STRUCTURES FOR 

ADVANCED APPLICATIONS 

40 
 

smallest effect is considered assigned to the error and used to evaluate the error 

variance Ve [234]: 

Eqn.  8:   𝑉𝑒 =
𝑆𝑆𝑒

𝐷𝑂𝐹𝑒
                   

where SSe is the sum of the squares due to the error (variation due to the error), 

coincident with the smallest value among SSi values, and DOFe indicates the degrees 

of freedom of the error; by definition DOFe= DOFT – Σ DOFi.  

The tool to see which design parameters are statistically significant on the quality 

characteristic is called F-test. Obtained data are used to estimate F value: 

Eqn.  9:   𝐹 =
𝑉𝑖

𝑉𝑒
                     

This value of F calculated, Fcalc, is compared with the value Fcrit obtained by proper 

tables (F-tables) as a function of confidence level, degrees of freedom of the numerator 

and degrees of freedom of the denominator (namely error). Each combination of this 

three information is related to one Fcrit value. The confidence levels generally taken 

into account are 99%, 95% or 90%. A factor is statistically significant when the 

condition Fcalc>Fcrit is verified, otherwise the factor is not statistically significant. 

When there are not statistically significant effects, a better evaluation of error 

variance can be carried out by merging the effects of more columns. This combination 

of the effects is called pooling. There are two strategies of pooling, the pooling up and 

the pooling down [234]. The strategy of pooling up, applied in this study, involves the 

F-test execution on the column effect immediately larger than the smaller effect (taken 

as error). If the new effect is also not statistically significant, the two effects are 

gathered together and assumed as error to test the effect of the next larger column. This 

iterative process goes on until there is statistical significance. Since the effect of the 

error increases, it may occur that no effect is significant. 

 

3.2.3 Morphological Analysis 

Morphology of the porous structures was evaluated by scanning electron 

microscopy (SEM), (Phenom ProX, Phenom-World, Figure 9A).  
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Figure 9 – A) Scanning electron microscopy, (Phenom ProX, Phenom-World); B) Sample broken under liquid 
nitrogen 

The samples, broken under liquid nitrogen (Figure 9B), were attached on an 

aluminum stub using an adhesive carbon tape and then sputter coated with gold 

(Sputtering Scancoat Six, Edwards) for 90 s under argon atmosphere before imaging 

to avoid electrostatic discharge during the test. 

3.2.4 Image Processing 

Total porosity is usually measured by gravimetry [236,237]. Mercury intrusion 

porosimeter allows measuring both the open porosity (i.e. of the pores that are 

reachable by the mercury) [236,237] and the pores dimension [238], by using the 

Washburn equation [238]. Moreover the open porosity can be calculated also by liquid 

displacement method [239]. In this case, a specimen of the porous material is 

immersed in a known volume of liquid that, on increasing pressure, gives information 

on its empty volume. 

However, biomaterials are often very soft and can be significantly deformed or 

damaged under strong pressures thus modifying the actual pore size. Moreover, if the 

pores are interconnected by channels much smaller than the pore itself, the intrusion 

methods do not allow getting the correct pores distribution. In latter case, methods 

based on image processing (IP) are definitely more effective. IP was developed in the 

past decades to characterize several different structures: devices for tissue engineering 

[43], water treatment [240] and other applications such as soil characterization [241] 

and pitting corrosion [242]. 

More in detail, by SEM, the images can be analyzed using appropriate software that 

are able to measure the porosity and, above all, the dimension of pores sections, visible 
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on the 2D fracture surface [11,117]. The IP processing on images acquired by SEM 

allows a direct evaluation of the thickness of the walls of the structure, of the pores 

diameter, of the interconnection level and of the eventual anisotropy. Moreover, the 

recent developments of microcomputed tomography (micro-CT) allowed determining 

porosity and PSD on a 3D basis [243,244]. 

One of the most delicate phases of the IP characterization of porous structure is the 

so-called image segmentation, i.e. the set of procedures able to determine the 

interesting regions of the image that, in the examined case, are those occupied by 

pores. The non-automatic application of the segmentation operations implies a large 

waste of time and can be particularly difficult or even impossible for complex systems. 

In order to overcome this problem, over the past years there have been developed some 

software-assisted procedures. 

Typically, for instance in polymer based porous materials, in the images obtained 

by SEM, the regions occupied by pores have a brightness intensity level lower than 

those occupied by the polymeric phase. In the ideal case, it is sufficient to determine a 

pixel intensity threshold value to easily distinguish the portions of images belonging 

to polymer and those belonging to the pores. Once this threshold level is determined, 

it is possible to obtain a binary image, having pixel intensity set to 1 in the regions 

corresponding to pores and to 0 in the background, and therefore the pore size 

distribution (PSD) can be evaluated very easily by analyzing its properties. However, 

in many practical cases, the irregularity of the inner morphology of the porous devices 

makes the threshold level very variable in the different regions of the same image, so 

that an effective segmentation requires the application of complex and/or specifically 

developed procedures. 

 

Pore Size distribution 

In the frame of this work, pore size analyses were carried out using a MATLAB 

(MathWorks Inc., MA, USA) based software. The custom-made software is able to 

accomplish the segmentation of images containing pores of any geometry in a semi-

automatic way. It converts the digital images into binary form and then calculates the 

pores area distribution (PAD). The software reports the percentage of the total area 

occupied by the pores having diameters in a given interval. The different colors were 
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assigned to three increasing intervals of the size of the pores. PAD were calculated in 

different seven region of the scaffolds. The showed histograms are representative data. 

 

Fibers Diameter Analysis  

Fiber diameter distribution was determined by using Diameter J. It is a plugin, 

created for ImageJ, able to analyze an image and find the diameter of nanofibers at 

every pixel along a fibers axis. The software produces a histogram of these diameters 

and summary statistics such as mean fiber diameter [245]. 

3.2.5 Porosity, Fluid Uptake, Connectivity 

The parameters related to porous properties of the structures were obtained by 

gravimetric measurement. Theoretical porosity, porosity and connectivity were 

calculated according to the following expression [46]: 

 

Eqn.  10:   𝑃𝑜𝑟𝑜𝑠𝑖𝑡𝑦𝑡ℎ(%) =
𝑉𝑝𝑜𝑟𝑜𝑔𝑒𝑛

𝑉𝑡𝑜𝑡𝑎𝑙
× 100 %                                                

 

Eqn.  11:   𝑃𝑜𝑟𝑜𝑠𝑖𝑡𝑦 (%) = (1 −
𝜌𝑠𝑐𝑎𝑓𝑓𝑜𝑙𝑑

𝜌𝑚𝑎𝑡𝑟𝑖𝑥
) × 100                                            

 

Eqn.  12:   𝐶𝑜𝑛𝑛𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦 =
(𝑚0−𝑚𝑑𝑟𝑦)

𝑚𝑁𝑎𝐶𝑙+𝑚𝑃𝐸𝐺
 × 100 %                                             

 

𝑚𝑁𝑎𝐶𝑙 and 𝑚𝑃𝐸𝐺 are respectively the theoretical mass of NaCl and PEG, by 

assuming homogeneous blends. 𝑚0 is the weight of scaffold before leaching and 𝑚𝑑𝑟𝑦 

the weight of the device dried after leaching. The density (ρ) of NaCl, PEG, PLA and 

PCL are respectively 2.16 g/cm3, 1.12 g/cm3, 1.24 g/cm3 and 1.14 g/cm3 . 𝜌𝑠𝑐𝑎𝑓𝑓𝑜𝑙𝑑 is 

the apparent density of the scaffold. 

The theoretical porosity was calculated by assuming the complete solvation of all 

the porogen agents (PEG and NaCl). The real porosity was calculated as the reciprocal 

of the ratio between the apparent density of the scaffold and the non-porous polymeric 

material density by using expression (2). It expresses the ratio between the empty 

volume of the scaffold and its full volume (empty + full). Connectivity is a parameter 
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that give information about the continuity of the porogen phases and was evaluated 

using Eq. (3). It was determined by evaluating the variation of weight of the scaffold 

before and after the porogen agent extraction. 

The bulk water absorption (water uptake) was evaluated as the difference between 

the weight of the humid devices (mwet) and the weight of the dry sample according to 

 

Eqn.  13:   𝑊𝑎𝑡𝑒𝑟 𝑢𝑝𝑡𝑎𝑘𝑒 (%) =  (
𝑚𝑤𝑒𝑡− 𝑚𝑑𝑟𝑦

𝑚𝑑𝑟𝑦
) × 100 %                                    

 

The percentage of pores filled by water was evaluated as the ratio between the 

volume of water into the scaffold and the empty volume given by the real porosity. 

The volume of water filled by the devices was evaluated as the weight difference 

between the dry and wet sample.  

3.2.6 Surface Area 

Surface area and pore size measurements were performed by using a Sorptomatic 

1900 Carlo Erba Instrument. Before measurement, each sample was outgassed under 

vacuum at 120 °C for 3 h. Surface area was determined by physical adsorption of N2 

at the liquid nitrogen temperature, using the Brunauer–Emmett–Teller (BET) equation 

[26]. Pore size distributions were obtained from the desorption curve of the isotherm, 

by using the procedure developed by Dollimore and Heal [246]. 

3.2.7 Oil Uptake and Membrane Reusability 

The oil uptake of oil removal sponge (ORS) was evaluated by immersing the 

samples in a backer containing the oily waste. In particular, the mass-based and 

volume-based oil absorption capacity (oil uptake) were calculated according to   

 

Eqn.  14:   𝑀𝑎𝑠𝑠 − 𝑏𝑎𝑠𝑒𝑑 𝑜𝑖𝑙𝑦 𝑢𝑝𝑡𝑎𝑘𝑒 (%) =  (
𝑚𝑤𝑒𝑡− 𝑚𝑑𝑟𝑦

𝑚𝑑𝑟𝑦
) × 100 %                                   
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Eqn.  15:   𝑉𝑜𝑙𝑢𝑚𝑒 − 𝑏𝑎𝑠𝑒𝑑 𝑜𝑖𝑙𝑦 𝑢𝑝𝑡𝑎𝑘𝑒 (%) =  (
𝑉𝑤𝑒𝑡− 𝑉𝑑𝑟𝑦

𝑉𝑑𝑟𝑦
) × 100 %                    

 

where mwet, Vwet, mdry, Vdry respectively indicate the weights and the volumes of 

the sponge before and after oil absorption. For this measurement a precision balance 

(Sartorius AX224) with a resolution of ± 0.1 mg was used. 

The reusability of the ORS was evaluated by removing the pollutant from the device 

by two methods depending on the boiling point of pollutant. High boiling point 

pollutants (motor oil and olive oil) were removed by rinsing ORS two times with 75 

mL of diethyl ether for 30 min, in a soxhlet apparatus, in order to assess the possibility 

to recycle the ORS in a close system thus avoiding solvent loss.  Thereafter, the ORS 

were dried for 6 hours in a fume hood to remove the diethyl ether. 

In the case of volatile waste (gasoline), the pollutant was removed from ORS by 

direct evaporation. The vapors were then collected and condensed for recycling. In 

particular, ORS were dried in a fume hood overnight. The minimum time necessary to 

totally remove the gasoline by simple evaporation was experimental determined. 

3.2.8 X-Ray Diffraction Analysis 

The microstructure of nanocomposites and nanoparticles were investigated by X-

ray Diffraction (XRD) using an Empyrean PANalytical II diffractometer with a Cu Kα 

radiation source (λ = 1.5406 Å). The XRD patterns were recorded in the 2θ range 5–

30 at a scanning speed of 1 θ /min at ambient temperature. 

3.2.9 Differential Scanning Calorimeter Analysis   

Differential scanning calorimetry (DSC) (DSC131 evo, SETARAM 

Instrumentation, France) was performed in a temperature range of 0–100 °C at a 

heating rate of 5 °C/min to evaluate the thermal properties of the scaffolds. Dried 

samples with a weight of approximately 10 mg were loaded in an aluminum pan.  

The crystallinity of electrospun materials were then evaluated using the following 

equation:  
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Eqn.  16:   𝜒𝑐 (%) =  
∆𝐻𝑚

∆𝐻0
𝑃𝐶𝐿 × 𝑋𝑃𝐶𝐿

× 100                                  

 

Where 𝜒𝑐 (%) is the percent crystallinity of PCL, XPCL is the weight fraction of 

PCL, and ∆H0
PCL =  135.44 J/g stands for the enthalpy of fusion of 100% crystalline 

PCL [247].  

 

3.2.10 Complex Viscosity Determination 

Rheological characterization tests were performed using a plate–plate rotational 

rheometer Mars (Thermofisher). A 25-mm parallel-plate geometry was used and all 

tests were performed at 25 °C. Oscillatory frequency sweep tests were performed at a 

constant stress of 1 Pa with an increase of angular frequency from 1 to 100 rad/s. 

3.2.11 Mechanical Properties 

The 3D porous structures were mechanically tested under compression using an 

Instron 3365 mechanical testing machine (UK). The cylindrical specimens (3:10 

height to diameter ratio) were tested in compression mode until failure with an uniform 

crosshead speed of 1 mm min-1. 

 

Figure 10 – A) Custom-designed interfacial strength test equipment; B) Vacuum flask used for fill 3D porous 
structures with PBS before mechanical tests. 

The tensile stress-strain curves of the 3D porous structures were obtained using a 

custom-designed interfacial strength test equipment fitted to an Instron 3365 (UK) 
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testing machine (Figure 10A), following a method described in the scientific literature 

[19,55]. The rig design allows the secure fixation of the scaffold during testing while 

ensuring the correct alignment of the sample between the machine’s load cell and base 

platen. Samples were adhered to aluminum test stubs of the equipment using a high 

viscosity adhesive (Patter Power Epoxy).  

The tests were performed both in PBS, (pH=7.4) at 37 °C (wet condition) and in air 

at room temperature (dry condition). In order to prepare samples to measurements in 

BioPuls Bath, they were filled by PBS in a vacuum flask for 5 min to let PBS to fill all 

the pores as shown in Figure 10B. Subsequently scaffolds were left in PBS at 37 °C 

for 15 min to achieve the test temperature (Figure 11A,B).  

 

 

Figure 11 - Pictures of the mechanical experimental setup immersed in PBS at 37 °C. A) Compressive test; B) 
Tensile test. 

A 1 kN load cell was used under a tensile load applied at a crosshead speed of 1 

mm min-1. Failure was expected to occur either at the ultimate tensile strength (TS) of 

one of the component layers of the scaffold or as a result of delamination at the layer 

interfaces. The interfacial adhesion strength was evaluated as the maximum strength 

of the stress strain curve. Seven specimens were measured for each material. The 

mechanical analyses were performed before and after the collagen treatment but not 
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significant differences were found. For sake of brevity, the data obtained after the 

collagen treatment were shown. 

2D porous structures were mechanically tested only in tensile mode.  

3.2.12 Wettability and Surface Properties 

Static Contact Angles 

Static contact angles were measured on all the samples using an FTA 1000 (First 

Ten Ångstroms, UK) instrument. More in detail, 4 μL of fluid were dropped on the 

fiber mats with an automatic liquid drop dosing system. Images of the drop on the 

surface were taken after 20 seconds. Tests were performed on PLA and PLA-plasma 

films obtained by solvent casting and on PLA and PLA-plasma nanofibrous 

membranes. The angle measurements were taken 1 hour after the sample modification. 

At least 7 spots of each composite nanofiber mat were tested and the average value 

was taken.  

In order to evaluate the SE of the materials, water (polar liquid) and diiodomethane 

(Sigma Aldrich, dispersion liquid) were chosen as fluids. 

It is assumed that the SE (γS) has two components: dispersive (γS
d) and polar (γS

p) 

[248]. In such case:   

Eqn.  17:    𝛾𝑆 = 𝛾𝑆
𝑝

+ 𝛾𝑆
𝑑                                                                 

Considering the two components of SE Owens and Wendt proposed the equation:  

Eqn.  18:   𝛾𝑆𝐿 = 𝛾𝑆 + 𝛾𝐿 − 2(𝛾𝑆
𝑑 + 𝛾𝐿

𝑑)
0.5

− 2(𝛾𝑆
𝑝

+ 𝛾𝑆
𝑝

)0.5                     

From the Eqns. (17) and (18): 

Eqn.  19:   𝛾𝐿
1+𝑐𝑜𝑠𝜃

2
= (𝛾𝑆

𝑑𝛾𝐿
𝑑)0.5 + (𝛾𝑆

𝑝
𝛾𝐿

𝑝
)0.5                                            

To determine γS from the equation (17), contact angles (θ) measurements must be 

made for two different liquids with known values of γL
d and γL

p. For this purpose water 

γL
d = 21.8 mJ/m2, γL

p = 51 mJ/m2) and diiodomethane (γL
d = 48.5 mJ/m2, γL

p = 2.3 

mJ/m2) were used. Using these two liquids, SE is calculated from the set of equations 

[35]: 
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Eqn.  20:   {
(𝛾𝑆

𝑑)
0.5

+ 1.53(𝛾𝑆
𝑝

)
0.5

= 7.80 (1 + 𝑐𝑜𝑠𝜃𝑊)

(𝛾𝑆
𝑑)

0.5
+ 0.22(𝛾𝑆

𝑝
)

0.5
= 3.65 (1 + 𝑐𝑜𝑠𝜃𝐷)

                             

Where θW and θD are the contact angles obtained from water and diiodomethane 

drops respectively. 

 

X-ray photoelectron spectroscopy 

X-ray photoelectron spectroscopy (XPS) spectra were recorded with a PHI 5000 

VersaProbe II scanning XPS Microprobe using monochromatic Al-Kα radiation 

(hν = 1486.6 eV) from an X-ray source operating at 200 μm spot size, 30 W power, 

and 15 kV acceleration voltage. The (iterative) Shirley background subtraction and the 

peak fitting with Gaussian–Lorentzian-shaped profiles were performed for the high-

resolution XPS spectra analysis using Multipak software version 9.6.0.15 (ULVAC-

PHI). The detected spectra were shifted to coincide with the C 1s hydrocarbon peak at 

285 eV. To resolve and analyze the chemical bonding states of the carbon atoms, a 

Shirley type background was subtracted and Gaussian–Lorentzian peak components 

were fitted to the C 1s high-resolution spectra. 

 

Attenuated Total Reflectance Fourier Transform Infrared 

The attenuated total reflectance Fourier transform infrared (ATR-FT-IR) 

spectrometry was performed using a Perkin-Elmer spectrum one spectrometer in the 

4000–400 cm−1 wavenumber range at room temperature. 16 scans with a resolution of 

4 cm−1 were performed on samples for each spectrum. The use of ATR-FT-IR allowed 

the direct analysis of the surface of the samples.  

 

3.2.13 Biological essays 

Biocompatibility Evaluation Porous Structures 

To evaluate the absence of cytotoxicity from scaffold on the cells, we carried out 

the Acridine Orange (AO) essay. Each scaffold and the positive control were stained 

with [100 μg/ml] of AO solution (Sigma) for 10″; thoroughly washed with Phosphate 

Buffer Saline (PBS; EuroClone) and immediately examined by fluorescence 
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microscopy (490–530 nm). The apoptotic cells were identified on the basis of well 

documented morphological criteria, most obviously by their characteristically 

condensed chromatin stained by the acridine orange. 

 

Laser Scanning Confocal Microscopy  

Laser Scanning Confocal Microscopy (LSCM) analysis of cell in co-culture grown 

on the scaffold 

Co-culture of MC3T3-E1 and NIH3T3 cell lines were carried out on the device in 

order to evaluate a differential cell permeability in the multi-layered devices. The 

MC3T3-E1 cells and the NIH3T3 cells were seeded on different layers of the same 

multi-layer scaffold. Cells in co-culture were grown in DMEM for six days; the culture 

medium was changed three times. For the confocal analysis preparation the samples 

were fixed with acetic acid/methanol (1:1/v:v) solution on ice for 15 min, washed with 

PBS and stained by propidium iodide (PI) (1:3000) for 30 min. 

 

Bacterial Cultivation Profile Analyses 

Protein extraction from biomass samples, collected from free and immobilized 

mycelium at different growth times, was performed by sonication according to Puglia 

et al [249]. Protein concentration was determined using the Bradford reagent [250]. 

Actinorhodin from samples was collected at different growth times from either free 

or immobilized mycelium cultivations. It was extracted by using KOH (1N) and 

spectrophotometrically quantified at 640 nm according to Kieser [229]. 
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4 Results and Discussion 

4.1 Development of a facile method to determine pore size distribution in porous 

scaffold by using image processing 

Herein it will be described a digital imaging procedure able to accomplish the 

segmentation of images containing pores of any geometry and able to measure the PSD 

in a semi-automatic way. In order to test the effectiveness of the procedure, we carried 

out an analysis of the complex structure of a homemade polymer-based scaffold for 

bone cartilage regeneration and of a similar structure prepared by other authors. 

 

Image Processing 

The procedure for the segmentation of the images has been developed using the 

Matlab® programming language; it consists in four steps that are represented in the 

flow chart of Figure 12: 

1) pre-processing of the image, 

2) assisted procedure for threshold determination, 

3) binarization and morphological analysis, 

4) verification procedure. 

In order to simplify the analysis, the matrices of grey levels I0 are scaled to assume 

values in the range 0 (black) and 1 (white).  

 

Figure 12 - Schematic flow chart of the image-processing algorithm. 
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Pre-processing  

In the pre-processing step, the original acquired image is modified in order to 

eliminate disturbing elements from the image, to maximize the contrast between walls 

an pores and to even the threshold value that allows identifying the pores on varying 

the spatial coordinates of the image. In this phase, both classical procedures of contrast 

enhancement of the digital images [251,252] and two procedure specially developed 

for the analysis of the pores are applied, according to the choices made by the operator. 

The classical procedures used in the pre-processing step are the application of a 

median filter and the so called gamma correction of the image [251].  

The application of a median filter with an appropriate dimension of the filtering 

window is carried out in order to eliminate both the electronic noise and alien elements 

having dimension smaller than the pores and not useful for the elaboration [251,252]. 

The median filtering is always carried out and the length of the side of the pixel 

windows is usually chosen of 3 or 5 pixels.  

The gamma correction  [251] consists in elevating the grey levels matrix I0 to an 

exponent γ as  

Eqn.  21:   
   0, ,I i j I i j

  

with the aim to increase the contrast between the darker parts of the images, related 

to the pores, and the brighter ones, related to the background. Values of the exponent 

in the field 0<γ<1 increase the contrast in the regions of the image having lower values 

of intensity, while values in the field γ>1  [251] increase the contrast in the regions 

with higher values. The operator has to decide if the gamma correction has to be 

applied and to select the value of the γ exponent that, in the analysis of pores, is 

suggested to be in the range [0.2, 2.0]. 

As regards the two procedures specially developed, the first one increases the 

contrast between the regions of the image occupied by the pores and those occupied 

by the walls using the gradient of the intensity in the pixels, while the second one 

corrects the non-uniformity of the brightness intensity on varying the spatial 

coordinates of the image to even the threshold value that allows identifying the pores. 

The two procedures will be referred to as procedure to increase contrast and 

procedure to correct uniformity. 
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The procedure to increase contrast can be effectively applied when the pores are 

characterized by a surface roughness much lower than that of the walls, as shown by 

the SEM micrograph reported in Figure 13A. In these cases the region of the image 

occupied by the pores are characterized by a local intensity gradient lower than that in 

the neighbour zones. In the procedure to increase contrast, the value of the brightness 

gradient for each pixel is initially determined simply as [251,252] 

Eqn.  22:   
         

2 2

, , 1 , 1, ,G i j I i j I i j I i j I i j            
 (2) 

then the resulting values are linearly scaled in order to make them vary in the same 

intensity range of the image, i.e. [0,1], 

Eqn.  23:   

 
 

  
,

,
,

max ,
i j

G i j
G i j

G i j





 (3) 

Finally, the values of intensity and gradient are summed  

Eqn.  24:   
     , , ,GI i j I i j G i j  

 (4) 

and linearly scaled in the field [0,1] 

Eqn.  25:   

 
 

  
,

,
,

max ,

G

G

G
i j

I i j
I i j

I i j





 (5) 

In Figure 13B the effect of applying this technique to the image of Figure 13a is 

shown. 

The procedure to correct uniformity is carried out to correct the non-homogeneous 

illumination of the material surface during the acquisition of the image. This effect is 

clearly visible in Figure 13A,B where the regions of the images close to the low-left 

edge are darker than the neighbour areas.  

In particular, the procedure to correct uniformity consists in the four steps described 

in the following.  

Firstly, the pores are eliminated from the image by applying a sequence of median 

filtering operations [251,252] using pixel windows with size increasing up to a 

dimension larger than that of the pores. The median filtering can be applied using 

conventional square shaped pixel windows, nevertheless, in the proposed procedure, 

more effective circularly shaped windows have been used. The image obtained is 
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herein referred to as background image, IB. It is possible to observe that the intensity 

of IB in each pixel is proportional to the illumination level on the material surface 

during the acquisition. The mean value of IB is also determined as  

Eqn.  26:   
 

mean
,B BI E I i j     (6) 

In the second step the intensity of the background image is subtracted to that of the 

original image, obtaining the deviation matrix ID 

Eqn.  27:   
     , , ,D BI i j I i j I i j 

 (7) 

In the third step the intensities of the pixels of the deviation matrix are multiplied 

by factors related to the intensity of the background image in order to correct the non 

uniformity. In particular each intensity is multiplied by the ratio between the maximum 

value of the intensity of the background image, IBmax, and the local intensity of the 

background image obtaining the uniform deviation matrix as: 

Eqn.  28:   

   
 

max, ,
,

B

DU D

B

I
I i j I i j

I i j
 

 (8) 

The values of the uniform deviation matrix are then scaled in such a way that the 

modulus of the its minimum value, that is a negative number, is equal to the mean 

value of the background intensity (6), for the reason explained in the following: 

Eqn.  29:   

   
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,

, ,
min ,

B

DU DU
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i j

I
I i j I i j
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
 (9) 

In the last step the mean value of the intensity of the background image (6) is added 

to the intensities of the uniform deviation matrix obtaining the uniform image 

 

Figure 13 - Analysis of a ternary blend PLA/PEG/NaCl (45–65 μm): (A) original SEM micrograph; (B) image 
obtained by the application of the procedure for increasing the contrast; (C) image obtained by the application of 
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both the procedure for increasing the contrast and the procedure for correcting the non-uniformity of the 
brightness intensity. 

 

   
mean

, ,U DU BI i j I i j I 
 (10) 

Notice that, by means of Eq.(9), the minimum intensity of the uniform image is 0. 

The efficacy of the procedure can be observed by comparing the final result shown 

in Figure 13C with Figure 13B. 

Summarizing, in Figure 13A it is possible to observe the image as acquired, in 

Figure 13B the sole effect of procedure to increase contrast, while in Figure 13C the 

combined effect of both the procedures to increase contrast and to correct uniformity. 

In the final image, the contrast between the walls and the pores is clearly higher than 

that of the original image. 

Assisted procedure for threshold determination 

The second step consists in determining the most appropriate threshold level to 

binarize the image, in order to obtain a graphical mapping of the pores distribution. 

The proposed procedure automatically provides the operator with information that 

help to find the best threshold level.  

In particular, the image obtained by the pre-elaboration step is binarized by using 

as threshold values all the intensity levels of the image, starting with 0. For each 

binarization the following parameter are determined: number of pores (N), ratio 

between the area occupied by pores and the total area (A/Atot), number of new pores 

found with respect to the previous threshold value (Nnew). Such parameters are then 

shown as a function of the threshold value (Figure 14) to ease the operator in choosing 

the best level, in the way described in the following. The graphs reported in Figure 14 

are hereinafter referred to as Threshold Analysis Diagrams (TADs). 
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Figure 14 - The TAD: number of detected pores (N), cumulative area of pores compared to total area (A/Atot) 
and number of detected new pores (Nnew), as a function of the threshold level obtained by processing the 
micrograph of the PLA/PEG/NaCl (45–65 μm) blend. 

Binarization and morphological analysis 

In this step the binary image of the pores is determined using the selected threshold 

level and the binary image is elaborated to determinate the regions of the image 

occupied by each pore [51,52]. Morphological operations are also used to determinate 

the boundaries of the pores [52]. 

The areas of the pores are determined in number of pixels and converted in square 

micrometers, using the peak marker of the micrograph as scale factor.  

The results obtained by the analysis are summarized in two histograms. The first 

one represents the PSD Figure 16A; it reports the number of pores having diameters 

in a given interval. The second histogram represents the Pores Area Distribution Figure 

16B; it reports the percentage of the total area occupied by the pores having diameters 

in a given interval. The red, green and blue colours are assigned to three increasing 

intervals of the size of the pores; furthermore the intensities of the colours are made 

proportional to the size of the pores. This representation has been proposed to facilitate 

the analysis of the results. 
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Figure 15 - (A) original image obtained by SEM microscopy; (B) boundaries of pores determined by the 
program; (C) map of the pores automatically determined by the program, shown in different colors according to 
the size range (blue: larger, green: intermediate, red: smaller) (For interpretation of the references to color in this 
figure legend, the reader is referred to the web version of this article). 

 

Verification procedure 

In order to verify if the parameters selected in the previous steps have leaded to a 

correct identification of the pores in the image, the original SEM micrograph (Figure 

16A) and two images respectively with the boundaries and the areas of the pores 

superimposed to the original image (Figure 16B,C) are shown to carry out a visual 

comparison. Also in this representation, the red, green and blue colours are assigned 

to three increasing intervals of the size of the pores, in order facilitate the analysis of 

the results. 

 

Figure 16 -(A) “Macro-pores” size distribution and (B) “Macro-pores” area distribution of PLA/PEG/NaCl (45–
65 μm) blend (For interpretation of the references to color in text, the reader is referred to the web version of 
this article). 

If the results of the verification procedure do not satisfy the operator, it is possible 

to modify the pre-processing parameters and/or the threshold level until the best 

compromise is achieved. 
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Results and Discussion 

 

In order to verify the capability of the software to identify and analyze pores on 

structures and images with different characteristics, different SEM micrographs 

considering several magnifications have been used.  

 

Figure 17 - Original SEM images of four different PLA scaffold morphology: (A) 90–110 μm pore size; (B) 45–
65 μm pore size; (C) 0–40 μm pore size; (D) 0–80 μm pore size. 

In particular, four different porous devices obtained by selective leaching of NaCl 

and PEG in boiling water of a PLA-PEG-NaCl blend processed in the melt. More in 

detail, the four sample micrographs are related to four different NaCl granulometries 

used to prepare the blends.  

In Figure 17A it is shown a section of a PLA based device obtained by leaching the 

ternary system with salt particle size in the range 0-40 µm. The image shows a device 

architecture with very thin walls and with pores with a high density and a small 

dimension with respect to the whole image wideness. 

In Figure 17B it is shown a micrograph similar to Figure 17A although the pores 

and the walls are slightly large. In this case, the particle size of the salt used to prepare 

the ternary blend falls in the range 45-65 µm. It can also be observed that the 

magnification is lower as revealed by the different pick marker.  

In the third case, Figure 17C, the image is related to a ternary blend containing salt 

with a size in the range 45-65 mm. The magnification is the same of Figure 17B and 

the pores appear more regular and a lower distribution. The pores walls have a 
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thickness comparable with the dimension of the pores themselves that, at the 

magnification chosen, are fairly large compared to the whole image area. 

 

Figure 18 -A–D: images of four different scaffold morphology after the pre-processing step; E–H: boundaries 
of the pores determined by the program; I–N: maps of the pores determined by the program, shown in different 
colors according to the size range (blue: larger, green: intermediate, red: smaller) 

The last image, Figure 17D, related to the ternary system containing salt with size 

in the range 0- 80 micron, was acquired with a higher magnification in order to better 

analyze pores smaller than 10 mm that can be attribute to the solubilisation of the PEG 

phase [253]. In this latter micrograph, the space surrounding the pores has to be 

attributed to a single wall of the structure that appears slightly notched. 

Using the proposed procedures, an automatic segmentation of the images was 

carried out choosing the appropriate pre-processing parameters and threshold level.  

In Figure 18A-N there are respectively reported: the images of the four scaffolds 

after the pre-processing step (Figure 18A-D), the boundaries of the pores determined 

by the program, superimposed to the original images (Figure 18E-H), and the areas 

attributed to the pores of the four leached system presented above, colored according 

to the size ranges (Figure 18I-N).  

In Figure 19, the histograms analogous to those described in Figure 16 and Figure 

18 and the TADs relative to the four scaffolds analyzed are shown. In particular, the 
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final PSDs of the blends PLA/PEG/NaCl with NaCl particle size of 50-110 µm, 45-65 

µm, 0-40 µm and 0-80 µm are respectively shown in Figure 19 from a to d. 

The images of Figure 18A-C have been pre-processed by both the procedures to 

increase contrast and to correct uniformity. The first procedure has been applied 

because the walls surrounding the macropores presented a high number of small pores 

that generate high levels of intensity gradient in the digitized image. 

Figure 18D has been pre-processed by the procedure to increase contrast and that 

for gamma correction, using γ=2, obtaining a good definition of the pores edge with 

very good results in the determination of the size distribution, as shown in Figure 19. 

Thus, the proposed procedure requires very few interaction with the operator and is 

able to recognize, with a high degree of reliability, the regions to be attributed to the 

pores, despite the presence of various confounding factors, such as irregularities of 

their geometries, low contrast, non uniformity of illumination. This is confirmed by 

the results shown in Figure 18E-H and Figure 18I-N, where the boundaries and the 

regions of the pores determined by the procedure are superimposed in the original 

images. 

The final evaluation results allow concluding that each material presents a high 

number of small pores and no pores with larger dimension than the largest initial salt 

particle size. Nevertheless, these information, although useful, do not allow to know 

the distribution of the areas associated to the pores.  

In Figure 19E-H the percent distribution of the areas associated to the pores are 

reported. It can be deduced that the most part of the area occupied by the pores is 

strongly influenced by the salt crystal size. 
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Figure 19 - A–D: histograms of the PSD of the four scaffold morphologies analyzed; E–H: histograms of the 
corresponding pores area distribution; L–I: corresponding TADs. 

 

Moreover, the analysis of different images proved that the knowledge of TADs can 

be very useful in order to help the operator in the choice of the best threshold value. 

In particular, it was observed that the best threshold level for the binarization always 

lies in the field where the number of detected pores N presents higher values, although 

it does not necessarily coincides with that corresponding to the maximum of N. 

Moreover, it was noted that the best threshold level almost always belongs to the field 

in which the curve that describes the A/Atot ratio presents a linear behaviour.  

Nevertheless, these aspects require further investigation. 

Table 2 - Declared pores size of scaffold from literature and pore size range obtained by the image 
processing. 

Pore morphology Mean pore size declared (μm) Mean pore size by IP (μm) References 

Irregular 100–200 100–200 [173] 

Irregular 100 10–60 [254] 

Irregular 53±9 50–150 [255] 

Elliptical 55 40–100 [255] 

Spherical 200–700 200–700 [256] 
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Different geometric descriptors were used to analyze the pore size and shape from 

SEM images, including pore equivalent diameter (i.e. the diameter of a circle with the 

same cross sectional area), pore maximum opening, and inscribed circle diameter (i.e. 

diameter of the largest circle that can fit into the irregular pore shape). The ‘inscribed 

circle diameter’ parameter is evaluated as the diameter of the largest circle that would 

touch only two points on the pore boundary. The pore inscribed circle is particularly 

important since it may be directly related to membrane rejection characteristics. These 

pore geometric descriptors were determined at both pore top and pore mid-height to 

provide information on pore average size and maximum size to study the 

reproducibility of the technique [251,252]. 

The demonstration of the validity of the investigation process can be found in Table 

2. In particular, in Table 2 there are summarized the results obtained by SEM analysis 

of porous scaffolds for tissue engineering prepared in the frame of different works, 

comparing the results reported in the original paper with those obtained with the 

analysis presented in this work. 

 

Conclusion 

 

In the present work a digital image processing procedure for the characterization of 

the porosity and pore architecture of materials have been developed.  

It is based on the application of well known algorithm of image processing applied 

in a specially developed sequences. 

The efficacy of the procedure has been verified analyzing the PSD and PAD of 

porous polymeric scaffold obtained by particulate leaching with different pore size and 

irregular pore morphology.  

The software was able to recognize pores, and provide information about PSD and 

PAD of the porous devices with a semi-automatic procedure. Furthermore the software 

supply the operator with a colored maps of the different size range of the porous 

structure in order to simplify the analysis of the system. 

Its use can be easily extended to soft materials such as hydrogels or membranes or 

all of those materials in which knowing the microstructure becomes crucial to ensure 

the functional performance required. 
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4.2 Optimization of Process Variables in the Manufacturing of 3D Porous PLA by 

Using Taguchi Method  

Design of Experiments using the Taguchi approach 

The experiments were conducted with seven variables (factors) and two discrete 

values (levels) for each variable: type of porogen salt, salt granulometry, temperature 

and time of melt mixing, temperature, time and pH of leaching. The factors selected 

during the brainstorming step and their levels are shown in Table 3.  

With seven factors, each with two levels, the full factorial design would have 

required 27=128 experiments while the Taguchi approach reduces the experimental 

runs to eight. Table 4 presents the L8 Taguchi OA selected in this study with the 

assigned parameters. The table consists of seven columns, which were assigned the 

seven factors, and eight rows which define the eight trial conditions that have to be 

performed. Across the row it is possible to read the discrete values, at the level 1 or 2 

that must be assumed during the experiment. 

 

Table 3 - Parameters selected and their values at two different levels. 

Code Parameter Level 1 Level 2 

A Salt granulometry [μm] 0-45 90-110 

B Mixing temperature [°C] 190 220 

C Mixing time [seconds] 300 600 

D Porogen salt NaCl CaCl2 

E Leaching time [hours] 5 8 

F Leaching temperature [°C] 50 70 

G Leaching pH 4.74 buffer 7 no buffer 

 

 

Table 4 - Taguchi orthogonal array L8 of the experimental runs. 

Expt. 

no. 

A 

Salt 

granulometry 

[μm] 

B 

Mixing 

temperature 

[°C] 

C 

Mixing 

time [s] 

D 

Porogen 

salt 

E 

Leaching 

time 

[h] 

F 

Leaching 

temperature 

[°C] 

G 

Leaching 

pH 

1 0-45 190 300 NaCl 5 50 4.74 

2 0-45 190 300 CaCl
2
 8 70 neutral 

3 0-45 220 600 NaCl 5 70 neutral 

4 0-45 220 600 CaCl
2
 8 50 4.74 

5 90-110 190 600 CaCl
2
 5 50 neutral 

6 90-110 190 600 NaCl 8 70 4.74 

7 90-110 220 300 CaCl
2
 5 70 4.74 

8 90-110 220 300 NaCl 8 50 neutral 
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Morphological analysis of scaffolds 

The morphology of the scaffolds was observed to investigate the effect of salt type 

and particles size on the internal porous architecture. Since the pores morphology 

strongly depends on the type of salt involved in the experiment, the SEM images 

related to NaCl salt, i.e. experiments no. 1, 3, 6, 8, and the SEM images related to 

CaCl2 salt, i.e. experiments no. 2, 4, 5, 7, will be shown and discussed separately. 

 

Experiments with NaCl as porogen salt (expts. no. 1, 3, 6, 8) 

Figure 20a–d show the SEM images of the porous architecture of the scaffolds 

derived by leaching of NaCl salt. 

 

Figure 20 - SEM images of the scaffolds derived by leaching of NaCl salt: (a) experiment no. 1 and (b) expt. 
no. 3, scale bar 30 µm; (c) expt. no. 6 and (d) expt. no. 8, scale bar 100 µm. 

In Figure 20a, the morphological structure of the scaffold manufactured under the 

experimental conditions no. 1 is highly porous with highly interconnected pores. 

Besides the pores resulting by solubilisation of NaCl, it is possible to observe micro-

pores due to PEG solvation in the walls which appear rough, as reported elsewhere 

[257–259]. The presence of the these micro-pores in the structure is crucial because 

they (i) ensure the interconnection between the macro-pores, (ii) allow the water to 
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penetrate more deeply in the structure and then to better leach the scaffold, and (iii) 

allow the passage of cell nutrients after implantation. 

In the picture it is possible to observe small residues of NaCl or PEG. Therefore, 

we might deduce that the leaching conditions of the experiment no. 1, T=50 °C and 

t=5h, are not optimal for the porosity but the analysis of variance proves otherwise. 

Figure 20b shows the morphology of the scaffolds fabricated under the 

experimental condition no. 3. The wall thickness is lower than that of the expt. no. 1. 

This result can be explained by the higher temperature and time of mixing, 220 °C and 

10 minutes versus 190 °C and 5 minutes. Since composition and salt granulometry are 

the same in both the experiments, the only reason for the lower thickness is the lower 

viscosity of the blend. The structures of this experimental run not show residual NaCl 

or PEG thanks to the higher temperature of leaching, 70 °C. 

In Figure 20c the size range of the salt changes in 90-110 µm compared to 0-45 µm 

of the Figure 20a,b. The pore dimensions observed correspond to the salt 

granulometry, therefore the leaching technique allows the pore dimensions control 

through the size of salt particles. The walls of the internal structure are rough, thanks 

to PEG incorporation in the blend, as it was also found in the other experimental runs. 

However, compared to the previous cases, the pores are better enveloped by the PLA. 

This result can be justified by the larger dimensional range of the salt particles that 

produces a lower interfacial area and, as a consequence, allow the PLA to more easily 

cover the particles surface. It is evident the good leaching, in agree with the strong 

leaching conditions, T=70 °C and t=8h. 

The morphological structure of the scaffolds manufactured in the run no. 8 is 

showed in Figure 20d. It is similar to the previous, indeed the salt granulometry is the 

same. The wall thickness is analogous, consistent with the torque values of the two 

blends. 

 

Experiments with CaCl2 as porogen salt (expts. no. 2, 4, 5, 7) 

In the following experiments, the scaffolds were manufactured with CaCl2 as 

porogen salt.  
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Figure 21 - SEM images of the scaffolds derived by leaching of CaCl2 salt: (a) experiment no. 2 and (b) expt. 
no. 4, scale bar 30 µm; (c) expt. no. 5 and (d) expt. no. 7, scale bar 80 µm. 

The morphologies, Figure 21a-d, are deeply different compared to those deriving 

from sodium chloride. In Figure 21a, the pore shape is uniform and rounded. The walls 

are not indented, as they were in the case of NaCl, and the small thickness allow to 

form a continuous structure surrounding the pores, despite the higher superficial area 

of the salt particles due to the smaller granulometry. These results may derive from the 

different shape and interplay of CaCl2 crystals with the matrix, compared to NaCl 

crystals. The walls show micro-pores and the structure is entirely leached, as expected 

from the strong leaching variables (T=70 °C, t=8h). Figure 21b displays the SEM 

image of the scaffolds fabricated during the no. 4 experimental run. The structure is 

highly porous and interconnected with rough walls. In Figure 21c, the morphology of 

scaffolds no. 5 is similar to the previous except for pore dimensions. Finally, Figure 

21d exhibits the internal structure of the scaffolds prepared during the experiment no. 

5. All the structure are highly porous and interconnected. As can be seen from the 

Figure 21a-d, the use of CaCl2 as porogen agent makes difficult the control of internal 
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architecture of the scaffold. Indeed, although the experiments no. 5 and no. 7 were 

carried out with salt granulometry in the range 90-110 µm, the resulting pores 

dimension is smaller. This phenomenon should be due to the breakage of the CaCl2 

particles during the melt mixing.  

 

Viscosity measurements of the blends 

Blends containing NaCl salt  

During the mixing operation the torque values were collected versus time to 

indirectly monitor the variation of viscosity of the blends. The resistance offered by 

the blends depends both on kind and on granulometry of the salt and on mixing 

temperature.  

 

Figure 22 - Torque curves of the blends containing NaCl salt, experiments no. 1, 3, 6, 8. 

In Figure 22 are reported the torque values of the blends incorporating sodium 

chloride as porogen salt. Comparing the curves related to the same particles size 0-45 

µm, expts. no. 1 and no. 3, it is note that the torque of the blend processed at 220 °C 

(expt. no. 1) is, during the early seconds, three times greater than the blend processed 

at 190 °C (expt. no. 3). The torque values of the two blends at the stopping moment 

(300 s and 600 s for expts. no. 1 and no. 3, respectively) justify the difference in 

thickness of the walls of the two resulting scaffolds; indeed, the walls of the scaffold 
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no. 1 are thicker than those of the scaffold no. 3, as observed in the morphological 

analysis. 

The same considerations can be done by comparing the torque values of the curves 

for the expts. no. 6 and no. 8 (Figure 22), which are characterized by the same salt 

granulometry equal to 90-110 µm, and different mixing time (see Table 4) 

All the curves stabilize after the initial steep decrease due to the melting of the 

polymer matrix. This stabilization is remarkable for longer time, i.e. 600 s, and less 

evident for shorter time, i.e. 300 s. 

 

Blends containing CaCl2 salt 

The blends containing CaCl2 show torque values higher than those of the blends 

with NaCl, particularly in the early moments of the mixing (Figure 23). This behaviour 

might be due to the smaller granulometry of the crystals that produces a large 

superficial area. Indeed from SEM images of the expts. no. 2 and no. 4, it can be 

observed high concentration of the pores in the dimensional range 1-10 µm and few 

pores in the dimensional range 10-45 µm. Likewise, for the 90-110 µm size range, 

most of pores belong to a smaller dimensional range, probably due to the breakage of 

salt particles during the mixing. 

 

Figure 23 - Torque curves of the blends containing CaCl2 salt, experiments no. 2, 4, 5, 7. 

The curves (Figure 23) display that the systems mixed at 190 °C, namely expts. no. 

2 and no. 5, offer values of torque greater than the systems no. 4 and no. 7 mixed at 

220 °C, in accordance with the decrease of viscosity with temperature. In the Figure 
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23, it can be seen that, at the same temperature, the torque of the blends no. 2 and no. 

4 (size range 0-45 µm) is higher than that of the blends no. 5 and no. 7 (size range 90-

110 µm), respectively. At the same temperature conditions, the torque depends by the 

dimensional range of the particles; with the decrease of the diameter of the particles, 

the torque increases because of the higher interfacial area and subsequent larger 

interaction between salt and polymer matrix. 

As in the case of blends with NaCl, at the beginning of the mixing time, the values 

of torque decrease quickly because of the melting of the polymer matrix which causes 

the reduction of viscosity, afterwards the trend is almost constant. 

 

Statistical analysis of the results  

In this work, the properties investigated are compressive Young’s modulus in air, 

compressive Young’s modulus in PBS, and porosity. The aim of the optimization of 

process parameters on the quality characteristic is “bigger is better”.  

 

Effect of the process variables on mechanical properties 

The compressive mechanical tests were carried out both in air at ambient 

temperature and in PBS at 37 °C to simulate the cellular environment in which the 

scaffold will work. 

 

Figure 24 - Representative stress-strain curves of the scaffolds manufactured in the expt. no. 1 (with NaCl 
salt) and in the expt. no. 2 (with CaCl2 salt). 

Figure 25 displays the stress-strain curves (σ-ε) of the scaffolds manufactured in 

the expts. no. 1 and no. 2, like representative curves. The curves of the samples, in all 
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the experiments, show an initial linear stretch indicating the elastic deformation, likely 

correlated with the bending of the walls of the pores [45], followed by a transition zone 

that indicates the beginning of the permanent plastic deformation.  

 

 

Figure 25 - Compressive Young’s modulus of the scaffolds in dry and wet environment, for all the 
experimental runs. 

 

The final region of the stress-strain curve monolithically increases, indicating the 

typical plastic deformation of the thermoplastic polymers, which may be associated 

with the densification of the internal architecture of the sample. The shape of the stress-

strain curves of the scaffolds tested in PBS is the same. 

Figure 25 reports the mean values of the compressive Young’s modulus in air and 

in PBS, calculated as the slope of the linear stretch in the stress-strain curves, for the 

scaffolds of all the experimental runs. The diagram does not show the values of the 

expt. no. 4 because the scaffolds have crumbled during the leaching; the phenomenon 

might be imputed to the previous degradation of the material during the melt mixing 

operation under strong conditions, i.e. T=220 °C and t=600 s. 
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Table 5 - ANOVA for Young’s modulus in air. 

Source SS DOF V Fcalc 

(e pooled) 

P (%) 

A 4.205 1 4.205 23.74× 13.19 

B 11.907 1 11.907 67.22× 37.34 

C 6.956 1 6.956 39.27× 21.82 

D 6.301 1 6.301 35.58× 19.76 

E 2.163 1 2.163 12.21× 6.78 

F* 0.186 1 0.186  0.58 

G* 0.168 1 0.168  0.53 

Tot 31.887 7    

e pooled 0.354 2 0.177   

 

ANOVA was employed to investigate the effect of the factors on compressive 

Young’s modulus in air and in PBS. The data in Figure 26 are used to calculate F value 

of F-test. Table 5 shows the results of pooled ANOVA for the dry elastic modulus. At 

first, the column G was associated with the estimate of the error due to its lower SS 

value; in these calculations, no factor was statistically significant, for any confidence 

level. Therefore, by the pooling up strategy and by merging G and F column effects, 

the value of F calculated, for all the factors A-E, was larger than Fcrit value. Fcrit was 

extrapolated by proper F-table by considering one DOF for the numerator and two 

DOF for the denominator, namely e-pooled. For a level of confidence of 90%, the 

factors A-E were statistically significant, while for higher levels of confidence (95% 

or 99%) no factors were statistically significant because the condition Fcalc>Fcrit was 

never verified. Even with the increasing the merging of the factors up to six (the 

maximum possible number) in e-pooled, the factor B, which showed the higher 

influence, had no statistical significance. The significant factors affecting Young’s 

modulus in air and their optimal levels are listed in Table 6, in order of contribution. 

From the diagram in Figure 25, it can be observed that the greatest elastic modulus is 

observed for the of the experiment no. 1, following the expt. no. 2. These blends are 

been melt mixed at 190 °C for 10 minutes which are the optimal levels of the first two 

factors statistically significant revealed by the analysis of variance; their lower levels 

may be justified by the reduced degradation of the polymer matrix during melt 

processing, resulting in the better mechanical performance of the scaffolds. Following 

in significance the type of salt, the size range and the time of leaching.  
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Table 6 - Significant factors affecting Young’s modulus in air and in PBS and their optimal values, in order of 
contribution. 

Significant factors Optimal level 

Young’s modulus in air 

B: Mixing temperature 190 °C 

C: Mixing time 300 s 

D: Porogen salt NaCl 

A: Salt granulometry 0-45 μm 

E: Leaching time 5 h 

Young’s modulus in PBS 

B: Mixing temperature 190 °C 

C: Mixing time 300 s 

G: Leaching pH 7 no buffer 

E: Leaching time 5 h 

A: Salt granulometry 0-45 μm 

D: Porogen salt NaCl 

 

The use of NaCl salt gives more uniform internal structure while the smaller pore 

size leads to more homogeneous mass distribution of PLA in the scaffold [260] and a 

greater number of points of contacts, so that the elastic modulus of the devices is 

higher. The level 1 of the factor E allows the scaffolds to be exposed at the thermal 

stress of leaching for a shorter time, however it is the least influential factor. 

The tests carried out in wet condition present values of the elastic modulus lower 

than the corresponding in dry (Figure 25), therefore the elastic characteristic of the 

materials immersed in the physiological solution decreases, except for the expt. no. 5 

that presents a values almost constant.  

The analysis of variance performed for the wet elastic modulus was resulted in the 

values in Table 6. At 99% confidence level and by using the pooling up strategy, the 

factor B is the only significant factor, that is the temperature of mixing. The optimal 

value is 190 °C (level 1).  By taking in account the 95% confidence level and by 

considering the factor F for the evaluation of the error, all the factors are statistically 

significant. In this case, the pooling up method is not necessary. Table 7 displays the 

significant factors, listed in order of contribution, and their optimal values. It is 

interesting to note that, unlike the dry elastic modulus, in this case the pH of leaching 

takes statistically significance overcoming the effects of time leaching and salt 

granulometry. 
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Table 7 - ANOVA for Young’s modulus in PBS. 

Source SS DOF V F
calc

 

(e pooled) 

F
calc

 

(e = F) 

P (%) 

A* 0.285 1 0.285  2533+ 3.49 

B 5.865 1 5.865 15.318 # 52136+ 71.85 

C* 0.852 1 0.852  7569+ 10.43 

D* 0.285 1 0.285  2533+ 3.49 

E* 0.401 1 0.401  3560+ 4.91 

F* 
0.112×10

-3

 
1 

0.112×10
-3

 
  0.00 

G* 0.475 1 0.475  4225+ 5.82 

Tot 8.163 7     

e pooled 2.297 6 0.383    

* Factors merged in e pooled; # Significant at 99% confidence level; + Significant at 95% confidence level. 

Percent contribution P (%) = SSTot/SSi 

 

 

Effect of the process variables on porosity 

Table 8 and Table 9 show the response in porosity for the eight experimental runs 

and the application of ANOVA, respectively. For each confidence level (99, 95 and 

90%), no factor is statistically significant, including the combination of factors through 

the pooling up strategy. 

Therefore, for the porosity both the two levels of the selected parameters give 

optimal results, without statistically significant differences. However, the observation 

of the ANOVA values displays that the leaching temperature and the salt granulometry 

are the most influential factors. The greatest porosity is obtained when the temperature 

leaching is set at 70 °C and the salt granulometry is 90-110 µm. Indeed, the salt 

solubility increases with the temperature and the large pores allow better penetration 

of the water into the scaffold structure.  

Table 8 - Results for porosity. 

Expt. no. Porosity (%) 

1 79.5 

2 83.5 

3 81.5 

4 - 

5 81.8 

6 84.7 

7 84.5 

8 83.0 
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Table 9 - ANOVA for porosity 

Source SS DOF V 
Fcalc 

(e=E) 

Fcalc 

(e p. 2) 

Fcalc 

(e p. 3) 

Fcalc 

(e p. 4) 

Fcalc 

(e p. 5) 

Fcalc 

(e p. 6) 

P 

(%) 

A 0.100 1 0.100 1.377 1.327 1.295 1.274 1.252  16.66 

B 0.081 1 0.081 1.114 1.073     13.48 

C 0.085 1 0.085 1.172 1.130 1.103 1.084   14.18 

D 0.078 1 0.078 1.076      13.01 

E 0.072 1 0.072       12.10 

F 0.101 1 0.101 1.393 1.343 1.310 1.289 1.267 1.216 16.85 

G 0.082 1 0.082 1.135 1.093 1.067    13.73 

Tot 0.599 7         

e pool. 2 0.150 2 0.075        

e pool. 3 0.231 3 0.077        

e pool. 4 0.313 4 0.078        

e pool. 5 0.398 5 0.080        

e pool. 6 0.498 6 0.083        

Percent contribution P (%) = SSTot/SSi 

 

Conclusions 

Processing parameters have a great impact on the mechanical properties of the 

scaffolds. The Taguchi method has been applied for investigation the effects of process 

parameters on the properties of porous scaffolds for tissue engineering. The target 

parameters have been selected during the brain-storming step taking in consideration 

the application requirements.  

Rheological tests have been performed during the melt mixing of the blends 

PLA/PEG/salt. Morphological analysis and compressive mechanical tests in air and in 

PBS have been carried out on the scaffolds fabricated. The analysis of variance has 

been employed to obtain the statistically significant factors and their optimal levels. 

ANOVA has revealed that, in relation to the mechanical properties, the temperature of 

mixing is the most statistically significant variable and its optimal level is the lowest. 

It is due to the reduced degradation of the polymer during the melt mixing. In 

accordance with this assumption, it can be justified the following second significant 

variable, the mixing time, and its lower optimal level. For the mechanical properties, 

the results obtained in this study indicate that, the statistically significant factors are 

temperature and time of mixing, kind of porogen salt, following salt granulometry and 
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time of leaching, and their optimal levels are the lowest. For the porosity ANOVA 

results show that the all factors are no significant. 

The combination of Taguchi’s experimental design and ANOVA gives a simple 

and effective systematic approach for the determination of the optimal levels of the 

significant parameters.  

The optimal values obtained may be adopted in future process of fabrication of 

porous scaffolds within the same process manufacturing and materials. Moreover, this 

study may be considered how preliminary investigation for further experimental 

investigation of the significant factors in more complicated factorial design, for 

instance with a full factorial design, to explore non-linear effects and interactions 

between parameters. 

 

  



 

PREPARATION AND CHARACTERIZATION OF BIOPOLYMERIC POROUS STRUCTURES FOR 

ADVANCED APPLICATIONS 

76 
 

4.3 3D PCL Membranes for Oily Waste Removal 

This section describe an eco-friendly technology to prepare a NaCl templated 

polycaprolactone biodegradable sponge for the selective absorption of oil from water. 

The eco-friendly process for fabricating the PCL oil removal sponge (ORS) does not 

require any synthesis processes and use of organic solvents and it is not 

environmentally hazardous, thus promoting potential in environmental applications. 

The proposed PCL sponge are also able to remove micrometer size oil droplets typical 

of emulsions, and can be clean-up in close system at least 50 times exhibiting low 

efficiency loss. Devices are characterized from morphological, mechanical, and oily 

uptake point of view by considering 3 different oily waste (olive oil, motor oil, 

gasoline) and considering 50 cycles of recycle. 

 

Morphology 

Typical SEM images of PCL sponges are shown in Figs. 1 a-b.  

 

Figure 26 - SEM images of ORS at different magnifications, scale bar a) 100 µm; b) 20 µm. 

The sponge morphology of ORS was characterized by a multimodal pore structure 

with distinct pore sizes and pore architectures. The macropores are homogeneously 

distributed in the polymer matrix as shown in Figure 26a. The size of these macropores 

varies considerably throughout the scaffold from 50 to 100 micrometers and depends 

on the size distribution of the salt particles added. Moreover the absence of salt crystals 

suggests that the dissolution of the porogen agents is complete. In addition to the 
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macropores resulting from the leaching of salt crystals, a micropores network was 

created by the extraction of the PEG porogen polymer, characterized by cylindrical 

pores with a maximum size of approximately 5 µm, as shown in Figure 26b. The 

presence of micropores is crucial for their whole interconnection and to enlarge the 

specific area of the device. 

 

Oil uptake 

As shown in Figure 27a, the porous and highly interconnected structure, appears to 

be highly hydrophobic, and shows potential interest in the removal of oily and 

hydrophobic pollutants.  In fact, when a drop of water and a drop of olive oil were put 

onto the surface of the sponge, the drop of oil was immediately absorbed, while the 

drop of water remained stable onto the surface of the sponge with a contact angle of 

130 degrees (Figure 27b).  

 

Figure 27 - Two drops of water and oil onto the surface of sponge. The drop of water remains onto the 
surface, while the drop of oil was immediately absorbed. In the inset, the water contact angle measurement of 
the virgin sponge. 

Accordingly, when an ORS was placed in contact with a system simulating polluted 

waters, consisting of distilled water and olive oil, it was able, in a few seconds, to 

completely and selectively remove the organic pollutant from the water (see Figure 

28). Indeed, when a sponge is placed onto the surface of a biphasic mixture (Figure 

28a) it is able to be around half-filled just within 4 seconds (Figure 28b), and starts to 

sink after 8 seconds (Figure 28c) indicating a filling higher than 50%. After 12 (Figure 

28d) and 16 seconds (Figure 28e) the sponge gradually absorb the pollutant up to 

completely entrap and remove it within only 20 seconds (Figure 28f). Furthermore, 

since density of the ORS-oil system is lower than the water one, the sponge floated on 
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the water surface, indicating a potential easy removal of oil spillage or any oily 

leakage. The selective oil uptake was evaluated by weighing the water before adding 

oil and the biphasic mixture after the immersion of the ORS. In particular, it was found 

that the water’s weight after the ORS immersion and the subsequent removal was 

about the 99% of the initial weight. Moreover, in order to verify if the water even after 

the uptake contained still oil, it was evaporated and thereafter weighted finding that no 

residue was present. These findings suggest the selectivity of the ORS in removing the 

oil. 

 

Figure 28 - Photo-frame every 4 seconds of a sponge immerse into the biphasic solution of water and olive 
oil. Initially the sponge float onto the surface, but while it is filling up, it starts to precipitate on the bottom of 
crystallizer. 

With the aim to evaluate the possibility to recycle the ORS, we looked for a system 

able to remove the absorbed olive oil, but at the same time that do not damage the 

ORS. Exploiting the insolubility of polycaprolactone in different organic solvents 

[261] we chose diethyl ether as solvent to clean-up and recycle the ORS, since its 

ability to dissolve oily compounds and without damaging PCL porous architecture. 

SEM images reported in Figure 29a-b, show in fact that the morphology of ORS is the 

same of the virgin one reported in Figure 26a-b. Encouraged by these interesting 

results, we decided to evaluate the possibility to recycle the ORS up to fifty times and 

even to assess the effect of different pollutants, i.e. olive oil, motor oil and gasoline. 

In fact, a good system with the capability to remove organic pollutants, should be also 

reusable, thus permitting to recover the pollutants without affecting removal 

efficiency. 
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Figure 29 - SEM images of the ORS after cleaning up at different scale bar a) 100 µm; b) 20 µm 

In order to characterize the absorptive capability of the ORS, we used the following 

parameters: mass and volume of seized pollutant, and the correlated parameters, mass 

and volume-based oil uptake % (accordingly respectively to  Eqns. 14 and 15) that are 

reported as a function of the cycle number in Figure 30. In particular, the results 

reported in Figure 5a show that the ORS is able to absorb a similar amount of pollutant 

Figure 30 - a) Mass and Volume of absorbed pollutant versus number of cycles, b) the weight 
of sponge after each cycle and mass-base oil uptake %.  c) volume-base oil uptake in relation to 
dry volume and swelled volume of the ORS. 
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for all the fifty tested cycles although when the olive oil is used, a very slight decrease 

of the absorbed mass of pollutant can be observed on increasing the cycle number.  

To take into account the different densities of the three used pollutant, their 

absorbed volume was reported in the same figure (Figure 30a).  It is worth noting that, 

considering the absorbed volume, the largest amount of seized pollutant was of 

gasoline. This may be likely caused by the capability of gasoline to completely fill all 

the pores of different diameters of the ORS, while the more viscous motor and olive 

oils are able to fill only the capillaries and the pores with larger diameters. 

In Figure 30b it is shown the weight of the ORS after every cycle, i.e. after 

absorbing the pollutant and the following cleaning up, normalized with respect to the 

pristine one. The weight of ORS remains the same after each cycle, indicating an 

optimal extraction and total removal of the pollutants.  

Still, in Figure 30b, when the results of oily uptake were shown in terms of mass-

based oil uptake, a value up to 500% (respect to the original weight) can be observed. 

In particular it was higher for motor oil, gasoline and olive oil respectively.  

But if the same data were reported as a function of volume-based oil uptake (Figure 

30c) an unexpected result is observed. Indeed the uptake values were unreasonably 

higher than 100%. In order to find a possible answer, we observed, that, when the ORS 

were put in contact with the pollutant, an increase of the volume of the sponges occurs. 

The size of swelling changes depending on the analyzed systems and in particular it 

was of 36% for the gasoline, 13% for the motor oil and 7% for the olive oil (See Table 

10). Indeed, as shown in Figure 30c, if the results were normalized with respect to the 

new volume of swelled sponges, the results get back under the reasonable 100%. 

SEM analyses were performed on ORS used for the removal of the three standard 

pollutant after 10, 25 and 50 cycles, as shown in Figure 31, to analyze the effect of 

wastes and of the clean-up on the morphology of the reused samples. 

After 10 and 25 cycles, all ORS samples showed morphology very similar to the 

virgin one (Figure 26), thus likely suggesting that matrix surface is inert towards both 

the oily wastes and the diethyl ether used for the clean-up. Indeed, the multimodal pore 

structure seems to remain unchanged, as neither breakages nor discontinuity of the 

polymeric phase were detected. 
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After 50 cycles, a higher discontinuity of the internal structures was visible in every 

sample. In particular, the appearance of empty regions (around 300 µm) was clearly 

visible in ORS that absorbed olive oil and gasoline. On the other hand, those which 

absorbed motor oil after 50 cycles seemed to retain the pristine morphology, even if 

the pore structure seems to be partially compromised with some empty regions which 

size did not exceed 100 µm. 

The pristine roughness of the pore architecture appear unchanged, thus confirming 

the absence of any waste residual after cleaning cycle. 

 

 

  

Figure 31 - SEM images of ORS morphology after 10, 25 and 50 recycles for different oily systems 
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Porosity and connectivity. 

Porosity and connectivity are important parameters related to sponge-based 

devices. The first feature refers to the volume that could be potentially filled by fluids, 

the second influences the interconnection rate between pores by assuming that the 

porogen agents (NaCl and PEG) are removed by the fluid phase (Water) during the 

leaching step. 

Table 10 - ORS properties 

Sample  
Designation 

Theoretical 
Porosity (%) 

Dry 
Porosity (%) 

Wet 
Porosity (%) 

Swelling 
Volume (%) 

Virgin 82 83.7 ± 0.5 - - 

Olive oil 10 82 81.9 ± 0.3 84.0 ± 0.3 7 ± 0.04 

Olive oil 25 82 81.5 ± 0.4 83.8 ± 0.2 7 ± 0.08 

Olive oil 50 82 81.3 ± 0.2 83.7 ± 0.4 7 ± 0.1 

Motor oil 10 82 82 ± 0.3 85.0 ± 0.2 13 ± 0.07 

Motor oil 25 82 81.7 ± 0.3 84.7 ± 0.3 13 ± 0.1 

Motor oil 50 82 81.7 ± 0.4 84.6 ± 0.5 13 ± 0.15 

Gasoline 10 82 82.1 ± 0.4 87.4 ± 0.2 36 ± 0.1 

Gasoline 25 82 82 ± 0.5 87.2 ± 0.3 36 ± 0.15 

Gasoline 50 82 81.8 ± 0.3 87.1 ± 0.5 36 ± 0.2 

 

The sponges were designed with a theoretical volumetric porosity of 82%, 

assuming the complete extraction of porogen agents. The measurement of the real 

porosity of sponges, calculated according to eq. 2, was 83.7% ± 0.5%. It was found to 

be higher than the theoretical one, presumably due to the loss of low amounts of PCL 

during process and/or to small inhomogeneity of the blend itself. 

The value of the real porosity did not change significantly as a function of the 

number of recycles and type of pollutants as shown in Table 10. 

The value of the connectivity measured according to Eqn. 3 was around 99.5% for 

all the materials.  

Wet porosity was evaluated by considering the volume of the sample filled by the 

oily pollutants. As already mentioned, the ORS were found to swell when filled by all 

the pollutants analyzed in this work. 

Among the pollutants investigated in the frame of this work, gasoline induced the 

strongest swelling (36% volume increase), thus determining a wet porosity of about 

88%. When the ORS were filled by motor oil and olive oil, the swelling observed was 



 

PREPARATION AND CHARACTERIZATION OF BIOPOLYMERIC POROUS STRUCTURES FOR 

ADVANCED APPLICATIONS 

83 
 

only 13% and 7%, respectively. The highest volume increase displayed by the 

gasoline-ORS system could be ascribed to the lower viscosity of the gasoline waste.  

Values of porosity and swelling volume are listed in Table 10. 

 

Mechanical properties 

The results of the compression tests were interpreted in terms of stress–strain curves 

for the several fabricated ORS. A typical stress-strain curve is shown in Figure 32. The 

plot put into evidence that ORS showed the typical behavior of polymeric foams under 

compression tests. It is possible to divide the plot into three different regions, i.e. 

linear, transition and densification region. All the samples showed an initial linear-

elastic behavior associated with the bending of the pore walls. The compressive 

modulus (E1) was determined as the slope of the linear region in the stress-strain curve 

and it is reported in Figure 33a as a function of the type of pollutant and the number 

of cycles. In the second region, it is possible to notice a transition attributable to the 

beginning of the plastic deformation [254,255].  

 

Figure 32 - Representative stress strain curve for ORS and points of evaluation of E1 and E2 parameters 

In the last region of the plot, the stress was found again to vary linearly with the 

strain. In this latter case, the so-called plastic modulus (E2) measured was due to the 

densification phenomena occurring since the pore walls collapsed thus filling the 

voids. As consequence, a steep increasing in stress was measured. E2 as a function of 
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the type of pollutant and of the number of the cycles is shown in Figure 33b. The plot 

put into evidence that ORS showed the typical behavior of polymeric foams under 

compression tests. It is possible to divide the plot into three different regions, i.e. 

linear, transition and densification region. All the samples showed an initial linear-

elastic behavior associated with the bending of the pore walls. The compressive 

modulus (E1) was determined as the slope of the linear region in the stress-strain curve 

and it is reported in Figure 33a as a function of the type of pollutant and the number 

of cycles. In the second region, it is possible to notice a transition attributable to the 

beginning of the plastic deformation [262,263]. In the last region of the plot, the stress 

was found again to vary linearly with the strain. In this latter case, the so-called plastic 

modulus (E2) measured was due to the densification phenomena occurring since the 

pore walls collapsed thus filling the voids. As consequence, a steep increasing in stress 

was measured. E2 as a function of the type of pollutant and of the number of the cycles 

is shown in Figure 33b. 

Compressive modulus was found to be almost independent on the kind of pollutants 

up to 25 cycles. Meanwhile a large reduction of E1 value was visible at 50 cycles, 

although motor oil seems to get worse. Obviously a reduction of the E1 value can be 

attributed to the degradation of polymeric matrix due to the polymer-pollutants 

interaction. Moreover, the high specific area of these devices accelerated the chemical 

degradation of the matrix, since the pollutants could act as a solvent. The behavior of 

the E2 as a function of the typology of pollutants and of the number of cycles was very 

similar to that of E1. The value was found to be 1000% higher than E1 because the 

porosity of the system was gradually reduced by densification phenomena but, in all 

the cases, a decrease with respect to the initial value was evident. The most remarkable 

difference can be observed at 50 cycles for motor oil and for gasoline wastes with a 

significant decrease of E2. 
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Figure 33 - Variation of E1 (a) and E2 (b) with the increasing of recycles for different oily systems. 
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4.4 3D Porous Structures Presenting Pore Size Gradient 

PLA-based porous structures presenting pore size gradient  

In this section is presented the preparation and characterization of PLA-based 

porous structures presenting pore size gradient. The aim of this work is to find a 

correlation between the preparation, the morphology and mechanical properties of the 

PLA-based three-layered scaffold. Moreover the structural characteristics of this 

device, similar to the spongy bone structures, prompted us to investigate about the 

effect of different pore size layers on cellular permeation and the possibility of using 

the three-layered porous PLA/PEG scaffold for bone regeneration. The samples code 

and the NaCl granulometry chosen for this application are listed in Table 11.  

 

Table 11 - Materials prepared by melting PLA, PEG and NaCl in different granulometry. 

Sample code Granulometry NaCl (µm) 

M 500 500–1000 

M 300 300–500 

M 100 100–200 

M 90 90–110 

M 45 45–65 

M 10 <40 

 

 

Morphological analysis of monolayered scaffold 

The morphology of the scaffolds were analyzed to determine the effect of NaCl 

particles size on the porous architecture of the PLA-based scaffold. Figure 34A-F 

shows images obtained by SEM of the monolayered scaffold developed by leaching 

material filled with different size of salt. Measurement of pore size revealed a scaffold 

average pore size strongly controlled by the NaCl granulometry filled in the polymer 

matrix. In particular M 500 (Figure 34A refers to the material filled by salt grains 

seized from 500 to 1000 µm (M 500). From Figure 34A it is possible to note that pores 

have an average diameter of 500 µm, probably due to the breakage of salt particles 

with diameter higher than 500 µm during the melt mixing. As clearly visible from the 
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same figure, pore architecture is characterized by a low number of irregular pores, 

lowly interconnected surrounded by walls of about 10 µm. In Figure 34B it is shown 

the morphology of M 300. 

 

Figure 34 - SEM images of monolayered scaffold obtained by leaching melts with different salt particles size: 
M 500 (a), M 300 (b), M 100 (c), M 90 (d), M 45 (e) e M 10 (f), scale bar is 400 µm. 

In this case the pores presented an average diameter in the same range of the salt 

particles filled during melt mixing (300–500 µm) so particles were not broken by 

process. Walls around pores, are thinner (about 5 µm) than the M 500 ones. M 100, 

(Figure 34C), an heterogeneous network composed by pores with higher dimension 

(200 µm) surrounded by little ones (100 µm). This pore architecture increases the 

interconnection between pores and their density for unit of volume but it drastically 

reduces walls thickness. M 90, (Figure 34D), morphology, shows roughly cubic pores 

that seems to be homogeneously distributed throughout the polymer matrix because 

the salt filled in this blend was seized in a range smaller than previous (90–110 µm). 

Micropores due to PEG solvation were present inside the walls that, in fact, appear 

very rough. M 45, (Figure 34E), SEM image shows a high density of pores for unit of 

volume with dimension ranging from 45 µm to 70 µm. M 10 materials, (Figure 34F), 

present the highest density of pores per unit of volume. This structure is highly 

interconnected and its pores have an average pore size of 20 µm with walls very thin 

(thickness even below than 1 µm). 
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Morphological analysis of three layered scaffold 

Figure 35A-C is the picture of a section of the three-layer system composed by M 

500, M 300 and M 100 (TL A) after the leaching process.  

 

Figure 35 - (A,B,C) SEM images of three-layered scaffold type A: (A) entire cross section; (B) transition region 
between layers M 500 and M 300; (C) transition region between layers with pores of M 300 and M 100. (D,E,F) 
SEM images of three-layered scaffold type A: (D) entire cross section; (E) transition region between layers with M 
90 and M 45; (F) transition region between layers M 45 and M 10. Scale bars are 500 µm. 

  

In Figure 35A it is possible to identify clearly the three layers with the three 

different average pore size. The Figure 35B,C, shows at a higher magnification the 

transition regions between respectively (M 500–M 300) and (M 300–M 100) layers. It 

can be observed that the whole device do not present internal cleavages and no matrix 

discontinuity can be distinguished among the different layers. Figure 35D shows a 

SEM image of the three-layer device composed by M 90, M 45 and M 10 (TL B) after 

the leaching process. It demonstrate that TL B presents morphological characteristic 

similar to TL A. Again, as matter of fact, three layers with pores of different sizes can 

be easily recognize, while Figure 35E,F showing respectively the transition region (M 

90–M 45) and (M 45–M 10), allows observing that the different layers constitute a 

single structure without flaking. Pore architecture of every single layer is, as expected, 

the same of the corresponding monolayer in every region. 
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Porosity, connectivity and water uptake analysis 

In Table 12 are summarized theoretical porosity (%), porosity (%), connectivity 

(%), water uptake (%), pores filled by water (%) in function of scaffolds pore size and 

for the three-layered devices.  

Table 12 - Theoretical porosity (%); porosity (%); connectivity (%); water uptake (%); pores filled by water (%) 
in function of scaffolds pore size. 

Scaffold code Theoretical 
porosity (%) 

Porosity (%) Connectivity 
(%) 

Water uptake 
(%) 

Pores filled by 
water (%) 

M 500 70.84 70.12±0.62 99.70±0.08 210.5±10.1 99.63±0.22 

M 300 70.84 70.04±0.46 99.58±0.12 200.4±12.5 99.1±0.35 

M 100 70.84 70.08±0.65 99.65±0.10 203.8±11.4 99.75±0.15 

M 90 70.84 69.94±0.32 99.42±0.15 185.8±14.7 99.26±0.41 

M 45 70.84 69.87±0.57 99.54±0.09 192.8±7.1 99.08±0.13 

M 10 70.84 69.91±0.71 99.46±0.13 187.65±6.5 99.57±0.18 

TL A 70.84 70.05±0.76 99.35±0.10 196.3±11.7 99.23±0.31 

TL B 70.84 69.65±0.82 99.40±0.11 181.5±13.3 99.48±0.24 

 

In this work, the composition of the mixture was designed to obtain scaffolds with 

a theoretical porosity of 70.8%. The porosity calculated with Eq. (2), is very close to 

the theoretical one for all the scaffold types, which makes reasonable conclude that all 

the charge porogen agents were extracted from devices. This hypothesis is confirmed 

by the value of the connectivity higher than 99% for all the materials as calculated 

from Eq. (3). The water uptake, slightly changes for the different pore sized scaffolds 

but for all the samples there is a percentage of pores filled with water higher than 99%, 

which demonstrates the high degree of interconnection architecture porous. 

 

Effect of pore architecture in mechanical properties and interfacial adhesion strength 

Mechanical behavior of monolayer samples with different pore size are shown in 

Figure 36A. All the samples show an initial section characterized by a linear-elastic 

region, likely associated with the bending of the walls of the pores, followed by a 

transition that can be associated to the beginning of permanent plastic deformation 

[262,263]. This region of the stress–strain curve assumes different aspects depending 

on the average pore size. For materials M 300 and M 500 it was observed a distinct 

peak a of the stress to associate to the structural failure of the specimens, in other cases 

(M 100, M 90 and M 45) the curves show a horizontal slope therefore the effort does 

not change during deformation for a stretch deformation. Finally for monolayers with 

the smallest pore size the trend of plastic region is not associated with a plateau, but 

http://www.sciencedirect.com/science/article/pii/S1751616115003173#eq0010
http://www.sciencedirect.com/science/article/pii/S1751616115003173#eq0015
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the stress describes a monotonically increasing curve. The last region of the stress 

strain curve can be associated to the densification region of for all the morphologies. 

Here, during compression, the pore’s walls touch each other causing a steep increase 

of the stress. 

 

Figure 36 - (a) Stress–strain curve for monolayer scaffold type M 500; M 45 and M 10 in dry condition; (b) 
Stress–strain curve for three-layer scaffold type A and B in dry and wet environment; c (inset) particular of the 
first part of the stress strain curve referred to TL A in dry environment. 

The stress–strain curves of TL A and TL B samples are shown in Figure 36B both 

in air and in PBS solution. The mechanical behavior of TL A is characterized by three 

linear regions followed by three following plateau. This behavior makes reasonable to 

think that the system collapses one layer at time starting with the weakest one. TL B 

mechanical behavior instead is very similar to that of monolayers ones because mean 

pore size of the layers composing it are very close each other’s so the plateaus, well 

visible for TL A, are overlapped for TL B.  

 

Figure 37 – A) Compressive Young modulus of mono and three-layered scaffold with different pore size in 
wet and dry environment; B) Layer adhesion strength test results for TL A and TL b in dry and wet condition. In all 
cases, delamination was not seen at the interfaces. Instead, failure occurred within the intermediate of the 
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weakest layer. The tensile properties were lower for the TL B than for TL A scaffold. In wet condition the adhesive 
strain was reduced of about 10% for all tested scaffold. 

The histogram in Figure 37A reports the compression elastic modulus evaluated in 

air and in PBS calculated as the slope of the linear region of the stress strain curve for 

the monolayers and the three-layer. A trend can be found for this parameter that 

decrease with the decrease of mean pore size. For three-layered scaffold the E value is 

comparable to that of their respective weaker layer (i.e. M 100 for TL A and M 90 for 

TL B). The interfacial adhesion strength for TL A and TL B in dry and wet 

environment, are shown in Figure 37B. Delamination of the different layers was not 

observed during testing. Failure occurred around the middle part of the weakest layer 

of TL A (M 100) and the weakest layer of TL B (M 10). The tensile properties were 

lower for TL B than for TL A. Tests carried out in wet environment showed a decrease 

of the interfacial adhesion strength of about 10% for all the studied morphologies. 

 

Cell viability and NIH3T3 proliferation rate 

Cell viability of NIH3T3 and MC3T3-E1 cells was evaluated by Acridine Orange 

Assay. As is possible to observe from Figure 38a cell seeded on plate and treated with 

DXR [10 µM] for 3 h, showed the characteristic apoptotic morphology [69]. On the 

contrary, in Figure 38b,c are reported respectively NIH3T3 and MC3T3-E1 cells 

seeded on the device and observed after six days. The tested device do not has released 

cytotoxic components, in fact cells showed their physiological morphology. 

 

Figure 38 - Exclusion of cytotoxicity by Acridine Orange assay. (a) Positive control. (b) NIH3T3 cell grown on 
PLA/PEG scaffold for six days. (c) MC3T3-E1 cell grown on PLA/PEG scaffold for six days. As is possible to observe 
from panel (a), cell seeded on plate and treated with Doxorubicine 10 mM for 3 h, show the characteristic 
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apoptotic morphology. On the contrary, in panel (b) and (c), the tested device do not has released cytotoxic 
components, and cell show their physiological morphology. 

To evaluate the ability of NIH3T3 to proliferate on and inside the three-layered 

scaffold, the proliferation rate of cell culture was analyzed using an ImageJ64 

software. The histogram Figure 39a shows that the fibroblasts are grown in a linear 

way and have doubled in four days.  

 

Figure 39 - (a) Analysis of the proliferation rate of fibroblast NIH3T3 cells cultured in the PLA/PEG scaffold 
using ImageJ 64 software; (b,b′) MC3T3-E1 cells grown on surface with minor pore size of PLA/PEG scaffold for 6 
day. Nuclei were labeled by PI. From analysis of confocal microscopy was possible to observe the osteoblastic 
cells proliferation on scaffold surface but, due to their dimension, cells cannot migrate inside it (b″). On the 
contrary, NIH3T3 cells fibroblastic cells, proliferate on surface with porosity 90–110 μn (c, c′) and they are able to 
migrate inside the polymeric scaffold interconnections, as is possible to observe from the transverse section (c″). 
(In a and c magnification was 30× In a′, b, c′ and d, magnification was 10×). 

 

Cells morphology and permeation 

The cell morphology was analyzed both, by LSCM and by SEM. The LSCM 

analysis were carried out to observe different proliferation in co-culture of NIH3T3 

and MC3T3-E1 cells. In particular, MC3T3-E1 osteoblastic cells, seeded on the 

surface with minor pore size (M 10), (Figure 39b,b′), grown and were able to form a 

layer of about 200 μm, as is described in the figure (Figure 40A,a,b, B). NIH3T3 cells, 

proliferated on the surface of the layer M 90 (Figure 39c,c′) and they were able to 

migrate inside the scaffold (Figure 39 c″). 
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Figure 40 - Transverse sections of MC3T3-E1 grown on the surface with minor pore size of PLA/PEG scaffold; 
A (a; 10× magnification) The cells were able to form a layer of about 200 μn, as can be observed from the 
reconstruction of individual sections, obtained from the analysis of confocal microscopy. [Panel A(b; 20× 
magnification). [Panel B] Analysis of the fluorescence rate of the sample in the 3D using Fluoview 1000 software. 
As is shown, along the Z axis, the fluorescences appear on the same plane; this indicate that the cells proliferate 
along X and Y axis and they do not migrate along Z dimension 

These results are confirmed by SEM micrographs, (Figure 41a–c). MC3T3-E1 

osteoblastic cells were found on the external surface of the layer M 10 of TL B and 

appears about 40 µm length (Figure 41a). On the other hand NIH3T3, fibroblast cells, 

smaller than the osteoblast, were found both, on the upper surface of the layer M 90 

and inside the layer M 45. (Figure 41b,c). To recognize the differences in dimension 

between the different cell lines used, it was used the 2D co-culture of MC3T3-E1 and 

NIH3T3 image showed in Figure 41d. 

 

Figure 41 - (a) SEM micrographs of osteoblast on the layer M 10 of TL B. (b), and (c) SEM micrographs of 
fibroblast respectively on the surface of layer M 90 and on inside the layer M 45. Scale bar is 50 µm. (d) MC3T3-
E1 and NIH3T3 seeded together on 2D coverglass. PI (red nuclei) and Phalloidin FITC (green cytoplasm). Is 
evident the different size of two cell lines in co culture. 
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Discussion 

In our study the melt mixing-salt leaching fabrication method was used to create 

two three-layered scaffolds with mean pore sizes ranging from 10 to 1000 µm and high 

interconnected structures. 

The first part of this work focused on verifying the predictability of pore size 

distribution of single layer scaffolds in order to prepare three-layered (or multi-

layered) scaffolds with high control of pore architecture by controlling the mean pore 

size of each single layer composing it. NaCl was chosen as the mineral water-soluble 

porogen agent and it was found to be the critical factor in terms of pore structure and 

size. While it acts as a template, the pore structure strongly depends on the salt size 

and morphology. Moreover the presence of an organic water soluble porogen phase 

(PEG) partially miscible with PLA [43,257], during leaching step creates a 

microporous network able to enhance pore interconnection [43,257]. While the NaCl 

grain size allows control of the scaffold pore dimensions as demonstrated from 

morphological analysis of each single layer from 10 until 1000 µm, the amount of 

porogen agents in the melt permit the prediction of porosity. Scaffold porosity is a 

crucial parameter because it influences both biological and mechanical properties. 

Although high values of porosity ensure the best regenerative properties, the 

mechanical properties are strongly affected [264,265]. 

In fact by considering the complete removal of the porogen agent a theoretical 

porosity of 70.8% could be evaluated in our work, meanwhile real porosity evaluated 

by gravimetric measurements, are very close to theoretical one (69.9%), demonstrating 

that all of the porogen agents were removed during the leaching step. This result is 

confirmed by the value of the connectivity higher than 99% for all the materials as 

calculated from Eq. (3). Traces of residual PEG are present in the scaffolds enhancing 

their wettability as previously described [257]. The water uptake, slightly changes for 

the different pore sized scaffolds but for all the samples there is a percentage of pores 

filled with water higher than 99%, which demonstrates the high degree of pore 

interconnection. A highly interconnected porous structure is very important because it 

allows the seeded cells to theoretically reach every part of the volume of the scaffold. 

After having tested the possibility of obtaining porous monolayers with a high 

control and predictability of pore architecture and porosity, the following step was the 

http://www.sciencedirect.com/science/article/pii/S1751616115003173#eq0015
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preparation of a three-layer system. The morphological architecture of devices 

produced in this work, presents three well recognizable layer with different pore size. 

In particular the mean pore size of every single layer is, as expected, the same as the 

corresponding monolayer in every region demonstrating a high potential predictability 

of pore architecture of multi-layered scaffolds. This enabled control of the pore size 

within each region of the scaffold is crucial since it has been shown that scaffold pore 

size has a considerable effect both on mechanical properties and on the control of 

seeded cells. In particular, Levingstone et al. [265] and Murphy et al. [266] showed 

respectively that both mechanical properties and cells infiltration are significantly 

affected by scaffold mean pore size. 

One of the most complex problems to overcome in the production of multi-layered 

devices in discontinuous gradient is to avoid any kind of detachment or cleavage 

between one layer and another [265]. By observing the morphology of the transition 

region between one layer and another, the device does not present internal cleavages 

and no matrix discontinuity can be distinguished among the different layers. In order 

to quantify the adhesion between different layers of TL A and TL B, a custom layer 

adhesion strength measurement technique was used. The interfacial layer strength was 

tested until failure with the delamination of the layers. Subsequent examination of the 

fracture surfaces, delamination was found to occur around the middle part of the 

weakest layer of TL A and TL B rather than at the interface, corroborating the high 

adhesion among different layers. 

Once tested the predictability of the pore architecture of three-layered scaffolds, 

mechanical test under compression were conducted in order to analyze the effect of 

pore size and distribution in the mechanical behavior of the scaffolds both in air at 

room temperature and in PBS at 37 °C to imitate physiological work conditions. 

The relationship between morphology and mechanical behavior can be explained 

by considering that the maximum stress occurs when the internal structure collapses. 

Morphological analysis showed that the pore size strongly influences the density of 

pores per unit of area but also the thickness of the walls around pores. In particular by 

considering devices with the same porosity, a device that has smaller pores (i.e. M 10) 

has a greater density of pores per unit of volume and thinner walls if compared with a 

material with a greater pore diameter (i.e. M 500). When M 500 is mechanical tested 
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under compression the walls collapse during the compression and the densification 

phenomena begins later so a peak in the stress–strain curve after the elastic region is 

appreciable. If the structures presents smaller pores (i. e. M 10) the densification 

phenomena begins almost simultaneously to the walls yield because the number of 

pores is much higher and are filled immediately by the material that come from the 

thin outer walls. This phenomena does not allow the identification of a distinct 

structural failure. 

Observing mechanical behavior of TL A and TL B both in wet and dry conditions, 

it could be noted that even the mechanical behavior of multilayered scaffolds can be 

easily predicted by the control of pore architecture. In particular, three-layered systems 

present the same Young’s modulus of their respective weaker layer giving us the 

possibility to control another crucial parameter of scaffold design. It is well known 

that mechanical response is crucial for the growth stem cells and differentiation so the 

possibility to design scaffold [267] with tunable mechanical response is a meaningful 

result. 

The structural characteristics of the device TL B could permit to control the 

infiltration of different cells inside the scaffold. Pore size ranging from 10 to 100 µm 

can avoid osteoblast permeation (mean diameter 40 µm) while fibroblast (mean 

diameter 10 µm) can easily migrate inside. As is well known in literature, PLA is an 

highly biocompatible polymer [268], however, before starting the biological analysis 

we wanted to verify the non cytotoxicity of the device. As can be observed (Figure 38) 

the cells, grown on the scaffold surface for one week don׳t show apoptotic signals. 

Tested the absence of cytotoxicity of the device, the first step was to analyze the ability 

of cells to proliferate in the TL B. Two cell types in co-culture, with different size were 

chosen as is shown in the Figure 40d, to mimic the heterogeneous population of bone 

structure, and to study their different interactions with the device. 

Cell infiltration in 3D scaffold is strongly affected by surface properties and by 

cell–polymer interactions. It was demonstrated in scientific literature [257] that with 

our fabrication method, a certain amount of PEG can be found in the surface of the 

scaffold pores. Results of cells adhesion tests suggested that the presence of PEG on 

the surface is sufficient for adequate cell adhesion and infiltration in the polymeric 

matrix, in agreement with others studies [269,270]. 
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As described in the results section, although our data are still preliminary and 

require further studies, the characteristics of the scaffold and biological responses 

obtained from the co-culture prototype, they suggest that the device designed by us 

could have major applications in the field of bone regeneration. The next step will be 

to use mesenchymal stem cells in place of fibroblasts, which, once migrated within the 

different layers of the scaffold with similar structure to that of spongy bone, and 

influenced by the environmental factors, [158,271] they will be induced to differentiate 

in bone cells. 

 

Conclusions 

In this work PLA, degradable scaffolds with a discrete pore size gradient has been 

developed combining melt mixing, compression molding and selective leaching. The 

devices present high interconnected pore structure with a porosity of 70% and high 

predictability of pore size by controlling the granulometry of NaCl in the melt mixing 

step, confirmed by SEM analysis. 

Morphological analysis also showed that three-layered scaffold are characterized 

by well fixed layers with different pore size. Interface adhesion strength tests revealed 

high layer adhesion without interface fractures. 

Mechanical tests showed the strong correlation between pore size and mechanical 

behavior of scaffold that present a distinct peak of yield stress in the case of high pore 

diameter (500 µm and 300 µm), a plateau in the case of smaller ones (100 µm; 90 µm 

and 45 µm) and it is monotonically increasing for the smallest one (20 µm). The 

Young modulus increases with the pore diameter without changing the total porosity 

of devices while compressive test in PBS at 37 °C reduces the Young modulus by 10%. 

Three-layered scaffold present a Young modulus comparable with that of its weaker 

layer. PLA/PEG based scaffold with discrete pore size gradient realized without using 

organic solvent presents interesting biomedical applications in particular concerning 

with interface tissue engineering 

The characteristics of the scaffold and biological responses obtained from the co-

culture prototype suggest that the device designed by us could have major applications 

in the field of bone regeneration. 
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PCL-based porous structures presenting pore size gradient  

In this section is presented the preparation and characterization of PLA-based 

porous structures presenting pore size gradient. The aim of this work is to find a 

correlation between the preparation, the morphology and mechanical properties of the 

PLA-based three-layered scaffold. Moreover the structural characteristics of this 

device, similar to the spongy bone structures, prompted us to investigate about the 

effect of different pore size layers on cellular permeation and the possibility of using 

the three-layered porous PLA/PEG scaffold for bone regeneration. The sample codes 

of the materials as well as the composition and the NaCl granulometry, are shown in 

Table 13. 

Table 13 - Materials prepared by melt mixing PCL, PEG, and NaCl in different granulometry 

Sample code PCL [wt%] PEG [wt%] NaCl [wt%] NaCl granulometry [µm] 

M 100 20 5 75 90–110 

M 50 20 5 75 45–65 

M 10 20 5 75 <40 

 

 

Morphology 

 

 

Figure 42 - SEM images of monolayered scaffold obtained by leaching melts with different salt particles size: 
M 100 (a), M 50 (b) and M 10 (c) 

Figure 42(a-c) shows images obtained by SEM of monolayered scaffolds realized 

by leaching material filled with different sized salt crystals. In particular, M 100, 

(Figure 42a), morphology, shows roughly cubic pores that seems to be homogeneously 

distributed throughout the polymeric network. M 45, (Figure 42b), SEM  images show 

a high density of pores per unit of volume with dimensions ranging from 40 µm to 60 
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µm. M 100 and M 50 presented a multimodal pore structure i.e.  with distinct pore 

sizes and pore architectures. In fact, micropores network, characterized by pores 

ranging from 1 to 5 µm are reasonably due to PEG solvation, can be observed into the 

pores wall [19,43]. Finally, M 10 materials, (Figure 42c), present the highest density 

of pores per unit of volume. This structure in highly interconnected with an average 

pores size of 20 µm with walls very thin (thickness even below 1 µm). In this case it 

is more difficult identify the multimodal pore structure. 

 

Figure 43 - SEM images of three-layered scaffold type A: a) entire cross section; b) transition region between 
layers with M 100 and M 50; c) transition region between layers M 50 and M 10 

After having tested the possibility to obtain porous monolayers with a high control 

and predictability of pore architecture, the following step was the preparation of a 

three-layers systems as described in the experimental section. Figure 43a-c is the 

picture of a section of a three-layer system composed by M 100, M 50 and M 10 (TL) 

after the leaching process. In Figure 43a it is possible to observe clearly the three layers 

with the three different average pore size.  

Table 14 -Theoretical porosity (%), porosity (%), connectivity (%), water uptake (%) in function of scaffolds 
pore size 

 

In particular, it is possible to see that each layer presents the same morphology as 

the equivalent monolayer. The full control of the pores size within each region of the 

three-layered scaffold is crucial since it has been shown that scaffold pores size has a 

Scaffold    

code 

Theoretical 

Porosity (%) 

Porosity                 

(%) 

Connectivity 

(%) 

Water Uptake                  

(%) 

M 100 70,84 70,18 ± 0,55 99,45 ± 0,15 220,2 ± 11,4 

M 50 70,84 69,84 ± 0,42 99,32 ± 0,14 270,3 ± 14,7 

M 10 70,84 69,97 ± 0,47 99,54 ± 0,22 290,8 ± 7,1 

TL 70,84 69,55 ± 0,72 99,60 ± 0,20 280,5 ± 13,3 
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considerable effect both on the mechanical properties and on the control of the 

proliferation of seeded cells. In particular, Levingstone et al. [265] and Murphy et al. 

[266] showed that both mechanical properties and cells infiltration are significantly 

affected by scaffold mean pores size. 

 

Figure 44 (A,B) Stress-strain curve for tested scaffold in dry condition (A) and in wet condition (B); (C) 
Compressive Young modulus of mono and three-layered scaffold with different pore size in wet and dry 
environment 

One of the most complex problems to overcome in the production of multi-layered 

devices in discontinuous gradient is to avoid any kind of detachment or cleavage 

between one layer and another. Figure 43b-c, shows at a higher magnification the 

transition regions between respectively (M 100 – M 50) and (M 50 – M 10) layers. It 

can be observed that the whole device do not present internal cleavages and no matrix 

discontinuity can be noted among the different layers.  

In Table 14 there are summarized the theoretical porosity (%), the porosity (%), 

connectivity (%), water uptake (%) as a function of scaffolds pores size for the single 

layers and for the whole TL device. Although high values of porosity ensure best 

regenerative properties, the mechanical properties can be negatively affected [38]. In 

this work, the composition of the mixture was designed to obtain scaffolds with a 

theoretical porosity of 70.8 %.  

A serious problem related to leaching technology in scaffold production is the 

partial and not complete removal of porogen agents, because traces of mineral porogen 

residues could have negative effects on cells proliferation and can cause inflammation 
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to the surrounding tissues. The presence of another water-soluble organic phase in the 

mixture, PEG, had the role to increase the degree of interconnection between the pores 

by allowing a complete leaching of mineral filler as shown in scientific literature 

[19,43]. The porosity calculated by Eqn 11, is very close to the theoretical one for all 

the scaffold types, which makes reasonable to conclude that all the filled porogen 

agents were extracted from the devices. 

This hypothesis is confirmed by the value of the connectivity, higher than 99% for 

all the materials, as calculated from Eqn 12. A highly interconnected porous structure 

is very important because it makes easy the seeded cells to infiltrate the scaffold even 

in its inner parts. The water uptake, slightly changes for the different pores sized 

scaffolds but for all the samples there is a percentage of pores filled with water higher 

than 99 %, which demonstrates the high degree of interconnection architecture porous. 

It is well known that typical stress–strain curves of polymeric scaffolds exhibit 

qualitative characteristics similar to that of metallic or polymeric foams [43,264]. 

Stress-strain curves of representative monolayer samples with different pores size (M 

100, M 50 and M 10) and for TL are shown for dry and wet condition in Figure 44A 

and Figure 44B respectively. All the samples show an initial region characterized by a 

linear-elastic behavior, likely associated with the elastic bending of the pores walls, 

followed by a transition that can be associated to the beginning of permanent plastic 

deformation [19,264]. The last region of the stress strain curve can be associated, for 

all the morphologies, to pores densification. In this region, in particular, the pores walls 

touch each other cells thus causing a steep increase of the stress. 

The elastic modulus calculated as the slope of the first linear region depends on the 

pores architecture and on the environmental conditions of the mechanical tests. 

In fact TL modulus, evaluated in PBS at 37 ° C ± 0,1 °C is 7,09 ± 0,85 MPa while 

it grew up to 8,04 ± 1,12 MPa in dry environment. An increase of about 10 % of this 

value was evaluated ether for TL and for each monolayer composing it when tested in 

dry conditions. This change of modulus can be associated with the higher testing 

temperature adopted and to presence of the liquid phase on testing medium. 

By testing monolayer a decrease of elastic modulus of samples was observed with 

the decrease of the respective average pores size. M 100 showed E value of 12,04 ± 

0,98 MPa in dry environment; M 50 E value is 9,53 ± 1,11 MPa and M 10 elastic 



 

PREPARATION AND CHARACTERIZATION OF BIOPOLYMERIC POROUS STRUCTURES FOR 

ADVANCED APPLICATIONS 

102 
 

modulus is 7,91 ± 1,08 MPa as showed in the histogram in Figure 44C. With the same 

porosity, reducing the average pore size means increase the volumetric density of 

defects that cause a loss of mechanical properties of scaffold as observed by other 

related studies [19,264]. More in detail, TL presented an elastic modulus comparable 

with that of the monolayer M 10 so its weakest layer as visible from Figure 44C. This 

demonstrate that the elastic modulus of the multilayer device, with the gradient 

geometry realized in this work, is dependent from the weakest layer composing it. 

The structural characteristics of this device, similar to the multilayer cartilage of the 

extracellular matrix (ECM), prompted us to investigate about the effect of different 

pore size layers on cellular permeation. MC3T3-E1 osteoblastic cell and NIH 3T3 

fibroblastic cell line were chosen as a model for their different size. To be sure that the 

tested device was biocompatible, cell viability was evaluated by the Acridine Orange 

essay. NIH-3T3 and MC3T3-E1 cells seeded respectively on the device, showed their 

physiological morphology also after six days in culture. On the contrary, the same 

cells, seeded on plate and treated with DXR [10µM] for 3hr, (positive control) showed 

the characteristic apoptotic morphology [41] (Data not shown). This results confirmed 

that polymeric support did not release cytotoxic components, according to the 

manufacturing of the device.  

 

Figure 45 - The MC 3T3-E1 cells seeded on PCL, respectively after 1day (a) and 2days (b) of culture. Cells were 
stained with DAPI. Scale Barr was 20µn 

To investigate about the effect of different pore size layers on cellular permeation 

and to observe as NIH 3T3 and MC3T3-E1 cells, in co-culture, interacts with the 

device surface and proliferate on and inside it, LSCM analysis were carried out. Data 

obtained suggest that: MC3T3-E1 osteoblastic cells, seeded on the surface with lowest 
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pore size (M 10), due to their high size cannot migrate inside the polymeric support; 

they have been able to grow only on the scaffold surface as is shown in Figure 45. 

Differently, NIH3T3 fibroblastic cells, smaller than the osteoblast, proliferate on 

surface of layer M 90 and they were found able to migrate inside the polymeric scaffold 

interconnections as demonstrated from 3D analysis with Imaris software (Figure 46).  

 

Figure 46 - The NIH 3T3 cells seeded on PCL , respectively after 2days (a) and 4days (b) of culture. 
(Magnification was 20X) 3D representation of cell migration inside of the scaffold interconnections using Imaris 
software. (c) The histogram(d)  show the migration rate of NIH 3T3 inside PCL device. Data are a media of three 
different samples. Cells were stained by CSF FITC and DAPI. 

These data were also confirmed by SEM images of scaffold after cell 

immobilization. From Figure 47a it is possible to observe MC3T3-E1 on the top of the 

layer M 10, while in Figure 47b some NIH3T3 cells on the surface of layer M 100. 

Figure 47c is a SEM images of a cross section of the Layer M 50 of TL, which 

confirmed that only NIH3T3 were found inside the porous structure. 

These data, also if needing of further investigations, suggest the possibility of using 

the three-layered porous polycaprolactone/polyethylene glycol (PCL/PEG) scaffold 

for cartilage regeneration. 
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Figure 47 - a) SEM micrographs of osteoblast on the layer M 10 of TL. b), and c) SEM micrographs of 
fibroblast respectively on the surface of layer M 100 and on inside the layer M 50. 

 

Conclusions 

In this work PCL, degradable scaffolds with a discrete pore size gradient has been 

realized combining melt mixing, compression molding and selective leaching. The 

devices present high interconnected pore structure with a porosity of 70% and high 

predictability of pore size by controlling the granulometry of NaCl in melt mixing step, 

confirmed by SEM analysis.  

Morphological analysis also showed that three-layered scaffold are characterized 

by well joint regions with different pore size, without loss of adhesion or interface 

fracture.  

Mechanical test showed the strong correlation between pore size and mechanical 

behavior of scaffold that present a neat peak of yield stress in case of high pore 

diameter, and a plateau in case of little ones. Young modulus increase with the pores 

diameter without changing the total porosity of devices while compressive test in PBS 

at 37 °C reduce young modulus of 10%. Three-layered scaffold present a young 

modulus comparable with that of the weaker layer. PCL/PEG base scaffold with 

discrete pore size gradient realized without using of organic solvent present interesting 

biomedical application in particular concerning with interface tissue engineering  

The characteristics of the scaffold and biological responses obtained from the co-

culture prototype, they suggest that the device designed by us could have major 

applications in the field of bone regeneration.  
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4.5 Integration of 3D Porous PCL and PLA for Heterogeneous Devices 

Mechanical behavior of Polylactic acid/Polycaprolactone porous layered 

functional composites 

In this section, it will be discussed the preparation and characterization of a 

chemically graded laminate porous device composed by a PLA-based core and a PCL-

based shell in form of monolith. 

The novelty of this work can be principally ascribed to the preparation route of the 

multiphasic porous laminates, conducted by melt. In fact, the devices were fabricated 

by combining melt mixing, compression molding and particulate leaching. 

The relative volume ratio was controlled by the thickness of each layer in order to 

investigate the correlation between the preparation, the morphology and mechanical 

properties of three-layered laminate based on PCL and PLA. In particular, the study 

of mechanical properties of porous bio-laminates were investigated as a function of 

the relative contribution of the layers to the whole laminated device.h 

 

System fabrication 

In brief, PLA (or PCL), PEG and NaCl (seized: 100-200 µm), with weight 

percentage composition of respectively 20/5/75, were fed to a batch mixer. In Table 

15 the different size thickness of the layers. 

Table 15 –Sample code and thickness of the layers of the porous laminates 

Sample Code PCL Layer (mm) PLA Layer (mm) PCL Layer (mm) 

PCL 3 0 0 

LAM_0.5 1.25 0.5 1.25 

LAM_1 1 1 1 

LAM_2 0.5 2 0.5 

PLA 0 3 0 

 

 

Morphological analysis 

Figure 48a-f show SEM micrographs of monolayer and multi-phasic laminates.  



 

PREPARATION AND CHARACTERIZATION OF BIOPOLYMERIC POROUS STRUCTURES FOR 

ADVANCED APPLICATIONS 

106 
 

 

Figure 48 - SEM images of porous laminates: a) PCL sample; b) PCL laminate with PLA core 0.5 mm thick 
(LAM_0.5); c) PCL laminate with PLA core 1 mm thick (LAM_1); d) PCL laminate with PLA core 2 mm thick 
(LAM_2) and e) PLA sample. Scale bar is 500 µm. 

In particular, Figure 48a refers to the device containing only PCL, characterized by 

a homogenous pores size distribution. Figure 48b shows the laminate LAM_0.5 

characterized by a PLA-based core layer (500 µm thick), evidenced by the red lines 

and a PCL-based shell. Figure 48c reports the laminate developed by assembling 1 

mm of PCL (top), 1 mm of PLA (core) and 1 mm of PCL (bottom) (LAM_1). Figure 

48d shows the morphology of the LAM_2, the multilayer with the highest volumetric 

fraction of PLA, while the Figure 48e shows the device composed entirely of PLA.  

 

Figure 49 - Histograms representing the PAD of a) PCL sample; b) PCL laminate with PLA core 1 mm thick 
(LAM_1); c) PLA sample. PAD of LAM_0.5 and LAM_2 not shown for sake of brevity. 

These pictures suggest that the macro-pore architecture (about 100 µm) of the 

laminates is not dependent on the kind of material but only on the granulometry of the 

sieved NaCl filled during the melt mixing process, that was in the range of 90-110 µm. 

Indeed, the morphology of the multi-phasic laminates, reported in Figure 48b-c, is very 

similar to those of the monophasic devices (Figure 48a,e), as further confirmed by the 

pore area distribution (PAD) calculated by image processing and reported inFigure 

49a-c. The histograms put into evidence that all the laminates present a similar PAD 
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with a concentration of pores within the range 90-110 µm, the same as the sieved salt 

particles, thus confirming that the macropores network can be controlled, tuned and 

predicted by the granulometry of the salt filled in the polymer matrix. 

Moreover, by comparing the morphologies of PCL (Figure 49Figure 50a) and PLA 

(Figure 49c), it is possible to detect a higher amount of pores around 10 µm for PCL 

sample. 

 

Figure 50 - SEM images of the interface region between the PCL (top) and PLA (bottom) layer of the sample 
C. a) Scale bar is 200 µm b) Scale bar is 100 µm. 

In fact, SEM analysis carried out at higher magnification showed that the two 

phases exhibit slight differences in the pores architecture. Figure 50a,b reports the 

micrographs taken at the interface region between the PCL (top) and the PLA (bottom) 

layer of the LAM_1, chosen as representative multi-phasic laminate for sake of 

brevity. Figure 50a confirms that the macropore structure of the two layers is very 

similar but the PCL phase is characterized by a continuous network of micro-pores 

(about 5 µm), likely due to the solvation of the PEG phase [46], clearly visible at higher 

magnification (see Figure 50b). Even the PLA region presents a microporous network 

due to the PEG solvation [19] but, owing to the higher solubility of PEG in PLA, the 

concentration of micro-pores is significantly lower than those observed within PCL 

layers. Moreover, PAD analysis carried out by image processing strongly confirm this 

hypothesis. (Figure 49c). 
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Figure 51 - Digital photo of sections of the multi-phasic laminates with the PLA core layer green colored. a) 
PCL laminate with PLA core 0.5 mm thick (LAM_0.5); b) PCL laminate with PLA core 1 mm thick (LAM_1); c) PCL 
laminate with PLA core 2 mm thick (LAM_2). Scale bar is 1 mm. 

The presence of the microporous network in the PCL phase allowed us to better 

distinguish each layer during SEM observations; however, one of the polymeric phases 

(PLA) was colored with a green pigment in order to better identify each polymer, thus 

providing further confirmation that each relative layer thickness was effectively 

developed according to the previous design. Figure 51a-c show the digital pictures of 

LAM_0.5, LAM_1 and LAM_2 sections. The images confirmed that the method here 

presented allowed achieving the full control of the thickness for each layer composing 

the laminate. In fact, the whole sample is 3 mm high in all the cases, the thickness of 

green stained PLA layer is about equal to 500 µm (Figure 51a), 1000 µm (Figure 51b) 

and 2000 µm (Figure 51c), in compliance with the planned design. 

Another important morphological analysis regarded the interface between each 

layer of the composite. In Figure 48b-d it can be observed that the entire device does 

not present any internal cleavages; moreover, no discontinuity can be distinguished in 

the interlayer region. The high adhesion is clearly visible even in Figure 50a,b and 

furtherly confirmed by tensile tests, as will be better discussed below. 

 

Porosity, connectivity and water uptake analysis 

Table 16 summarizes theoretical porosity (%), porosity (%), connectivity (%) and 

water uptake (%) for each different laminate. In this work, the formulation of the 

mixture was designed in order to obtain scaffolds with a theoretical porosity of 70.8%. 

The porosity, calculated by Eqn 11, is very close to that theoretically predicted for all 

the laminates, hence suggesting that all the porogen agents were extracted from 

devices within the leaching step [19,46]. The data collected about the connectivity, 

calculated according to Eqn 12 and resulted higher than 99 % for all the samples, 

strongly confirm this hypothesis. The laminates showed a water uptake ranging within 

220 % (for neat PCL) and 290 % (for neat PLA) likely due to the different wettability 
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of the polymers. Consequently, the multi-phasic samples displayed a water uptake 

dependent on the content of PLA. The higher the PLA amount the higher the water 

uptake. 

 

Table 16 - Theoretical porosity (%), porosity (%), connectivity (%), water uptake (%) as a function of the type 
of laminate. 

Sample code Theoretical 

Porosity (%) 

Porosity                 

(%) 

Connectivity 

(%) 

Water Uptake (%) 

PCL 70.84 70.18 ± 0.55 99.45 ± 0.15 220.2 ± 11.4 

LAM_0.5 70.84 69.84 ± 0.42 99.32 ± 0.14 270.3 ± 14.7 

LAM_1 70.84 69.97 ± 0.47 99.54 ± 0.22 280.8 ± 7.1 

LAM_2 70.84 69.55 ± 0.72 99.60 ± 0.20 285.5 ± 13.3 

PLA 70.84 70.25 ± 0.42 99.50 ± 0.22 290.5 ± 10.2 

 

 

Laminates tensile mechanical behavior 

Figure 52 reports the experimental and theoretical (iso-stress model prediction) data 

carried out from tensile tests.  

 

 

Figure 52 - a) E modulus and iso-stress model of the tensile mechanical test for the different laminates; b) 
Tensile stress for the different laminates 

In particular, Young’s modulus, reported in Figure 52a, was found to strongly 

depend on the relative thickness of the different layers, i.e. the larger the PLA layer 

the higher the E value. Furthermore, the iso-stress model, which is valid if each layer 

of the composite is ideally subjected at the same stress, fits very well the experimental 
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data collected; that is reasonably due to the high adhesion strength between the 

different layers of the laminates.   

The high adhesion strength is confirmed by the maximum stress values plotted in 

Figure 52b. Tensile strength is 1.6 MPa for the porous PCL and 360 kPa for PLA. The 

multi-phasic laminates showed a tensile strength comparable with the PLA laminate 

and the fracture always occurred in the PLA region, as highlighted in Figure 53a-d, 

and never at the interface. This feature demonstrates that the adhesion strength is 

higher than the ultimate resistance of the PLA layer.  

 

Figure 53 - Digital photo of the LAM_1 tensile test at different deformation. a) not deformed; b) the crack 
start in the PLA layer (green); c) complete fracture; d) surface fracture of the sample is green, the white laminate 
in the center is to see better the col 

In order to ensure that the fracture of the device occurred in the PLA layer, ATR 

analysis were carried out on both the fracture surfaces. The spectra, reported in Figure 

54a,b, show the typical peaks of the PLA, as listed in Table 17, thus ensuring that the 

fracture occurred within the PLA layer for all the multi-phasic laminates investigated 

[272]. 
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Table 17 – Peak band assignment for PLA [272]  

Peak number Assignment Wavenumber cm-1 

1 -CH- stretch 3000 (asym.), 

2 -C=O carbonyl stretch 2948 (sym.), 

3 -CH3 bending 1747 

4 -CH- asymmetric; symmetric deformation 1456 

5 -CH- bending 1382; 1360 

6 -C-O- stretching 1315-1300 

7 -C=O bending 1265 

8,9,10 -C-O- stretching 1211 

11 -OH bending 1180, 1129, 1083 

12 -CH3 rocking mode 955, 916 

13 -C-C- stretching crystalline phase 869 

14 Amorphous phase 755 

 

 

 

Figure 54 - ATR-FTIR of both the fractured surfaces of the LAM_1 sample. It present the typical peaks of the 
PLA for both the fractured surfaces. 
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Laminates compressive mechanical behavior 

Figure 55a,b reports the mechanical behavior under compression and the 

corresponding iso-stress model predictions for all the samples. The elastic modulus 

(Figure 55a), in this case, was practically constant and equal to about 7 MPa. 

Getting into the details, one may notice that the compressive modulus was found to 

depend only on the weakest layer (PCL), regardless of PLA thickness [19,46]. For this 

reason, the iso-stress model was unable to predict the experimental data (Figure 55a). 

These results can be likely explained by considering that the aspect ratio of the cell 

ribs, characterized by a very low thickness in comparison with their height (i.e. pore 

diameter), makes them prone to elastic buckling [25]. This phenomenon, occurring 

only under compression, mainly affects the softest layer. Likely due to this feature, the 

experimental data for the multi-phasic structures remain practically constant and close 

to that of PCL. 

 

Figure 55 - a) E modulus and iso-stress model of the compressive mechanical test for the different laminates; 
b) E¬¬D measured in the linear densification region and iso-stress prediction. 

In the last region of the stress-strain curves, σ was found to linearly increase as a 

function of the strain. This feature can be ascribed to the densification phenomena 

occurring since the pore walls collapsed thus filling the voids. The slope of this linear 

zone (ED) was then measured and plotted in Figure 55b as a function of the PLA 

thickness.  

Except for the PCL, this property levels off, remaining equal to that of PLA, i.e. 

around 55MPa. Even in this case, the iso-stress model is unable to fit the experimental 

data. Interestingly, ED seems to be totally controlled by the PLA layer. 
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Conclusions 

In this work, porous PCL/PLA multi-phasic laminates were prepared by combining 

melt mixing, compression molding and selective leaching. The devices showed highly 

interconnected porous structure with a porosity of 70%. This eco-friendly technique 

ensures achieving high predictability of both pore size and porosity, by simply tuning 

the amount and the granulometry of NaCl, respectively as confirmed by SEM, image 

processing and gravimetric analyses. 

  Morphological and mechanical analyses highlighted that three-layered laminates 

are characterized by well joint regions without loss of adhesion or interface fracture.  

Tensile mechanical tests showed the strong correlation between E value and the 

relative thickness of the layers composing the laminates, with a trend that strongly 

follows the iso-stress model predictions. Compressive mechanical tests showed that 

the E value is controlled by the weakest layer composing the multi-phasic laminates 

i.e. the PCL.  

In conclusion, this approach permits to design multi-phasic porous devices with a 

high control of both morphological and mechanical characteristics.  

 

 

Bilayer Heterogenous Scaffold Presenting Pore Size Gradient 

In this section it will be discussed the preparation and characterization of a bi-

layered scaffolds (BLS) composed by PLA with pores in the range of 90–110 µm and 

PCL with pores ranging from 5 to 40 µm. 

The different chemo-physical properties of the two biopolymers combined with the 

tunable pore architecture permitted to realize a monolithic BLS engineered to be 

potentially used for interface tissue regenerations. 

BLS morphology was investigated by SEM. The compressive mechanical behavior 

of the scaffolds was evaluated both in air and under immersion in PBS solution at 

37 °C, in order to simulate the physiological environment. Furthermore, tensile tests 

were also performed in order to investigate the interfacial adhesion strength between 

PCL and PLA layers. Biological tests were carried out in culture and co-culture of 

osteoblast seeded in the PLA layer and fibroblast seeded in the PCL layer. These cell 
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lines were chosen as models due to their different sizes, with the aim to investigate the 

influences of the chosen different pore size on their migration and proliferation inside 

the BLS. 

 

Morphological analysis 

Figure 56A is a SEM image of the entire BLS that shows a well interconnected 

porous structure with a strong difference between the PLA pore architecture and the 

PCL layer.  

 

Figure 56 - A) SEM image of the entire BLS; top half refers to the PLA layer with pores smaller than 110 µm; 
bottom half refers to the PCL layer with pores smaller than 40 µm. B) Higher magnification of the interface 
region; (C,D) Histograms representing the PAD of (C) PLA layer; (D) PCL layer. 

The interface region between PLA and PCL of the device do not present internal 

cleavages nor matrix discontinuity as better shown in the magnification in Figure 56B. 

More in detail, the pore size analysis of the PLA layer, showed in Figure 56C, reported 

a three-modal pore distribution with roughly cubic macropores with main  size in the 

range of 30 µm, 70 µm and 100 µm and a micropores network due to the solvation of 

the PEG phase, better visible in Figure 56B. The walls around the macropores are 5 

µm deep and fully covered by the micropores network. On the other hand, the PCL 

layer is characterized by a high density of well-interconnected pores ranging from 5 to 

40 µm (Figure 56D).  
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Porosity, connectivity and water uptake analysis 

In Table 18, there are summarized theoretical porosity (%), porosity (%), 

connectivity (%), water uptake (%) for the single layers and for BLS.  

 

Table 18 - Theoretical porosity (%), porosity (%), connectivity (%), water uptake (%) as a function of the type 
of scaffold 

Scaffold    

code 

Theoretical 

Porosity (%) 

Porosity                 

(%) 

Connectivity 

(%) 

Water Uptake                   

(%) 

PLA 70,84 70,18 ± 0,55 a 99,45 ± 0,15 a 290,2 ± 11,4a 

BLS 70,84 69,84 ± 0,42 a 99,32 ± 0,14 a 240,3 ± 14,7b 

PCL 70,84 69,97 ± 0,47 a 99,54 ± 0,22 a 218,4 ± 7,1c 

Values are given as means ± SD. Different letters in the same column indicate significant 

differences (p < 0.05) when analyzed by Tukey’s multiple comparisons tests. 

 

In this work, the composition of the mixture was designed to obtain scaffolds with 

theoretical porosity of 70.8%. Actually, the porosity calculated according to Eqn 11, 

is very close to the theoretical one for all the scaffolds and then it is possible to 

conclude that all the porogen agents were extracted from the scaffolds during the 

leaching step. This hypothesis is confirmed by the value of connectivity higher than 

99% for all the materials, calculated using Eqn 12. The water uptake calculated using 

Eqn 13, slightly changes for the different layer and it is lower for the PCL.  

 

Mechanical properties 

The histogram in Figure 57a reports the compression elastic moduli evaluated in air 

and in PBS for the PCL and PLA monolayers and for BLS.  As expected, the modulus 

of PLA is sharply higher than that of PCL while BLS did not show significant 

difference if compared with the elastic performance of the PCL. The presence of PBS 

affected the E of PLA; in particular, it decreased of the 12%. On the contrary, the E 

value of the PCL and BLS measured in wet condition did not significantly change in 

comparison with the dry mode. 

Figure 57b,c, show the experimental data obtained by tensile tests carried out in dry 

and PBS environment. In particular, Young’s moduli, reported in Figure 57b, were 

found to be dependent on the kind of scaffold. More in detail, the modulus of PLA was 
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more than two times higher than that of PCL while the BLS elastic modulus showed 

an intermediate value. 

 

Figure 57 - a) Compressive elastic moduli in dry and wet environment of PCL, BLS and PLA scaffolds. b) 
Tensile elastic moduli in dry and wet environment of PCL, BLS and PLA scaffolds. c) Tensile strength in dry and 
wet environment of PCL, BLS and PLA scaffolds. d) Stress-strain curves of PLA (dark line) and PCL (light line) 
scaffolds measured in tensile mode. Values are given as means ± SD. * indicates statistically significant 
differences (p < 0.05) when analyzed by Tukey’s multiple comparisons tests. 

Similarly, to the tests carried out in compression mode, the E value of the PCL and 

BLS measured in wet condition did not significantly change in comparison with the 

dry condition while the only system affected is the PLA that reduced its E value of 

20%. On the other hand, the tensile strength (TS) of the PCL scaffold is higher if 

compared with that of PLA. In fact, PCL is characterized by the typical stress-strain 

curve of a ductile polymer with high elongation at break while PLA showed a fragile 

behavior (Figure 57d). The tensile strength of BLS is comparable with that of the PLA 

layer and the fracture always occurred in the PLA region that is the more fragile of the 

entre device, as highlighted in Figure 58a,b, and never at the interface. This feature 
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was confirmed by SEM analysis carried out on BLS after fracture in tensile mode 

Figure 58C.  

 

Figure 58 - a) Picture of the BLS glued on the custom-designed interfacial strength test equipment. b) Picture 
of the fractured samples after tensile test. The line represents the interface between PCL and PLA layer. c) SEM 
image of the BLS after tensile fracture. 

The image clearly reveals that the fracture occurs in the middle of the PLA layer of 

BLS while the interface region remained well joint even after the mechanical tests. 

The presence of PBS during the tensile tests slightly affected the TS of all the tested 

samples even if the higher difference can be attributed to the PLA system.  

 

Cells morphology and migration 

As it is possible to observe in Figure 59a-d, the two different seeded cell line 

showed a different way of proliferation on the scaffold surfaces. In the fluorescence 

microscopy images, the blue dots represent NIH3T3 fibroblastic nuclei stained with 

DAPI and they grew on PCL surface respectively for 1 day (Figure 59a) and 6 days 

(Figure 59b). Figure 59c,d show MC3T3-E1 osteoblastic cells stained with CSFE 

(green cytoplasm) and grew on PLA surface respectively for 1 day (Figure 59c)  and 
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6 days (Figure 59d). In particular, by fluorescence microscopy assay it was possible to 

observe NIH3T3 fibroblastic cells, grew both on PCL scaffold surface and, at the same 

time, migrated inside. As matter of fact, in Figure 59b it was possible to observe a 

lower number of NIH3T3 cells on surface likely due to a penetration inside the porous 

support. On the contrary, on the PLA side, MC3T3-E1 osteoblastic cells, continued to 

grow on the PLA surface up to 6 days without further penetrating (Figure 59c).  

 

Figure 59 - Fluorescence microscopy images of: a,b) NIH3T3 fibroblastic cell growth on PCL surface 
respectively for 1 (a) and (b) 6 days. The blue dots were cell nuclei stained with DAPI; c,d) MC3T3-E1 osteoblastic 
cell, growth on PLA surface respectively for 1 (a) and (b) 6 days. Cells were stained with CSFE (green cytoplasm). 
e,f) SEM images of NIH3T3 fibroblastic cells (e) and MC3T3-E1 osteoblastic cells (f) growth on PCL surface. 

The morphology of the cells on both BLS surfaces were observed by SEM (Figure 

59e,f). Fibroblasts, showed in Figure 59e, generated a biofilm on the PCL side 

constituted by several cells. On the other hand, osteoblasts on the PLA side appeared 

to be well spread but more isolated at the same time (Figure 59f). In order to investigate 

the degree of penetration of the different cell lines inside their respective layers, the 

cross sections of the BLS was analyzed with both SEM and fluorescence microscopy 

(Figure 60a-d). The analyses of seven different cross sections of the devices allowed 

quantifying the degree of cell penetration. Figure 60e reports the length of cell 

penetration (considering zero the seeding surface) and the corresponding percentage 

of layer infiltration (based on the layer thickness) as a function of time after seeding. 

The analyses revealed that the NIH3T3 cells, after a quick adhesion on the surface, 

tended to penetrate inside of the scaffold. 
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Figure 60 - Transverse sections of bilayer PCL-PLA scaffold in which there are evidence of cell penetrations 
inside the scaffold. a,b) NIH3T3 fibroblastic cells from mouse, growth inside PCL  layer. a) SEM micrograph; b) 
cell nuclei stained with DAPI (blue dot). c,d) MC3T3-E1  osteoblastic cells from mouse calvaria, growth on PLA 
layer. c) SEM micrograph; d) cell stained before seeding with CFSE (green cytoplasm); e) Penetration rate from 
the seeding surface of the different cell line in co-culture as a function of time expressed in µm (left axes) and as 
percentage of infiltration (right axes); b) Cell number quantification in the BLS as a function of the culture days. 
Values are given as means ± SD. * indicates statistically significant differences (p < 0.05) when analyzed by 
Tukey’s multiple comparisons tests. 

Their degree of penetration is about 20% after 1 day after sowing, and infiltrated to 

about 36% of the PCL layer on the sixth day. The osteoblasts penetrated rather quickly 

to about 40% after 1 day but the infiltration leveled off in the following days. The cells 

continued to proliferate abundantly on the surface of the porous support. The 

quantitative analysis (Figure 60e) confirmed that, on the third day of culture, the two 

cell lines acquired a very different trend. Osteoblasts, seeded on PLA layer, 

significantly increased their number only in the sixth day if culture, while the 

fibroblasts seeded on PCL layer, showed a rapid increase that lasts up to six days of 

culture. 

 

Discussion 

This study focused on the preparation and the characterization of a bi-phasic 

functional scaffold designed to be potentially used for interface tissue engineering. In 

particular, the monolithic-graded scaffold was composed by a rigid PLA layer 

presenting pores smaller than 110 µm and a soft layer in PCL with pores ranging from 

5 to 40 µm. It is well known that both the chemical composition and the mechanical 

behavior as well as the pore shape and size of scaffold can tune the efficiency of tissue 

regeneration [19,41,47,157,273–275]. For instance, PLA was deeply investigated as 

material for the bone regeneration, considering its high rigidity and degradation rate. 
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On the contrary, PCL is preferred for soft-tissue repair [276]. The BLS here developed 

were designed to exhibit both these features in a single heterogeneous scaffold [277].  

The morphological analysis showed that the BLS presented a well joint interface 

region and different pore size distributions. This feature is likely able to permit a 

differential permeation of cell lines presenting different size such as osteoblasts and 

fibroblasts, as previously shown in our other works [19,46]. NaCl was chosen as water 

soluble porogen agent and since it acts as a template, the pore structure strongly depend 

on its size and morphology. Furthermore, the presence of an organic water-soluble 

porogen phase (PEG), partially miscible in PLA and PCL, create a microporous 

network able to enhance pores interconnection. This feature was confirmed by the 

value of the connectivity higher than 99% for all the materials as calculated by 

calculated using Eqn 12. Moreover, the real porosity of the scaffolds is very close to 

theoretical one (70.8%) thus confirming that all the porogen agents were removed 

during leaching. The differences in the water uptake can be explained considering the 

different water affinity of PCL ad PLA, previously investigated in the scientific 

literature [278]. 

The compressive mechanical behavior of BLS was compared with each single layer 

both in dry and wet environment. The results showed that the elastic behavior of BLS 

depends only on the weakest layer i.e. PCL in both cases. This result can be likely 

explained considering that the aspect ratio of the cell ribs, characterized by a very low 

thickness in comparison with their height (i.e. pore diameter), makes them prone to 

elastic buckling [276]. This phenomenon, occurring only under compression, mainly 

affects the softest layer and likely, for this reason, the E value of the bi-phasic 

structures is very close to that of PCL [167]. 

One of the most complex problems to overcome in the production of multi-layered 

devices is avoiding any kind of detachment or cleavage between one layer and another 

[19,55]. SEM analysis qualitatively proved the strong adhesion between the layers 

composing BLS. Furthermore, the tensile mechanical tests quantitatively 

demonstrated that the TS of the BLS is the same of that of PLA i.e. the most fragile 

layer. Moreover, the fracture of BLS under tensile mechanical test always occurred in 

the middle of the PLA layer, as confirmed by the pictures and SEM analysis showed 
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in Figure 58a-c, and never at the interface. All these features indicated that the 

adhesion strength between PCL and PLA is higher than the TS of the BLS. 

Since the structural characteristics of BLS were designed for applications in 

interface tissue regeneration, cultures and co-cultures of two different cell populations 

were tested in order to evaluate their proliferation and migration in the two different 

layers. The rigid PLA layer, presenting an average pore size of 100 µm, was designed 

to permit the proliferation of osteoblastic mouse cells (MC3T3-E1). On the other hand, 

PCL layer, softer than PLA and with smaller pores, was designed to permit the 

proliferation of fibroblastic mouse cells (NIH3T3) and to avoid the infiltration of the 

osteoblastic cell line as demonstrated in previously [19,46].  

As expected, these preliminary investigations showed that the two different cell 

lines have a different proliferation path on their respective scaffold surfaces. In 

particular, NIH3T3 grew abundantly on PCL surface and, at the same time, migrated 

inside it, as indicated by quantitative analysis. On the contrary, the rather quickly 

penetration of MC3T3-E1 was probably due to a larger pore size in the PLA layer. The 

osteoblastic cells were found to proliferate abundantly on the surface of the scaffold 

during the first day not showing further penetration in the following. This feature was 

likely due to the presence of collagen that promotes a fast adhesion of the cells that 

quickly take contact with the scaffold surface, anchor themselves and proliferate on its 

surface forming an uniform layer.  

Actually, one of the main reasons to choose the pore size of the PCL layer was to 

avoid cell trespassing from one layer to another. As matter of fact, in the performed 

biological tests, the osteoblast seeded in the presented device are unable to pass 

through the entire PLA layer and so the ability to prevent the migration of osteoblastic 

cells from the PLA layer to the PCL one cannot be evaluated. However, the presented 

method permit to prepare scaffold of any thickness as demonstrated in our previous 

work [167]. A thinner PLA layer (i.e. 600 µm) would be completely crossed by 

osteoblasts and the PCL pore size distribution would be able to avoid the osteoblastic 

cell infiltration as discussed in our previous work [46]. 

Moreover, the cell migration can be enhanced by modifying other characteristics of 

the device such as the architecture of the pore interconnections. In fact, even if the 

connectivity was found to be higher than 99% for all the samples, it could be not 
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adequate from a topological point of view. In particular, if the channels that connect 

one pore to another are too small, they could prevent the transport of metabolites 

within the pores creating a bad conductive environment, that negatively affect the cell 

proliferation. This hypothesis will be evaluated by further studies and, if confirmed, it 

can be easily faced by changing the pore size distribution of the device or the 

cultivation method from static to dynamic by inserting the scaffold in a perfusion 

system [279]. 

 

Conclusions 

In this work, PCL/PLA bi-layered multiphasic scaffolds designed for interface 

tissue engineering were fabricated by combining melt mixing, compression molding 

and particulate leaching. The devices showed highly interconnected pore structure 

with a porosity of 70% and high predictability of pore size of each layer by controlling 

the granulometry of NaCl during the melt mixing step, as confirmed by SEM and 

image processing analyses. Morphological analysis and tensile mechanical test 

showed that scaffold is characterized by a well joint interface region with an interface 

adhesion strength higher than the tensile strength of the device. Compressive 

mechanical tests showed the strong correlation between E value of the device and the 

elastic behavior of the PCL layer i.e. its weakest layer. The characteristics of the 

scaffold and biological responses suggest that the designed device could have major 

applications in the field of interface tissue regeneration. 
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4.6 Effect of Adding GO-g-PEG on Electrospun PCL Mats 

In this study, the effect of different GO-g-PEG concentrations on the mechanical 

properties of PCL electrospun scaffolds was studied, making a comparison with 

PCL/GO nanofiber mats in the same loading range. The composite nanofibers were 

characterized using SEM, DSC, WCA and tensile measurements both in dry and wet 

mode in order to imitate the physiological environment. Furthermore, in order to 

evaluate the capability of MC3T3-E1 osteoblastic cells to proliferate on the surfaces 

of PCL and PCL/GO-g-PEG nanocomposite scaffolds, preliminary proliferation rate 

assays on were investigated. 

 

Structure of the electrospun nanofibers 

The SEM images of GO nanosheets and of GO-g-PEG are shown in Figure 61a 

and Figure 61b respectively. As clearly visible from Figure 61a the GO lamellae were 

found to be remarkably wrinkled and crumpled. After PEGylation, the structure 

become deeply different, as the lamellae appear well stretched, totally wrinkle-free and 

apparently forming a 3D porous network (Figure 61b). 

 

Figure 61 - a) SEM image of GO nanosheets; b) SEM image of GO-g-PEG nanosheets. Scale bars are 5 µm 

The SEM images of the electrospun PCL, PCL/GO, and PCL/GO-g-PEG 

composite nanofibers are presented in Figure 62a-g. The figures show that all the fibers 

are in nanoscale and randomly distributed.  

Both nanoparticles are well dispersed in the polymeric matrix especially at low 

concentrations. In fact, the fibers morphology is generally smooth and regular and 

some irregular fiber due to the presence of the filler is visible only at high concentration 
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in Figure 62g for the PCL/GO-g-PEG 1 wt% and in Figure 62d for the PCL/GO 1 wt% 

mats.  

 

Figure 62 - SEM image of electrospun: a) PCL; b) PCL/GO 0.25 wt%; c) PCL/GO 0.5 wt%; d) PCL/GO 1.0 wt%; 
e) PCL/GO-g-PEG 0.25 wt%; f) PCL/GO-g-PEG 0.5 wt%; g) PCL/GO-g-PEG 1.0 wt%; h) Magnification of GO-g-PEG 
nanosheets incorporated in PCL/GO-g-PEG 1.0 wt% nanofiber. Scale bars are  20 µm. 

XRD analysis was performed and shown in Figure 63. GO sheets display a 

characteristic peak at 9.8°. However, PCL/GO and PCL/GO-g-PEG systems showed 

no peaks in the range 5° - 10°, maintaining the same pattern as that of neat PCL. This 

feature could be attributed to the relatively low contents of GO and GO-g-PEG. SEM 

micrographs display how the kind and the amount of nanoparticles affected the 

morphology of the devices. Compared with electrospun PCL (Figure 62a), PCL/GO 

(Figure 62b-d) nanofibers exhibited smaller diameters with increasing amount of GO. 

On the contrary, increasing the amount of GO-g-PEG (Figure 62e-g) induced a little 

increase of the nanofiber diameters. The diameter range distribution was quantitatively 

analyzed by using an ImageJ plugin [245].  

Table 19  - Electrospun PCL, PCL/GO, and PCL/GO-g-PEG fibers diameters and crystallinity %. Average 
diameters are given as means ± Standard Deviation. 

Samples Average Diameter (nm) χc (%) 

PCL 515 ± 259 59.1 

PCL/GO 0.25% 460 ± 164 58.3 

PCL/GO 0.5% 446 ± 188 75.0 

PCL/GO 1% 379 ± 137 74.6 

PCL/GO-g-PEG 0.25% 548 ± 302 54.8 

PCL/GO-g-PEG 0.5% 624 ± 331 62.3 

PCL/GO-g-PEG 1% 677 ± 358 64.9 
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The diameter distribution of the electrospun nanofibers are shown if Figure 64 

as a function of GO and GO-g-PEG concentrations, while the calculated average 

diameters of as-spun fibers are displayed in Table 19. 

 

 

Figure 63 - XRD patterns of GO, GO-g-PEG and electrospun PCL, PCL/GO (1 wt%), PCL/GO-g- PEG (1 wt%). 

PCL showed an average fiber diameter of 515 µm; the presence of GO reduced this 

value from 460 µm of the PCL/GO 0.25% sample, to the 379 µm of the PCL/GO 1%. 

 

Figure 64 - Diameter distribution for electrospun PCL, PCL/GO and PCL/GO-g-PEG nanocomposites obtained 
with ImageJ. 

On the contrary, the presence of GO-g-PEG induced an increase of the diameter 

(677 µm for the PCL/GO-g-PEG 1 wt%). In Figure 64 it is also possible to note that 

for the PCL/GO-g-PEG systems, the diameter distribution is more heterogeneous, in 
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particular for the highest GO-g-PEG concentration, as confirmed from the high value 

of the mean diameter standard deviations in Table 19. 

It is well known that generally, an increase in the solution viscosity tends to 

produce fibers with larger average diameters [10]. In order to evaluate the correlation 

between the viscosity and the fiber diameter of electrospun mats, the complex viscosity 

of PCL solution, as well as PCL/GO and PCL/GO-g-PEG suspensions were measured 

and are presented in Figure 65. As expected and coherently with the fiber diameter 

analysis, PCL/GO-g-PEG suspensions showed a higher viscosity if compared with 

neat PCL solution in the whole range of investigated frequencies and it increased upon 

increasing GO-g-PEG amount. Furthermore, the suspension with the highest filler 

loading showed a sharp increase of the viscosity in the low frequency range thus 

exhibiting a more pronounced non-Newtonian behavior if compared with the other 

systems. 

 

Figure 65 - Complex viscosity of the PCL solution, PCL/GO and PCL/GO-g-PEG suspensions 

On the other hand, the rheological tests revealed that the viscosity of all the 

materials containing GO is lower than the viscosity exhibited by the pure matrix and 

in agreement with the fiber diameter analysis it decreased upon increasing the content 

of incorporated GO. Usually, the presence of nanoparticles increase the complex 

viscosity of polymeric melts or solution [280,281], except that for nanoparticles with 

plasticizer [125] or pro-degradative effects [3,282] on the polymeric matrix. In order 

to verify the pro-degradative effect of GO nanoparticles in the PCL matrix, pH 
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measurement of GO water suspensions (0.5 mg ml-1) was carried out thus showing a 

pH of 2.9. For this reason, the reduction of viscosity in the presence of GO can be 

likely associated to the pro-degradative effect induced by the active moieties on the 

GO surface. Indeed, the oxygenated functional groups of GO can interact with the PCL 

chains activating their hydrolytic scission acting as a pro-degradative agent, such as 

recently demonstrated for poly(butylene-succinate)/GO nanocomposites [40]. On the 

other hand, pH measurement of GO-g-PEG aqueous suspension (0.5 mg ml-1) revealed 

a higher pH value (6.3) that can be attributed to the presence of PEG covalently bonded 

to the oxygen moieties of GO. Probably, the grafting was able to reduce the acid 

behavior of GO-g-PEG thus avoiding their pro-degradative interactions with PCL in 

agreement with aforementioned rheological results. 

 

Wettability 

The water contact angle (WCA) of the electrospun nanofiber mats was 

measured and reported in Figure 66. WCA analyses were carried out in order to 

evaluate the effect of the different kind of fillers and their amount on the wettability 

of the electrospun mats. In fact, PCL shows an intrinsic poor hydrophilicity and, 

consequently, a relative low cellular affinity that can be improved by enhancing its 

hydrophilicity [177]. As GO surface is fully covered by oxygenated moieties and PEG 

is water soluble, it was expected that the addition of GO and GO-g-PEG would 

improve the hydrophilicity of the electrospun nanofibers. As displayed in Figure 66, 

the WCA of PCL was 118.3°, while PCL/GO composite nanofiber mats showed a 

slight WCA decrease with the addition of GO at 0.125 wt% (112.1°). WCA remained 

almost constant up to 0.75 wt% GO content and decreased again when PCL was filled 

with 1 wt% of GO (105.5°). As expected, GO-g-PEG induced a higher wettability 

effect on PCL if compared with GO. In fact, WCA decreased upon increasing GO-g-

PEG up to 0.5 wt% (104.7°), remained constant for PCL/GO-g-PEG 0.75 wt% mats 

and decreased again for PCL/GO-g-PEG 1 wt% that exhibited the highest wettability 

performance (102.3°). 
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Figure 66 - Water contact angles of the electrospun nanofiber mats. 

 

Mechanical properties 

Figure 67a-c display the Young moduli (E) (Figure 67a), maximum tensile 

stress (TS) (Figure 67b) and elongation-at-break (EB) (Figure 67c) of the electrospun 

mats as a function of GO or GO-g-PEG concentration.  

 

Figure 67 - a) Young modulus of the electrospun nanofiber mats; b) Tensile strength of the electrospun 
nanofiber mats; c) Elongation at break of the electrospun nanofiber mats. The values are given as means ± 
Standard Deviation. 

The strength of polymeric materials can be enhanced with the addition of rigid 

fillers, but this is always accompanied by a compromise in ductility. The results 

indicate that the addition of GO and GO-g-PEG caused an improvement in tensile 

stress (Figure 67a,b). However, the presence of nanofillers resulted in a significant 

decrease in ductility with a lower elongation-at-break, as visible from Figure 67c. 

In particular, the elastic modulus (E) of the scaffolds, Figure 67a, increased at 

low amount of fillers and then decreased, returning almost to the same value of 
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electrospun PCL. More in detail, the highest increase of E (around 400% if compared 

with electrospun PCL), was found in PCL/GO-g-PEG 0.25 wt%. At the same 

concentrations, showed a lower increment of the modulus (around 200%) that remain 

almost constant up to 0.75 wt% of GO. The higher elastic moduli of the PCL/GO-g-

PEG systems can be likely attributed to the grafting of PEG onto the GO, which 

enabled good dispersion of the filler in the PCL matrix thus maximizing the 

filler/matrix interface area. At higher concentrations, the nanoparticles tend 

progressively to aggregate thus reducing the E value for both the kind of 

nanocomposites.  

 

Figure 68 - Stress-strain curves of PCL, PCL/GO-g-PEG and PCL/GO at 0.25 and 1 wt% 

A different trend can be observed for TS that is higher for PCL/GO than for 

PCL/GO-g-PEG in all the compositions investigated. The higher TS of the PCL/GO 

system can be explained by observing the stress-strain curves in Figure 68 here 

reported only for PCL and for the nanocomposites containing 0.25 and 1 wt% of 

nanofillers for sake of brevity (all the other nanocomposites displayed a behavior 

similar to those containing 0.25 wt%). Figure 68 shows that the PCL/GO-g-PEG 

nanocomposite at 0.25 wt% is more rigid than the respective PCL/GO system but less 

deformable i.e. the failure occurred prematurely for the PCL/GO-g-PEG thus showing 

smaller TS values [1]. These results were indicative of the stronger reinforcing effect 

of GO-g-PEG as compared to GO in particular at low concentration. 
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Furthermore, it can be noticed from Figure 68c and Figure 69 that at 1 wt% the 

EB of the PCL/GO-g-PEG system, increases up to 160% that is two-fold of PCL/GO 

nanocomposite at the same GO content. This behavior can be likely due to the 

plasticizer PEG effect on the PCL matrix that becomes notable for concentration 

higher than a certain threshold, as already observed in a similar system [184].  

 

Figure 69 - a) E wet / E dry of the electrospun nanofiber mats; b) TS wet / TS dry of the electrospun nanofiber 
mats; c) EB wet / EB dry of the electrospun nanofiber mats. The values are given as means ± Standard Deviation. 

In order to analyze the effect of the wet environment (PBS at 37 °C) on the 

mechanical performances, the ratios between the wet and dry properties, i.e. E, TS and 

EB, were reported in Figure 69a-c. The tests revealed that the presence of PBS during 

the tensile tests slightly reduced the Young’s modulus and increased the EB of all the 

tested samples, while the TS seems unaffected by the testing mode as visible from 

Figure 69b. In particular, Figure 69a clearly reveals that immersing the PCL samples 

in PBS caused a reduction of E of about 10%. E wet/E dry ratio slight decreased upon 

increasing the amount of GO and GO-g-PEG, with a maximum decrease of 20% when 

PCL is filled with 1% of nanoparticles. The wet environment seems to affect a little 

bit more the systems filled with GO-g-PEG than that filled with GO. This trend can be 

likely associated to the different wettability of the device i.e. the more the wettability, 

the more the influence of the wet environment on the final mechanical performance of 

the devices. The wettability seems to control even more the gap among the EB 

evaluated in wet environment (EB wet) and the EB obtained in dry condition (EB dry) 

as shown in Figure 69c. In particular, the wet environment caused an increase of the 

EB for all the nanocomposites that is more evident on increasing the amount fillers in 

PCL, except that for the PCL/GO-g-PEG 1 wt%. In fact, the PCL/GO nanocomposites 

showed a linear increase of EB wet / EB dry ratio, from 1.2 to 2 while the EB wet of 

PCL/GO-g-PEG doubled the value of the corresponding EB dry at 0.75 wt% of GO-

g-PEG but, taking into account the higher composition (1 wt%), the increment assessed 
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around 50%. This discontinuity in the trend can be explained considering that 

PCL/GO-g-PEG 1 wt% showed a relative high EB dry (160%), likely due plasticizer 

PEG effect on the PCL, as previously discussed. 

 

Figure 70 - SEM images and size distribution of a,a’) GO and b,b’) GO-g-PEG extracted from the 
nanocomposites loaded with 0.25 wt% (scale bars are 1µm) 

In order to perform a closer investigation of interphase and dispersion, the 

samples were dissolved in DCM to extract free polymer chains, while the insoluble 

fraction of each sample was collected and analyzed via SEM, according to a previous 

work [283]. Figure 70a-b reports the micrographs of interphase extracted from 

PCL+0.25% GO and PCL+0.25% GO-g-PEG, while the size distribution of lamellae 

is provided in Figure 70a’-b’. As one can see, extracted GO lamellae were found to be 

more aggregated and to contain residual PCL chains, likely reacted with graphene 

oxide, thus confirming that the fillers show a good affinity towards the matrix, despite 

their poor dispersion. On the other hand, the extracted GO-g-PEG sheets generally 

display a lower lateral size and no aggregative phenomena were recognized, 

presumably owing to the PEG grafted onto lamellae. 

Based on these observation, one can suppose that, despite its good wettability, 

GO presents a certain tendency to self-aggregate. 

DSC analyses were carried out in order to evaluate the influence of crystallinity 

on the mechanical behavior of the electrospun nanofibers. The DSC tests revealed that 

the PCL crystallinity (Table 20) remained almost constant at low GO content (0.25 
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wt%) and increased for higher GO content. On the other hand, GO-g-PEG at low 

concentration (0.25 wt%) caused a smaller χc if compared with neat PCL mats, while 

higher concentration induced a slight increment of  χc.  

Table 20 - Electrospun PCL, PCL/GO, and PCL/GO-g-PEG fibers diameters and crystallinity %. Average 
diameters are given as means ± Standard Deviation. 

Samples Average Diameter (nm) χc (%) 

PCL 515 ± 259 59.1 

PCL/GO 0.25% 460 ± 164 58.3 

PCL/GO 0.5% 446 ± 188 75.0 

PCL/GO 1% 379 ± 137 74.6 

PCL/GO-g-PEG0.25% 548 ± 302 54.8 

PCL/GO-g-PEG 0.5% 624 ± 331 62.3 

PCL/GO-g-PEG 1% 677 ± 358 64.9 

 

In fact, it is well known that nanofillers can act as nucleating agent thus 

inducing a heterogeneous crystallization of PCL [284]. In particular, the 

heterogeneous crystallization ability of the PCL matrix is related to the PCL chains 

capacity to interact with the nanofillers [284]. Indeed, as previously discussed, while 

GO offers an easy attachable surface for the PCL chains, the PEG chains grafted on 

GO-g-PEG could prevent the interaction between the matrix and the filler thus 

decreasing the heterogeneous crystallization ability of the PCL. In fact, even if the 

PCL chains are attached on the GO-g-PEG, the flexible PEG chains might hinder the 

PCL ability to form ordinate structures.  

 

Figure 71 - DSC cooling curves of electrospun a) PCL; b) PCL/GO-g-PEG 0.25 wt%; c) PCL/GO 0.25 wt% 

 

These hypotheses are confirmed by DSC cooling curves showed and by Tc in 

Figure 71. If compared with that of PCL, the Tc values of PCL/GO (0.25 wt%) 

increased about 2.3 °C while remained almost constant for the PCL/GO-g-PEG sample 

thus demonstrating the different nucleating effect of the two different nanofillers [285].  
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As matter of fact, these results indicate that the high mechanical performance 

of the PCL/GO-g-PEG (0.25 wt%) system can be ascribed to the good dispersion of 

GO-g-PEG in the PCL matrix likely able to overlook the negative effect of its relative 

low crystallinity.  

 

 

Cells morphology and migration 

In order to assess the potential applications of the electrospun nanofibers in 

tissue engineering, MC3T3-E1 cells were cultured on selected nanofiber mats up to 9 

days to evaluate the preliminary proliferation rate on these materials. PCL and 

PCL/GO-g-PEG (0.25 wt%) were chosen in order to make a comparison between the 

pristine electrospun material and the one that exhibited the best mechanical 

performance. Figure 72a-d,a’-d’ show fluorescence images of the live cells on the 

scaffolds after 1, 3, 7 and 9 days of culture.  

 

Figure 72 – Electrospun PCL (a,b,c,d) and PCL/GO-g-PEG (0.25 wt%) (a’,b’,c’,d’) scaffolds, seeded with 
MC3T3-E1 osteoblastic cells, cultured on the scaffold surface respectively for 1 (a,a’); 5 (b,b’); 7 (c,c’); 9 (d,d’) 
days. Scale bars are 200µm; (e) Cell counts of MC3T3-E1 osteoblastic cells seeded on PCL and PCL/GO-g-PEG 
(0.25 wt%) mats as a function of time; (e) . 

The images show that the cells grown on the surface of PCL/GO-g-PEG scaffolds 

(Figure 72a’-d’), revealing more affinity for it than for the PCL electrospun control. As a 

result, the addition of GO-g-PEG, even at low concentration, promotes cellular adhesion 

by increasing the proliferation degree, as evident from the Figure 72e.The SEM images 

of the fixed cells on the scaffolds taken at day 1 and day 9 are presented in Figure 72a-d.  

The Figure 73a,c reveal that the cells spread out on the PCL/GO-g-PEG scaffolds 

rapidly if compared with the electrospun PCL. Furthermore from Figure 73b,d obtained 

after 9 days of culture, it can be observed that the cells aggregated more abundantly onto 
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PCL/GO-g-PEG scaffold if compared with PCL control that showed only isolate cells or 

little cell aggregations. 

All these data, suggest that the PCL/GO-g-PEG (0.25 wt%) provided a 

favorable environment for the cells proliferation, increasing the hydrophilicity and 

therefore the degree of cell affinity for the substrate, if compared with the electrospun 

PCL scaffold. 

 

Figure 73 - SEM images of MC3T3-E1 osteoblastic cells cultured on PCL (a,b) and PCL/GO-g-PEG (0.25 wt%) 
(c,d), respectively for 1 (a,c) and 9 days (b,d). Scale bars are 80 µm. 

Conclusions 

In this work, GO and GO-g-PEG were incorporated in electrospun PCL in 

order to make a comparative study on their structural and reinforcing effect. The 

increase in complex viscosity of PCL/GO-g-PEG suspensions caused an increase in 

the average fiber diameter if compared with PCL mats. On the contrary, the complex 

viscosity of the PCL/GO suspensions is lower if compared with that of the PCL 

solution thus causing a reduction of PCL/GO nanofiber diameters. WCA 

measurements showed that both PCL/GO and PCL/GO-g-PEG composite fiber 

improved the PCL wettability, but PCL/GO-g-PEG exhibited better performance with 

lower water contact angles than PCL and PCL/GO. Tensile tests showed that the 

addition of GO and GO-g-PEG in PCL achieved significantly improved tensile 
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properties while reducing the EB. However, GO-g-PEG was more effective in 

reinforcing PLA than GO, in particular at low concentration, likely due to the grafted 

PEG chains, which improved the filler dispersion. Moreover, preliminary biological 

assay demonstrated that PCL/GO-g-PEG enhanced the capability of supporting cell 

attachment and growth. The PCL/GO-g-PEG scaffold with enhanced mechanical 

strength and good cytocompatibility showed to be promising for its potential use in 

tissue engineering. 
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4.7 Plasma Effect on Wettability and Morphology of PLA Electrospun Mats 

In this study, PLA and PLA-plasma membranes were prepared and used for 

carrying out immobilized-cell cultivations of S. coelicolor. In particular, the 

membranes, that reproduces the conditions of mycelial growth on an organic substrate, 

have been used in order to evaluate a correlation between their structure and/or plasma 

modification and a corresponding physiological response in terms of total protein and 

of ACT yields of the immobilized-cells. 

 

Structure of PLA and PLA-plasma membranes 

Preliminarily, the effect of the plasma treatment on the PLA nanofiber morphology 

was investigated. SEM images of the electrospun PLA and PLA-plasma nanofiber 

mats are presented in Figure 74a,b highlighting that all the fibers are in the nanoscale 

and randomly distributed.  

 

Figure 74 - SEM images of a) PLA and b) PLA plasma membranes. Scale bars are 80 µm. Diameter size 
distribution of a’) PLA and b’) PLA-plasma membranes. 

From image processing analysis, a similar narrow distribution of fiber diameters 

was observed for both the systems, as reported in Figure 74a’,b’ thus demonstrating 
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that, in the selected conditions, plasma treatment did not induce significant changes in 

the PLA nanofiber morphology. 

 

Wettability 

Generally, plasma modification acts on polymeric substrates by excitation, 

deionization and dissociation events through free radical species that insert, generate 

or remove functional groups at the surface. The expected effect of the oxygen plasma 

treatment for the electrospun PLA is a combined process of modification and etching 

through reactions with oxygen radicals. Wettability analysis (Table 21) were carried 

out on PLA and PLA-plasma film obtained by solvent casting in order to evaluate SE 

that is an intrinsic property of the material. On the other hand, the same analysis were 

carried out on electrospun PLA and PLA-plasma in order to evaluate the effect of the 

nanostructure on the wettability behavior of the membrane that are directly exposed 

with the cells.  

Water (θW) and diiodomethane (θD) contact angles of unmodified PLA film are 

about 67° and 40° respectively. As expected, plasma surface modification of PLA 

decreased θW to about 49 and increased the θD value to about 52°. The results of SE 

calculation are reported in the same Table 21. Plasma treatment resulted in a significant 

increase in the value of SE that was 4.4 mJ/m2 for neat PLA film and 20.4 mJ/m2 for 

PLA-plasma film.  

Table 21 - Contact angles of water and diiodomethane on casted PLA and electrospun PLA with and without 
plasma treatment; γSp, γSd and ES  of casted PLA with and without plasma treatment 

Sample θ
W

 θ
D
 

γ
S

p 

[mJ/m
2

] γ
S

d  

[mJ/m
2

] γ
S 

[mJ/m
2

] 

Film-PLA 67.1 ± 0.4 40.0 ± 1.1 3.78 0.72 4.40 

Film-PLA-plasma 48.7 ± 0.7 51.7 ± 0.5 12.43 7.96 20.39 

PLA 115.9  ± 1.1 0 - - - 

PLA-plasma 41.3 ± 1.7 0 - - - 

 

Surface contact angle or wettability is dependent on surface chemical functional 

groups and on surface roughness that can be altered by plasma treatment [286]. It is 

well known [287] that increasing roughness leads to increase the contact angle of non 

wetting liquids and to decrease the contact angle of wetting liquids. However, 

morphological analysis of PLA films treated with plasma at the chosen condition (not 



 

PREPARATION AND CHARACTERIZATION OF BIOPOLYMERIC POROUS STRUCTURES FOR 

ADVANCED APPLICATIONS 

138 
 

showed for sake of brevity) present a roughness comparable to that of neat PLA films 

so that the decrease of θW values that occurs during plasma modification of PLA film 

can be almost exclusively attributed to changes in the surface chemical composition 

of PLA. In fact, when samples are modified under oxygen atmosphere, oxygenated 

moieties are likely formed. These groups strongly interact with water molecules 

resulting in increased surface wettability of PLA. 

The effect of plasma treatment was observed even more in the electrospun mats. In 

fact, electrospun PLA showed a θW of about 116°, more than 70° higher if compared 

with cast PLA film. This phenomenon can be reasonably ascribed to the high porosity 

of the device that is able to entrap air when the surface is immersed in water, thus 

enhancing the hydrophobicity of the neat material [288]. However, plasma treatment 

induced a significant decrease of θW to about 41°. θD evaluated for both electrospun 

mats is zero due to the low ES of the fluid and demonstrating the relative good affinity 

of diiodomethane with PLA. 

 

Figure 75 - C 1s core-level spectra of PLA and PLA-plasma electrospun membranes. 

In order to analyze the chemical composition of PLA, XPS studies were carried out. 

Table 22 shows the atomic percentages determined from the areas of the C 1s and O 

1s peaks and the fraction of carbon functional groups from high resolution C 1s XPS 

peaks. The results show that the oxygen plasma treatment increases the overall oxygen 

content at the surface by approximately 4 atomic% units thus increasing the O/C ration 

from 0.52 to 0.63. The major changes occurring in C 1s peaks due to the plasma 

treatment are highlighted by the spectra in Figure 75. In particular, the saturated 

hydrocarbon C–C C 1s peak decreased after plasma treatment, with concomitant 

increase in the intensities of the C–O (from 25.65% to 30.72%) and O=C–O (from 
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24.70% to 30.90%) peaks, which can be attributed to the introduction of oxygen 

functionalities and the increase in carboxyl groups on the surface. 

 

Table 22 - Surface elemental composition from wide-scan and fraction of carbon functional groups from high 
resolution C1s XPS peaks of electrospun PLA and PLA-plasma 

 Atomic percentage a [%]  C-C (%) 

~285 eV 

C-O (%) 

~285 eV 

O=C-O (%) 

~288.9 eV Sample C 1s (%) O 1s (%) O/C 

Pristine PLA 65.58 34.42 0.52 49.65 25.65 24.70 

PLA-plasma 61.25 38.75 0.63 38.38 30.72 30.90 

a The elemental percentages are deduced from the relative areas of the C 1s and O 1s peaks for the pristine and plasma 

treated electrospun material. 
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4.8 Bacterial Bioprocess Intensification 

Intensification of Actinorhodin Production 

 

3D Porous PCL/PEG Structures 

In this study three PCL/PEG pores structures having different pore sizes were 

prepared and used for carrying out immobilized-mycelium cultivations of S. coelicolor 

in order to find a correlation between membrane morphology and a corresponding 

bioprocess response. More in detail, in Table 23 are reported the mixing composition 

and the NaCl granulometry chosen for this work.  

 

Table 23 - Sample Codes and System Characteristics 

Sample code PCL (%wt) PEG (%wt) NaCl (%wt) NaCl Granulometry (µm) 

M 500 11 7 82 400-600 

M 100 11 7 82 75-125 

M 50 11 7 82 < 65 

 

 

PCL/PEG 3D membrane morphology 

3D membrane were prepared by using 3 different NaCl granulometries in order to 

control the pore size distribution as well as the pore architecture of the devices. The 

influence of pores structure on the metabolic activity of the cells was reported in 

several studies [11,14,43,46,117]. 

SEM images (Figure 76) revealed a strong influence of NaCl granulometry on the 

pores architecture of the membranes. In Figure 76a it is shown a micrograph of the 

PCL-PEG membrane obtained by melt mixing PCL/PEG and NaCl ranging from 400 

to 600 µm (M 500). The porous structure is characterized by well interconnected pores 

with a multimodal distribution: macropores from 400 to 600 µm and a micropores 

around 20 µm due both to crystal particles fractured into small particles during melt 

mixing process and to partial PEG leaching [13,19,43]. 
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Figure 76 - SEM images of membranes developed by leaching materials filled with different NaCl particle 
size: M 500 (a), M 100 (b) and M 50 (c). 

When the membrane is prepared with NaCl ranging from 75 to 125 µm (M 100 in 

Figure 76b) the pore structure changes drastically. In fact, it can be observed the 

presence of beams with an average diameter of 45 µm and the pores appear highly 

interconnected. Every beam is strewed by pores ranging from 2 to 5 µm due to the 

solvation of PEG phase, partially miscible in PCL [13,19,43]. 

 The third morphology obtained with NaCl grains smaller than 65 µm (M 50 in 

Figure 76c) is characterized by large amount of pores around 40 µm of diameter, 

surrounded by very thin walls. Each wall presented several micropores from 2 to 5 µm 

reasonable due to the PEG phase solvation. 

 

Porosity determination. 

Porosity and connectivity are important parameters to distinguish 3D membrane. 

The first feature refers to the volume that could be potentially filled by fluids, the 

second issue influences the degree of interconnection between pores by assuming that 

the porogen agents (NaCl and PEG) are removed by the fluid phase (Water) during the 

leaching step. 

The membranes were designed with a volumetric porosity of 82% evaluated by 

calculated using Eqn 10 and by assuming a theoretical complete extraction of porogen 

agents. The measurement of the real porosity of membranes, calculated according to 

calculated using Eqn 11, are reported in Table 24. In some cases porosity was found 

to be higher than the theoretical one, presumably due to the loss of low amounts of 

PCL during process or to some inhomogeneity of the leachable phase into the matrix.  
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Table 24 - Blend compositions and NaCl granulometry of the three 3D membrane produced. 

Sample  Designation Theoretical Porosity (%) Real Porosity (%) Connectivity 

M 500 82 81,9 ± 0.5 99,2 ± 0,5 

M 100 82 82.9 ± 0.3 99,6 ± 0,3 

M 50 82 83.5 ± 0.4 99,6 ± 0,2 

 

The value of the real porosity did not significantly change as a function of the pore 

size distribution because in much more influenced by the amount of porogen agent 

filled into the polymer matrix in melt mixing preparation. 

The value of the connectivity measured according to calculated using Eqn 12 was 

higher than 99% for all materials, indicating that most of porogen agent was removed 

during leaching process, in agreement with real porosity value very close to the 

theoretical one.  

 

Streptomyces coelicolor M145 immobilization on PCL/PEG porous membranes 

PCL/PEG membranes having 100 µm pore sizes were used to test the mycelium 

ability to adhere, penetrate and grow. Cultivations were carried out using the rich 

growth medium R2YE, which is suitable for ACT production [229], and 96 well 

microtiter plates containing per well one PCL membrane and 108/ml S. coelicolor 

M145 spores. 

The experiment was performed by setting different procedures for bacterial 

inoculation. In particular: i) 10 μl of spore suspension in an aqueous glycerol solution 

(20% v/v) were inoculated by direct placement on the apical portion of PCL/PEG 

membranes already placed in microtiter wells containing 250 μl of R2YE medium; ii) 

50 μl of spore suspension were prepared using three different aqueous solutions of 

glycerol 4% (v/v), glycerol 20% (v/v), and glycerol (4% v/v) and polypropylene glycol 

(0.02% v/v), respectively, and then placed at the bottom of microtiter wells containing 

the PCL/PEG membranes only. In all the cases, the inoculated microplates were firstly 

kept under static conditions for 3 h to allow the spores entry; in the case (ii) 250 μl 

R2YE medium was then added into each well. Finally, all the microtiter plates were 

incubated on orbital shaking (200 rpm) for five days at 30°C. 
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Figure 77 - SEM images of S. coelicolor on and inside the membrane M 100. (a,a’) are images obtained, at 
different magnification, in the external surface of M 100; b,b’ mycelial cells observed at 200 µm deep from the 
external surface of M 100; c,c’ mycelial cells observed in the bulk of the membrane at 600 μm deep from the 
external surface; i, ii, iii schematic representation of membrane’s region observed with SEM. 

After 3, 4 and 5 days of incubation both the external and internal portion of 

PCL/PEG membranes were observed by SEM. In particular, S. coelicolor mycelium 

resulted immobilized on the pores of external surface forming a dense cell-layer 

(Figure 77a,a’). The bacterial mycelium penetrated inside the PCL/PEG membranes 

for about 200 μm (Figure 77b,b’); with some rare exception which was observed in 

the bulk at 600 μm from the membrane surface (Figure 77c,c’). 

SEM observation did not show any differences in mycelium immobilization with 

respect to the different inoculation procedures but the apical placement of spore 
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suspension resulted in a restricted localization of mycelium distribution on the 

PCL/PEG membranes coinciding with the inoculation place. 

Therefore, the subsequent cultivations, aimed to study the effect of immobilization 

on bacterial biomass and secondary metabolite production yield, were performed by 

placing the PCL/PEG membranes into the microtiter wells containing 10 μl of spores 

(108/ml) in an aqueous glycerol solution (20% v/v) and 240 μl R2YE medium. 

 

Effect of PCL/PEG membranes in ACT production and protein biosynthesis 

S. coelicolor M145 was incubated in 96 well microtiter plates as above described 

using three PCL/PEG membranes having 50, 100 and 500 μm pore sizes, respectively, 

as support to perform immobilized-mycelium cultivations. The effect of 

immobilization and of different pore sizes was monitored on protein and ACT 

production yield using S. coelicolor M145 parallel cultivations performed without 

PCL membranes. 

 

Figure 78 - S. coelicolor growth kinetics in immobilized-mycelium cultivations. Total protein content was 
extracted from PCL/PEG-immobilized mycelium of each microtiter well containing M 50, M 100 and M 500 
respectively, at different growth times. Parallel cultivations without the presence of PCL/PEG membranes were 
used as control condition. Values are reported as mean of three cultivations; standard deviation is also reported 
as vertical bars. 

The bacterial growth was measured by determining the total protein content 

extracted from free and PCL/PEG-immobilized mycelium grown in each microtiter 

well (Figure 78). Similar protein accumulation kinetics were revealed up to 3-4 days 

of growth. After 4 days of growth the immobilized-mycelium cultivations showed a 
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still increasing protein content while the control cultivation shows a constant amount. 

In particular, at 5 days of growth a protein content increment of about 1.4 fold was 

revealed in the mycelium immobilized on the membrane having 50 and 100 μm pore 

size compared to the control cultivation, thus revealing that mycelium-immobilization 

results in an improved protein biosynthesis capability. 

 

Figure 79 - Production of ACT, extracted from PCL/PEG immobilized mycelium cultivations in microtiter wells 
containing M 50, M 100 and M 500 respectively. Parallel cultivations without the presence of PCL/PEG 
membranes were used as control condition. Values are reported as mean of three independent measurements; 
standard deviation is also reported as vertical bars 

Concerning secondary metabolism production, total amount of ACT antibiotic was 

calculated from free and PCL/PEG-immobilized mycelium cultivations in each 

microtiter well. During the observation time, the maximum ACT yield was obtained 

after five days of growth performed using M 100. In this case about two fold increased 

ACT content was measured compared to the control cultivation. On the contrary, the 

lower production yield was obtained using 500 μm pores size membrane (Figure 79). 

Based on these data, bacterial growth was scaled up to 1 ml of R2YE medium in 

tester tubes and carried out using membranes with pores size of either 50 or 100 μm 

as support for mycelium immobilization. In particular, S. coelicolor spores were 

inoculated at the final concentration of 108/ml and three membranes were used for 1 

ml of R2YE. Cultivations performed in parallel with the exception of PCL/PEG 



 

PREPARATION AND CHARACTERIZATION OF BIOPOLYMERIC POROUS STRUCTURES FOR 

ADVANCED APPLICATIONS 

146 
 

membranes addition were used as control. The tester tubes were incubated at 30°C at 

200 rpm and after three and five days of growth the assay for ACT production was 

carried out on the spent medium. In agreement with microtiter cultivation trials, an 

increased production was observed only when PCL/PEG membranes with pores size 

of 100 μm were used for S. coelicolor mycelium immobilization (Figure 80). 

 

Figure 80 -Production of ACT, released in the spent medium from of PCL/PEG immobilized mycelium 
cultivations in tester tubes containing either M 50 or M 100. Parallel cultivations without the presence of 
PCL/PEG membranes were used as control condition. Values are reported as mean of three independent 
cultivations; standard deviation is also reported as vertical bars. 

In particular, an increment of 1.5 and 1.7 was showed in presence of 100 μm pore 

size PCL/PEG membranes with respect to control cultivations after 3 and 5 days of 

growth, respectively. On the contrary, the use of 50 μm pore size PCL/PEG 

membranes resulted in an ACT production yield similar to that of control cultivations. 

  

Conclusions 

Actinomycete fermentation processes based on submerged cultivations are valuable 

means for producing natural products having biological activity of industrial and 

commercial interests such as antibiotic compounds [78,289]. However, submerged 

cultivations revealed some limitations mainly due to the fact that in their natural 

environments actinomycetes usually grow in the presence of a substrate for mycelium 
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adhesion and development [229,290]. In the absence of a substrate, these filamentous 

bacteria are prone to grow in a pellet-shape way which negatively affects production 

yield [84]. This work originally highlights the possible use of microporous PCL/PEG 

membranes as support for mycelium adhesion in actinomycete fermentations reporting 

data concerning S. coelicolor, the model strain of study for this family of bacteria. 

The PCL/PEG membranes were designed for microtiter cultivations and indeed 

their shape and morphology were demonstrated suitable for bacterial immobilization 

by adhesion. In particular, the spores inoculated in the medium were able to germinate, 

adhere and penetrate the membrane throughout the pore lumen developing a dense 

mycelium network as revealed by SEM observations on cross sections of inoculated 

PCL/PEG membranes. The S. coelicolor immobilized mycelium, incubated in 

submerged microvolumetric cultivations, showed an improved capability to produce 

biomass (measured as total protein content) and secondary metabolites (measured as 

ACT amount) with respect to free mycelium submerged cultivations in agreement with 

Ndlovu et al. [14]. In addition, this work originally revealed a bioproduction capability 

which is affected in a pore size dependent manner revealing the fundamental 

importance in controlling production process parameters to obtain porous membranes 

possessing a specific microstructure. The possibility to adapt the microporous 

PCL/PEG membranes to conventional fermentation was tested by scaling up the 

cultivation volume using canonical test tubes where an improved ACT release in the 

medium was revealed in presence of 100 μm pore size PCL/PEG membranes, thus 

confirming the results obtained in microtiter cultivations. 

Therefore, this study encourages the use of microporous PCL/PEG membranes as 

support for the development of actinomycete fermentation-based bioreactors and 

further encourage studies for process scale-up. In addition, microporous PCL/PEG 

membranes, proven as an easy-to-be-handle from a microbiological laboratory 

perspective, could be a useful tool for investigating at the molecular level the 

biochemical and metabolic events which lead to the improvement of bioproductivity 

in immobilized bacterial mycelium with respect to free mycelium in submerged 

cultivations thus possibly addressing the need from both academy and bioproduction 

industry of an improved understanding of actinomycete physiology. 
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S. coelicolor immobilized-cells cultivation on Electrospun PLA membranes 

 

In this study, PLA and PLA-plasma membranes were prepared and used for 

carrying out immobilized-cell cultivations of S. coelicolor. In particular, the 

membranes, that reproduces the conditions of mycelial growth on an organic substrate, 

have been used in order to evaluate a correlation between their structure and/or plasma 

modification and a corresponding physiological response in terms of total protein and 

of ACT yields of the immobilized-cells. 

 

Streptomyces coelicolor A3(2) immobilization on PLA and PLA-plasma membranes 

PLA and PLA-plasma membranes were used to test the ability of S. coelicolor 

mycelium to adhere, penetrate and grow on their surface starting from spore inoculum. 

Therefore, after 3, 5, and 7 days of incubation, both the external and internal portions 

of each kind of PLA membranes were observed by SEM. The Figure 81a,d show 

several PLA and PLA-plasma fibers are visible under the biofilm thus demonstrating 

that after 3 days the biofilm is not able to cover the whole surface of the membranes. 

Otherwise, after 5 days (Figure 81b,e) the biofilm become more compact but only after 

7 days the membrane appears completely covered by the mycelial biofilm as 

highlighted in Figure 81c,f. Furthermore, from Figure 81c,f it can be also observed 

that after 7 days, S. coelicolor biofilm is more compact on PLA-plasma membrane 

while on the PLA membrane some fibers can be observed under the biofilm. The 

possible relationships between biological effects of mycelium immobilization and the 

different chemical modification of PLA and PLA-plasma membranes were monitored 

on the biosynthetic capability in terms of total protein and ACT production yield using 

as control condition S. coelicolor) free-cell cultivations. All these analyses were 

conducted at 3, 5 and 7 day of cultivation. In particular, concerning total protein 

content, despite SEM observations, which revealed a different and progressive 

increment of mycelial cells on the surface of each kind of PLA membranes, a similar 

protein accumulation profile were revealed for both PLA and PLA-plasma 

immobilized-cell cultivations.  
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Figure 81 - SEM images of S. coelicolor adhered on PLA electrospun membranes after 3 (a), 5 (b) and 7 (c) 
days and on PLA-plasma electrospun membranes after 3 (d), 5 (e) and 7 (f) days. Scale bars are 100 µm. 

 

S. coelicolor protein biosynthesis and ACT production in PLA and PLA-plasma 

immobilized-cell cultivations 

In particular, the maximal protein amount, reached after 3 days and maintained at 

similar values thereafter, was about 2-fold increase in comparison to the control 

cultivation (Figure 82). Thus, this analysis revealed that cell immobilization on PLA 

and PLA-plasma membranes resulted in an improved protein biosynthesis capability 

in agreement with previous studies performed using PCL-based membranes [13]. 

Concerning antibiotic production, both PLA and PLA-plasma immobilized-cell 

cultivations produced a higher amount of ACT in the respect of free-cell cultivations 

used as control condition (Figure 83). Interestingly, it was estimated that about 80% 

of the total ACT produced is embedded in the membranes. In particular, the maximal 

ACT yield was obtained after 3 and 5 days of growth using PLA and PLA-plasma 

membranes, respectively, with the amounts of ACT remaining essentially the same 

thereafter. 
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Figure 82 - Accumulation profiles of S. coelicolor total protein content extracted from free- and PLA and PLA-
plasma membrane immobilized-cell cultivations. Values are reported as mean of three biological replicas; 
standard deviation is also reported as vertical bars. 

Beside the difference in the ACT production kinetics, it is noteworthy that the 

maximal amount of ACT was about five and ten fold in the respect of control condition 

using PLA and PLA-plasma, respectively. 

 

Figure 83 - Accumulation profiles of total ACT obtained from free- and PLA and PLA-plasma membrane 
immobilized-cell cultivations. Values are reported as mean of three biological replicas; standard deviation is also 
reported as vertical bars 
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Conclusion 

In this work, electrospun PLA-based membranes subjected or not to O2-plasma 

treatment, were used as support for adhesion S. coelicolor mycelium cells during 

submerged fermentation. Contact angles measurements revealed that the O2-plasma 

treatment enhanced wettability of PLA electrospun membranes increasing the ES. XPS 

analysis confirmed that the increased wettability of PLA-plasma can be ascribed to the 

introduction of oxygen functionalities and the increase in carboxyl groups on the 

surface. SEM analysis highlighted that S. coelicolor spores inoculated in the growth 

medium were able to germinate and adhere both PLA and PLA-plasma membranes 

creating a dense mycelium network more effectively in PLA-plasma system. The S. 

coelicolor immobilized-cell cultivations showed superior performance in terms of 

protein and biologically active metabolite bioproduction of S. coelicolor mycelium 

immobilised on PLA-based membranes in the respect to free-cell cultivations. More 

in detail, although a similar amount of proteins was measured in both kinds of 

immobilized-cell cultivations, S. coelicolor immobilized-cells in PLA and PLA-

plasma membranes produced an ACT amounts about five and ten fold increased, 

respectively, thus showing a specific positive influence of O2-plasma treatment in the 

respect of biologically active metabolite production. Therefore, from one hand, this 

study encourages the use of nanofibrous PLA-based membranes as support for the 

development of actinomycete-fermentation bioreactors and further encourages studies 

for process scale-up. On the other hand, it would be of scientific interest to elucidate 

the deterministic correlation between O2-plasma treatment and the increment of ACT 

production. In addition and more in general, an improved understanding of 

actinomycete physiology would be gained by investigating the biochemical and 

metabolic events at the molecular level which leads to the improvement of bio-

productivity in immobilized-cells in comparison to free-cells in submerged 

cultivations. In this regard, preliminary investigations of monodimensional protein 

patterns of free- and PLA or PLA-plasma membrane immobilized-cells, obtained by 

SDS-PAGE analysis, revealed a set of differentially abundant protein bands which 

may suggest a differential regulation of cellular functions (data not shown) and which 

could be highlighted in the next feature by a comparative proteomic approach [291]. 
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Intensification of Bacterial-Degradation of Oily Pollutants 

 

After 48h of the incubation at 30°C in oil-degrader bacterial cultures, the porous 

3D PCL based scaffolds were observed using SEM. The images confirmed the high 

capacity of adhesion and proliferation of bacterial cells within the 3D structure. Both 

the external and internal portions of scaffolds have shown a significant bacterial 

density due to a biofilm formation (Figure 84A-D). 

 

Figure 84 - SEM images of the bacterial biofilm formed on the scaffold by Nocardia SoB on the Scaffold 
surface (A) and in the porous structure (C) and Alcanivorax SK2 on the Scaffold surface (B) and in the porous 
structure (D). 

No differences can be observed for the internal or external parts of the scaffold, 

which showed the same cell adhesion. Moreover both bacterial strains have showed 
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the same colonization and biofilm formation capacity. The ability to form biofilm on 

various surfaces is advantageous for the microorganisms, cells in biofilm have better 

chance of survival and adaptability and the biofilm ensured higher bioavailability of 

contaminants. Several studies reported that biofilm formation was a promoting factor 

for biodegradation respect to planktonic cells. 

 

Figure 85 - Degradation efficiency of free cells and immobilized cells hydrocarbons-degrading bacteria 
Nocardia sp. SoB and Alcanivorax SK2.   

More than 50% and 70% of oil hydrocarbons were removed by Nocardia SoB  and 

Alcanivorax SK2 biofilm respectively,  about 15% more in respect to the free cells 

(Figure 85). Biodegradation of 90% (Nocardia SoB) and 60% (Alcanivorax SK2) was 

observed for n-alkanes after the same incubation period (data not shown). 
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4.9 Synthesis and Self-Assembly of GO-g-PEG Aerogel 

The strategy followed to synthesize GO-PEG Aerogel (GPA) is illustrated in Figure 

86. 

 

Figure 86 – Schematics of the pathway followed to synthesize GO-PEG aerogel (GPA). 

More in detail, the GO used in the frame of this work was an ultra-oxygenated 

sample achieved by oxidizing neat graphite by using a quite common method, as 

described in the experimental part, while the diffusive phenomena regulating the 

formation of oxygen moieties were controlled by monitoring stirring speed and, as a 

consequence, the shear viscosity of the melt. The aged GO (i.e. stored for 200 days 

under acidic conditions) had an extremely high oxygen content (C/O ratio = 1.1, 

measured by XPS elemental analysis), especially if compared to that achieved in the 

same way but immediately purified (C/O ratio = 1.9). 

Amino-terminated PEG was prepared at room temperature in two steps (see inset 

in Figure 86). At first PEG-OH was prepared by mixing PEG200 and CDI in 

anhydrous chloroform with the aim to obtain an intermediate capable to react with an 
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amino terminated chain. Indeed, by reaction with ethylenediamine, it was obtained the 

desired bis-amino terminated PEG, that was then used for the coupling with GO. 

In fact, the amino groups of the PEG-NH2 obtained act as nucleophile agents and 

are extremely reactive both towards carboxylic groups of the GO (properly activated 

with carbodiimide), and towards epoxy rings present onto the surface of GO sheets. 

The result was a GO sheet decorated with PEG tails, as represented in Figure 86. 

The PEGylated-GO sheets were well dispersed in water to form a stable dark brown 

colloidal dispersion, by exploiting their reciprocal electrostatic repulsion resulting 

from the ionized carboxyl groups. After freeze-drying, the GPA appeared brown 

composed by eye-visible flakes. 

 

Figure 87 - Morphological analysis of GO-based structures: (A) SEM micrograph of as synthesized GO, (B–C): 
SEM micrographs of GO-PEG aerogel (GPA) at different magnifications, (D) digital photograph of a GPA monolith 
standing on Taraxacum officinalis. 

 

SEM gives insight concerning the microstructure of GPA. As a result of chemical 

modification induced by the high content of oxygenated moieties, the GO lamellae 
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were found to be remarkably wrinkled and crumpled, as clearly visible in Figure 87A. 

After PEGylation, the structure become deeply different, as the lamellae appear well 

stretched and totally wrinkle-free (Figure 87B). Furthermore, the freeze-dried GPA 

possesses GO-PEG walls 1–2 nm thick, assembled in a 3D porous network, 

characterized by interconnected macropores, ranging from one hundred to three 

hundreds micrometers (Figure 87C).Due to its high porosity (99.7%), GPA is 

extremely ultralight, as evidenced by Figure 87D, where GPA is light enough to 

preserve the structure of Taraxacum officinalis. 

Several spectroscopic measurements were carried out to demonstrate the covalent 

binding of PEG chains onto GO lamellae, thus providing further information about the 

chemical structure of the nanohybrid. 

In order to demonstrate the successful amino-functionalization of PEG and the 

subsequent conjugation with GO, FTIR/ATR spectra of PEG-OH, PEG-NH2, GO and 

GPA were collected within the range 4000–400 cm−1 and reported in Figure 88. 

 

Figure 88 - FTIR/ATR spectra of: A) PEG-OH; B) PEG-NH2 with magnification of multi-peak fitted curve in the 
range 3750–2750 cm−1; C) GO and D) GO-PEG aerogel (GPA) with magnification of multi-peak fitted curve in the 
ranges 3750–2750 cm−1 and 1900–1500 cm−1. 

The spectrum of PEG-OH displays the characteristic bands attributable to CH bonds 

(stretching at 2750–3000 cm−1, bending and rocking within1500–1350 cm−1, 
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770 cm−1), and to C-O-C/C-OH bonds within the range 1200–900 cm−1 (see evidenced 

zones in the plot). Furthermore, the broad band centered at around 3400 cm−1 is 

assigned to OH stretching. After modification of PEG with amino-groups, the most 

significant differences (see evidenced zones in the plot) refer to three spectral ranges, 

i.e. 4000–2500 cm−1, 1800–1500 cm−1, 750–600 cm−1. More in detail, the signal 

assigned to the OH stretching disappears, while it is clearly visible the insurgence of 

new bands, centered at 3525 cm−1 and 3300 cm−1, respectively attributable to NH2 

asymmetric and symmetric stretching (see inset in Figure 88B). A shoulder located at 

3235 cm−1 can be likely assigned to amide stretching of carbamate groups. In the 

spectral region 1900–1500 cm−1, it is possible to observe that after amino-

functionalization, PEG-NH2 displays two bands, located at 1535 cm−1 and 1700 cm−1, 

respectively assigned to amide and carbonyl moieties introduced after the covalent 

attachment of EDA. 

Moreover, at lower wavenumbers (750–600 cm−1) the rising of three features can 

be ascribed to the spatial conformation of amidic linkages. More in detail, amide V 

mode refers to out-of-plane bending of NH groups, whereas amide IV and amide VI 

modes are attributable to in-plane and out-of-plane bending of CO, respectively [292]. 

FTIR spectrum of GO is consistent with known data [293]. Although the end-

groups refer substantially to OH, C-O-C and COOH, the presence of a highly aromatic 

and variegated environment surrounding oxygen moieties determines the coexistence 

of phenols, epoxy, ethers, lactols, lactones, aldehydes, ketones, aromatic acids, and 

many other functionalities, besides water molecules adsorbed. Due to these features, 

GO was found to absorb practically within the entire spectral range, especially at lower 

wavenumbers. Nevertheless, the broad absorption band in the 3750–2300 cm−1 region 

can be assigned to OH stretching due to phenols, carboxyls and water. Two well 

recognizable bands are centered at around 1720 cm−1 and 1624 cm−1, with the former 

being undoubtedly assigned to carbonyls while the latter presumably originating by 

bending modes of water molecules integrated into GO structure [28]. At wavenumbers 

below 1250 cm−1, a bunch of overlapping signals was proposed to be due to C-O-C 

and COH features, under the form of either epoxy, cyclic ethers and organic alcohols. 

After the covalent functionalization of GO with PEG-NH2, it is possible to observe 

the disappearance of the peak assigned to epoxy moieties of GO, thus confirming that 
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epoxy rings reacted with amino-moieties of the polymer. Furthermore, GPA displays 

the characteristic absorption peaks of PEG-NH2, although the overlapping and 

broadening of the signals make very difficult to clearly identify each band. It is worth 

noting that the weakening and broadening of some bands attributed to PEG-NH2 and 

GO could be due to the formation of a nanohybrid, highly resonant structure. Aiming 

to perform a deeper investigation, the two most variegated spectral ranges were fitted 

by means of Gaussian curves and provided in two insets in Figure 88D. In the spectral 

range within 3750–2750 cm−1, GPA displays the bands associated to CH stretching 

(alkanes and alkenes) of the polymer. The signals characteristic of amide are still 

present, although the bands are broad, due to the overlapping with those related to GO 

oxygen-moieties. In the spectral region within 1900–1500 cm−1, it can be observed 

that GPA spectrum retains the features ascribed to amide and carbonyl moieties, 

respectively centered at 1535 cm−1 and 1700 cm−1, whereas the appearance of at least 

other three spectral components at around 1600 cm−1 (see inset in Figure 88D) can be 

reasonably attributable to carbonyl stretching of carbamate moiety of secondary and 

tertiary amides, in fully agreement with the results above described. The signals 

attributable to amide groups become stronger than those referred to free amines, as a 

result of the crosslinking between PEG and GO. Moreover, the presence of pyridine-

like structures could be suggested by the increase of optical density in the 1650–

1500 cm−1 range, although it is extremely difficult to get conclusive information. 

Raman spectroscopy is widely considered among the most powerful tools for 

probing carbonaceous compounds such as graphene-based materials due to its high 

sensitivity to graphene crystals domains and defects. 

For the Micro-Raman analysis a Bruker SENTERRA instrument, with diode laser 

excitation at 532 nm and spectral resolution 9–15 cm−1, has been used. The laser power 

was fixed at 0.2 mW to avoid sample modifications; furthermore, measurements in 

three different sample positions have been repeated for each treatment to check the 

homogeneity of the sample. Analysis of the spectra has been done after subtraction of 

a linear baseline in the range 1200–1800 cm−1, for the D and G bands and another 

linear baseline in the range 2500–3500 cm−1, for the 2D region. The spectra have been 

successively normalized to the G band and to the central feature of the 2D region at 

∼2960 cm−1, respectively. 
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Figure 89A,B show the micro-Raman spectra of GO and GPA focused on two 

spectral ranges of particular concern, respectively referred to first-order (1000–

1900 cm−1) and second-order (2500–3500 cm−1) Raman scattering. 

 

Figure 89 - Multi-peak fitted μ-Raman spectra of GO and GO-PEG aerogel (GPA) collected in the spectral 
ranges of first-order (A) and second-order (B) scattering. 

The results put into evidence that the typical Raman modes of the graphenic 

materials are still present after PEGylation. Nevertheless, the functionalization 

introduces relevant changes in D and G bands, traditionally ascribed to sp3 and sp2 

hybridized carbons, as well as in the modes resulting from their combination and 

overtone (2D, D + G, 2D′). 

In particular, the covalent binding of PEG-NH2 to GO induces a broadening of both 

D and G modes, which were found even slightly shifted. These findings could be 

ascribed to the overlapping of the other signals coming from amides, alkyl-amides and 

aromatic amides. As a consequence, the ID/IG ratio is found to increase, although the 

size of crystal graphene domains should remain constant in GPA. However, the most 

interesting feature is, in our opinion, the disappearance of the A mode, related to CH 

vibrations of rings and edges of GO [294], and the insurgence of a new band, located 

at around 1060 cm−1, that can be ascribed to amide bonds [295]. 

Furthermore, the 2D contribution at 2680 cm−1 increases, while the 2D′ contribution 

at about 3150 cm−1 decreases with respect to the amplitude of the D + G component at 

2950 cm−1. The observed features are in good agreement with the FTIR data, 

suggesting that PEGylation, as clear, induces modifications of the GO. 
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XPS characterization was performed to get further confirmation about the presence 

of PEG-NH2, easily detectable by monitoring N1s signal, Figure 90, since this latter 

was obviously not present in GO. The analysis of N1s spectra, fitted by means of 

Gaussian curves, revealed that nitrogen is mainly present both as amides 

(BE = 399.7 eV) and pyridine-like compounds (EB = 398.3 eV). This feature, in fully 

agreement with the outcomes of FTIR/ATR and Raman spectroscopy, suggests that 

the coupling between GO and PEG-NH2 was ensured by the formation of covalent 

bonds between NH2 functional groups of the polymer and the epoxy and carboxyl 

groups of GO, to give tertiary and secondary amides, respectively, whereas the 

reaction between PEG-NH2 and the epoxy rings in the proximity of aromatic domains, 

presumably led to the formation of pyridine-like structures, due to the re-arrangement 

of PEG, as reported for similar systems [296]. Finally, these findings confirm those 

obtained by FTIR and Raman spectroscopy. 

 

Figure 90 - XPS results: N1s spectrum of GO-PEG Aerogel (GPA). 

XRD patterns, Figure 91, highlighted that interlayer spacing of GO lamellae 

increased from 9 Å to 16 Å after PEGylation and this aspect can be explained by 

considering that PEG coupling could have increased the interlayer distance, thus 

permitting to obtain very thin layers of exfoliated graphene with polymeric layers 

adhered onto sheets. Moreover, the re-arrangement of PEG into pyridine-like 
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structures in the basal planes may also contribute to a significantly increased 

interlamellar distance. As a consequence, no characteristic peaks of PEG was detected. 

 

Figure 91 - XRD patterns of PEG-NH2, GO and GO-PEG Aerogel (GPA). 

BET results of GPA are shown in Figure 92. The BET adsorption/desorption 

isotherm of GPA shows a hysteresis loop at high relative pressure, indicating the 

existence of mesopores (in addition to the macropores easily detected by SEM 

analysis) in the aerogel. The PSD, provided in the inset of Figure 92, confirms the 

presence of pores within the range 2–60 nm. The total pores volume is equal to 

0.37 cm3/g. The specific surface measured is 226.6 m2/g, slightly higher than those 

measured for graphene-based aerogels prepared by freeze-drying [297]. Despite its 

extremely high porosity and extraordinary lightness, GPA possesses even interesting 

mechanical properties. Figure 93 reports a representative stress-strain curve obtained 

during compressive tests. The plot put into evidence that GPA shows the typical 

behavior of graphene-based aerogels under compression tests. 
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Figure 92 - Nitrogen adsorption (square) and desorption (circle) isotherms of GPA (inset: pore size 
distribution). 

The sample displays an initial linear-elastic behavior associated with the 

progressive bending of the pores walls. The compression elastic modulus (E1), 

determined as the slope within this linear region of the stress-strain curve, was found 

to be slightly higher than those reported for other graphene-based aerogels [298]. The 

behavior of the curves seems to reveal a multi-step densification, followed by a 

plateau, symptomatic of a transition attributable to the beginning of the plastic 

deformation. Thereafter, a ductile-brittle transition is observed and within the last 

region of the plot, the stress varies linearly with the strain and the slope of the curve 

dramatically increases, due to the more prominent densification phenomena occurring 

since the pore walls collapsed thus filling the voids. Therefore, a steep increasing in 

stress is measured.  
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Figure 93 - Representative stress-strain curve of GO-PEG aerogel (GPA) during compressive tests. 

Finally, GPA recovers its original height and shape after compression release. 

Presumably, this behavior is explainable by taking into consideration the 

aforementioned strong electrostatic interaction between the free terminations of PEG-

NH2 chains and the adjacent moieties of the GO lamellae, as confirmed by XRD 

patterns discussed above. 

 

Figure 94 - Percentage of hemolysis of erythrocytes plotted as a function of GO-PEG concentration. 

Safety evaluation of new products or ingredients destined for human use is crucial 

prior to exposure. One important factor in the development of novel systems for 

parenteral administration is to determine their ability to cause hemolysis by interaction 
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with cell membranes. Therefore, we examined this interaction by using erythrocytes 

as a model biological membrane system, since they are commonly adopted as a 

suitable model for studying the interaction of amphiphiles and other molecules with 

biological membranes [299,300]. The percentage of erythrocytes lysis is plotted as a 

function of nanohybrid concentration and provided in Figure 94, together with the 

digital photographs of each dispersion after centrifugation. The extent of hemolysis 

was found to range from 0.3% to 0.8%, upon increasing the GPA concentration, i.e. 

practically constant (and within the experimental noise). For all the concentrations 

assayed, the percentage of hemolysis was extremely lower than the permissible level 

of 5% [299] and, more interestingly, remarkably lower than those exhibited by other 

GO-based materials [300]. Furthermore, after incubation with GPA no erythrocyte 

aggregation was detected. Hence, under these conditions, GPA showed no significant 

hemolytic effects, indicating no detectable interaction with red blood cell membranes. 

These findings suggest that PEGylated GO can be considered quite biocompatible and 

this feature opens new scenarios for the use of this class of biocompatible aerogel 

materials for biomedical applications, such as tissue engineering and drug delivery. 

 

 

Conclusion 

In the present work, starting from commercial samples of graphite and PEG, we 

prepared a PEGylated-GO aerogel, with the aim to enhance its biocompatibility and to 

achieve a very low density porous structure with high mechanical properties. All the 

synthetic steps were confirmed by spectroscopic analysis, the morphology and the 

structure, together with the ultimate properties of the aerogel were deeply investigated. 

Furthermore, cytocompatibility and hemolysis essays certified that GO covered with 

biocompatible polymers such as PEG exhibits no toxicity in vitro at the tested doses. 

Due to all these features, GPA makes promises to be suitable for a large variety of 

applications. 
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5 Concluding remarks 

In the present PhD work, biopolymeric porous structures for advanced applications 

were prepared and characterized. The procedures adopted were optimized in order to 

achieve the best performance on the basis of the final application involved for each 

device. In particular, we successfully developed 3D functionally graded porous 

scaffold for tissue engineering. Furthermore, appropriately modified nanoparticles 

were used in order to improve the mechanical and wettability properties of an 

electrospun mats designed for tissue engineering.  

3D and 2D membranes were successfully prepared and optimized in terms of pore 

size distribution and wettability for the bioprocess intensification. More in detail, the 

S. coelicolor immobilized-cell cultivations showed superior performance in terms of 

protein and biologically active metabolite bioproduction of S. coelicolor mycelium 

immobilised on the biopolymeric porous structures if compared with free- cell 

cultivations. 

Finally, we demonstrated the possibility to prepare biopolymeric porous sponges 

able to selectively absorb oil from water with high oil uptake. Furthermore, these 

devices are able also to support the growth of oil-degradator cells thus giving important 

further effort in bioremediation applications.  
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6 Future Perspectives 

This PhD thesis focused on some of the most important techniques for developing 

porous biopolymeric structures i.e. particulate leaching, electrospinning and freeze-

drying. In future, the systematic approach herein adopted to correlate structure-

processing-properties relationships could be adopted with other different techniques 

such as 3D printing or gas foaming. Furthermore, the possibility to create super 

hydrophobic surfaces by means of chemical functionalization could represent another 

important feature for the oil/water separation. Furthermore, the degradation rate of 

functionally graded scaffold will be evaluated by taking into account several 

parameters such as the chemical composition of the matrix and its molecular weight, 

the effect of pro/anti degradative additives and/or the process parameters. A further 

investigation related to the mechanism involved in the bioprocess intensification, 

could lead to find innovative solution to further boost the bioactivity of industrial 

microbial cells. 
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