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ABSTRACT 

In recent years the study of three-dimensional (3D) cell culture has undergone a progressive development. 

The 3D models have shown characteristics more similar to the overall conditions in vivo with respect to 

2D cultures (Hutmacher DW., 2001). The 3D approach decreases the gap between cell culture system 

and the cellular physiology, helping to understand better various cell functions such as proliferation, 

adhesion, viability, morphology, microenvironment, and response to drugs. Compared to 2D cultivation, 

the cells in 3D are completely different in terms of morphology, signaling, and microenvironmental 

metabolism (Astashkina A et al., 2014). The scaffold provides the support necessary for the cells to 

attach, proliferate, and maintain their differentiated function. As a drawback, the structural characteristics 

of 3D scaffolds make their characterization quite complex. 

In my project a new hydrogel scaffold (HS) has been produced and several methods have been modified 

and/or developed for characterizing its cell compatibility, porosity, mechanical and optical properties 

and molecular diffusion.  

The first condition that has been verified was that the absence of toxicity for the cell types used and the 

capacity of the scaffolds to promote cell adhesion and growth for a period suitable for biological tests. 

Different cell lines have been evaluated, like human endothelial vascular cell line (HECV), human 

keratinocyte cell line (NCTC), human fibroblast cell line and human liver carcinoma cell line. HECV 

and NCTC have been cultured in 3D for more than 30 days. 

The porosity of the lyophilized scaffold has been calculated by liquid displacement method, using 

acetonitrile as the displacement liquid, and resulted to be higher than 95%. 

The mechanical properties of the HS have been analysed and Young’s Modulus (YM) and yield strength 

(YS) were evaluated in dried state and in liquid immersion. The YM of HS ranges from 15 to 120 kPa, 

and the YS ranges from 3 to 21 kPa. 

The transparency of HS has been easily evaluated by UV-VIS transmittance study and by observing 

letters printed on a paper sheet placed under the scaffold completely immersed in PBS, measuring the 

sharpness of the typographical sign, with respect to a reference read through a PBS solution. 
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The molecular diffusion through the scaffold has been evaluated using Franz diffusion cells at 37 °C, 

with metformin hydrochloride as diffusing molecule. The diffusion coefficient D was calculated, its 

value being approx. 1.2×10-9 m²/s.  

  



 

5 

 

CHAPTER 1 

INTRODUCTION 

1.1 Advantages and applications of 3D cell culture systems 

In many chemical technological fields, efficacy and toxicity studies are required for pure 

substances and formulations. Health surveillance and regulatory agencies in many countries are 

urging for the development of alternative methods to replace experiments on animals in the 

aforementioned areas. Thus, development of more reliable cell cultures to mimic the in vivo 

biological environment, cross-talk among different cells/tissues/organs need to be developed 

and performed worldwide.  

Cell culture is the process by which cells are grown under controlled conditions, 

generally outside their natural environment. Nowadays, the term "cell culture" refers to the 

culturing of cells derived from multi-cellular eukaryotes, especially animal cells, but the 

culturing can be extended to other growing cells, such as plant tissue culture, fungal and 

microbiological culture. 

Cells can be grown either in suspension or as adherent cultures. Some cells naturally live 

in suspension, without being attached to a surface, such as blood cellular components. There are 

also cell lines that have been modified to be able to survive in suspension, so they can be grown 

to a higher density than adherent conditions would allow. Adherent cells require a surface, such 

as tissue culture plastics or microcarriers, which may be coated with extracellular matrix 

components (such as collagen, laminine, polylysine) to improve adhesion properties and provide 

other signals needed for growth and differentiation. Plating density (number of cells per volume 

of culture medium) plays a critical role for culturing some cell types: cells generally continue to 

divide in culture until the available area or volume is filled.  

Traditional methods of cell culture have been studied on 2-dimensional (2D) surfaces 

such as Petri dishes, tissue culture flasks, and micro-well plates. When in contact with a plastic 

support cultured cells normally form a monolayer, where the mutual interactions occur only 

along the cell edges (Lee J et al., 2008; Andrei G et al., 2006). In 2D models only 50% of the 

cell surface is in contact with the culture medium. Moreover, the cells tend to flatten on the 

scaffold surface, with consequent morphological changes occurring relatively early during 

culture growth, that may induce alterations in cellular biochemical processes and trafficking. In 

fact, the 2D growth apparently influences the gene and protein expression, with significant 
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differences in cellular responses from those observed in vivo, possibly causing abnormally 

negative or positive assay outcomes. 2D culture approaches have limitations for new challenges 

in cell biology and biochemistry studies, as well as in drug discovery and pharmacological 

applications. 

3D cell culturing allows cells to grow in vitro in all directions, similar to in vivo 

condition, which was devised to overcome 2D culture response defects (Ravi M et al., 2015). 

3D cell cultures have greater stability and longer lifespan than cell cultures in 2D. Also, 3D 

aggregates can be cultured for longer, even more than two weeks, as compared to almost one 

week with 2D monolayer culture due to cell confluence. Therefore, they might be more 

appropriate for long-term studies and surviving cells and for demonstrating long-term effects of 

the drug. Thanks to the 3D environment, the cells are allowed to grow undisturbed compared to 

the 2D models, where regular dissociation by animal origin (porcine) trypsin, or more recent 

animal-free recombinant cell-dissociation enzymes, is necessary in order to provide them with 

sufficient nutrients for normal cell growth.  

A significant advantage of 3D cell cultures over the 2D methods is their well-represented 

geometry and chemistry; moreover, they provide a microenvironment more closely resembling 

the in vivo situation. Actually, 3D cultures, in which the whole cell surfaces can be in contact 

with the culture medium and with other cells, can mimic better the cross-talk among cells also 

from different tissues, to reassemble the complex in vivo interactions. These features come out 

by comparison with 2D cultures, in terms of cell proliferation and differentiation and response 

to environmental stimuli. While 2D cell culture monolayers facilitate examination of 

intracellular signaling cascades and cell behavior, this approach largely ignores the more 

complex structural organization present in the normal physiological setting. Cells behave 

differently in a 3D environment, in part because the extracellular matrix is a key regulator of 

normal homeostasis and tissue phenotype. Examination of cellular behavior and signaling using 

3D cell culture approach improves the relevance of cell-based assays.  As 3D cell culture allows 

generating 3D aggregates in a non-turbulent environment, with minimal shear force and 

continually suspended “freefall” culture, it permits the generation of 3D tissue-like aggregates 

that display physiologically relevant phenotypes, such as lower proliferation rate, hypoxic 

regions and vasculature. 

The 3D cell culture systems let understand the complex cellular physiological 

mechanisms, and are therefore widely applied in differentiation studies, pharmaceutical assays, 

tumor models and cancer biology research (Xu X et al., 2014), gene and protein expression 
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studies, besides being applied in tissue engineering, in bioreactors and in vitro modeling of 

human organs. Lastly, through analysis of gene expression, microRNA and metabolic profiles, 

it has been shown that 3D-generated aggregates display a genotype significantly more relevant 

to in vivo, as compared to 2D monolayer cultures (Smith SJ et al., 2012). 

In the 3D cell culture systems, the cells can grow as spheroids, or 3D cell colonies. 3D 

spheroids more closely resemble in vivo tissue in terms of cellular communication and 

development of extracellular matrixes. These matrixes help the cells move within their spheroid 

similarly to the way cells would move in living tissue. The spheroids are thus improved models 

for cell migration, differentiation, survival, and growth and gene/protein expression (Picollet-

D'hahan N et al., 2016). By culturing stem cells or progenitor cells in a 3D culture, it is possible 

to assist to organoid formation. An organoid is a miniaturized and simplified version of an organ 

produced in vitro in three dimensions that shows realistic micro-anatomy. They are derived from 

few cells of a tissue, embryonic stem cells or induced pluripotent stem cells, which can self-

organize in 3D culture owing to their self-renewal and differentiation capacities. Organoids have 

also been created using adult stem cells extracted from the target organ, and cultured in 3D 

media (Chuah JKC et al., 2017; Prestwich GD, 2008). 

The 3D approach decreases the gap between cell culture system and the cellular 

physiology, it helps to understand better various cell functions such as proliferation, adhesion, 

viability, morphology, microenvironment, and response to drugs. It is widely applied in 

differentiation studies, pharmaceutical assays, cancer biology research (Wu J et al., 2017; Rijal 

G and Li W., 2016). 

1.2 Scaffold design criteria 

3D cell culture matrixes, also known as scaffolds, have been introduced to overcome the 

limitations of two-dimensional cell cultures. The main requirements for 3D cell culture matrixes 

are: high compatibility with most cell lines, mechanical strength, optical transparency, porosity, 

pore interconnectivity, sterilizability, absence of interference with conventional assays for cell 

growth evaluation, easy production and low cost (Yang J et al., 2002; Bokhari M et al., 2007; 

Klein F et al., 2011; Nie L et al., 2012).  

Biocompatibility refers to the ability of materials to perform with an appropriate cellular 

or host responses in a specific situation. General natural materials show better biocompatibility 

than synthetic materials, but their animal sources maybe raise the risk of disease transfection. 

The compatibility requirements are more stringent when the cellular system is more complex 

(Black J, 2005). Absence of toxicity for the cell types used and capacity to promote cell adhesion 
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and growth for a period suitable for the time required for biological tests should be verified for 

each scaffold. 

Mechanical properties are a very important characteristic in 3D scaffold design. The 

scaffolds should exhibit suitable mechanical strength and flexibility to support the attachments 

of the cells, withstanding the stress suffered during culturing manipulation, like culture liquid 

changing operation. Moreover, the flexibility of the scaffolds has demonstrated a crucial role to 

increase gene expression for the cultured cells (Zhang R and Ma PX., 1999). For the application 

in tissue engineering, the matrix, as a vehicle for cell delivery, should provide mechanical 

support to maintain a space for the new tissue to form. The interaction of the surface of the 

matrix with cells should support differentiated cell function and growth, and in certain situations 

should induce the growth of desirable cell types from the surrounding tissue. The mechanical 

properties of the 3D scaffold construct at the time of implantation should match that of the host 

tissue as closely as possible. 

Another crucial parameter for 3D scaffolds is that it requires high porosity and complete 

interconnection. Porous materials are classified into several kinds by their size. According to 

IUPAC notation (Rouguerol J et al., 1994), microporous materials have pore diameters of less 

than 2 nm and macroporous materials have pore diameters of greater than 50 nm; the 

mesoporous category thus lies in the middle. The pore size and distribution of the scaffold 

should provide adequate spaces for cell seeding, growth and proliferation. A large pore size 

distribution can give rise to areas with weaker accessibility, tend to limit cell seeding and 

migration performance. Adequately sized open pores and a good interconnectivity can ensure 

the diffusion of nutrients, metabolic wastes, and soluble molecules. Previous studies reported 

that scaffolds with porosity higher than 80% are ideal for uses in 3D cell culture. Some scaffolds 

show porosity up to 99% as the scaffold containing 1% gelatin described by Wu et al. (2010). 

In 3D in vitro modelling, the cellular behaviours need to be observed under microscope, 

so transparency is also an important parameter for 3D scaffolds. 

When applied in tissue engineering, 3D scaffolds also should be biodegradable. 

Controlled biodegradability is an indispensable requirement, because these scaffolds are usually 

designed to degrade at the rate that in-growing tissue replaces them. 

1.3 Scaffold materials 

The selection of materials used to fabricate scaffolds is very important because they are 

developed to mimic the characteristics of natural extracellular matrix (ECM) in 3D cell culture. 

Material selection should consider the biocompatibility, wettability, transparency, 
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biodegradability and the mechanical properties of the resulting scaffold. For the purposes of cell 

culture, however, biodegradation of the scaffold may be an unwanted feature since it introduces 

another variable that is difficult to control and may influence cell activity. 

Nowadays there are mainly four types of biomaterials that have been utilized for 

fabricating cell culture scaffolds: polymers, composites, metals and ceramics. Another 

classification is: I) inorganic material of natural origin: coralline hydroxyapatite; II) organic 

material of natural origin: collagen, gelatin, hyaluronic acid, chitosan, alginate, fibrin, etc; III) 

synthetic inorganic materials: hydroxyapatite, tricalcium phosphate, plaster of Paris, glass 

ceramics; IV) synthetic organic materials: aliphatic polyesters, polyethylene glycol, 

poly(vinylalchol), poly(acrylic acid), etc. (Chaignaud BE et al., 1997). 

Solid scaffolds are normally made of either inorganic (calcium phosphate) or organic 

polymeric materials (polystyrene).  

However, natural matrix proteins are subject to certain limitations, such as batch-to-

batch compositional variations and changes in crosslinking and assembly density, tissue sources 

from which materials are derived, and the expense to derive and purify them. On the contrary, 

synthetic organic polymeric materials have great flexibility in designing the composition and 

structure for specific needs, and can be conveniently engineered with defined properties such as 

stiffness, porosity, and presentation of specific signaling molecules, so they have received 

substantial attention in recent years. Their main shortcomings are: they are not transparent 

(therefore limiting cell observation during culture growth), difficult to sterilize, not suitable to 

hold cells; moreover, cell detachment and recovery to perform viability tests or to move the 

culture to another support are labor intensive and allow only a partial recovery of the cells. This 

type of scaffolds may be applied in immunohistochemistry, electronic microscopy, fluorescence 

microscopy, confocal microscopy, cytofluorimetry, biochemical assays, protein and nucleic acid 

production and extraction, analysis of molecules synthesized by various cell lines. 

There are several different methods for scaffold‐based 3D culture, which can be 

divided into two approaches: hydrogels and solid scaffolds. 

1.4 Hydrogel technology 

Among the 3D culture approaches, hydrogels are interesting because of their advantages, 

primarily they can be designed with a great variety of “building blocks”, from fully synthetic to 

natural, which can be used in different combinations (Loessner D et al., 2010; McKinnon DD 

et al., 2013; Antoine EE et al., 2014; Plotkin M et al., 2014). Natural hydrogels are protein 

hydrogels (such as collagen, fibrin, and silk proteins) or polysaccharide hydrogels (which 
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include glucan, hyaluronic acid, chitosan, alginate, and agarose). Typical synthetic hydrogels 

include poly(ethylene glycol) (PEG), poly(ethylene oxide) (PEO), poly(vinyl alcohol) (PVA), 

poly(acrylic acid) (PAA), poly(methacrylic acid) (PMMA), poly(hydroxyethyl methacrylate) 

(PHEMA), polypropylene furmarate-co-ethylene glycol (P(PF-co-EG)), poly(acrylamide) 

(PAAm), and poly N-isopropylacrylamide (PNIPAAm) (Peppas NA et al., 2006; Thiele J et al., 

2014; Ruedinger F et al., 2015). 

Hydrogels are gels that use water as the dispersion medium. They are three-dimensional, 

cross-linked polymeric networks that can swell in water forming soft elastic materials, and retain 

a significant fraction of water in their structure without dissolving. A popular option for 3D 

culture is the encapsulation of cells in a hydrogel comprising a loose scaffold framework of a 

cross‐linked natural base material such as agarose, fibrin, collagen or hyaluronic acid with 

high water content. Hydrogels are polymer network systems that closely resemble natural tissues 

and can be employed for tissue engineering, because they are soft, can maintain a certain shape 

and can absorb a lot of water (Peppas NA et al., 2000). These features support very well the 

transport/exchange of nutrients, and water-soluble factors, as removal of catabolites. With 

respect to solid scaffolds, the hydrogels are commonly quite transparent allowing, to a sufficient 

extent, the possibility of microscopy observation, during culture time, to check the healthy state 

of cells. However, hydrogels have to be maintained in a hydrated state, therefore they could 

possibly suffer from long term stability issues in vitro and some densely crosslinked gels can 

hinder cellular migration. Their ability to swell by enclosing water within their structure is 

determined by polymer types (e.g., hydrophilicity), as well as the degree of polymer 

crosslinking. For example, the degree of crosslinking defines the pore size of swollen network, 

and hence the rate of passive diffusion, which is one of the key design parameters in a controlled 

drug delivery system (Hamidi M et al., 2008). Hydrogels can also be coupled with adhesion and 

growth/differentiation factors. Moreover, the hydrogel biomaterial is easy to be designed with 

varied stiffness and porosity (Nemir S et al., 2010). 

The scaffolds based on polymeric hydrogels are more similar to the extracellular matrix 

of living tissues and porous scaffolds based on hydrophilic polymer networks can mimic in vivo 

tissue architecture, therefore being more favorable for organotypic cell proliferation (Ruedinger 

F et al., 2015). Yet, their weaknesses might be: inadequate mechanic strength or weak 

rheological consistency, difficult cell attachment, complex and expensive preparation costs. 

Hydrogels can be used to influence mesenchymal stem cell differentiation towards hard 

(bone) or soft tissue (neural-like, adipose) cell phenotypes in the absence of differentiation 
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media, immobilized matrix proteins or bioactive motifs. Moreover, the 3D nature of the gels 

offers a major opportunity to develop more realistic in vitro models for cancer research. 

Transwell or collagen overlay assays are standard methods used to measure macrophage and 

tumor cell co-migration. Hydrogels can be suitable to create a reliable, more in vivo-like culture 

system that opens up to new possibilities in cancer research, from mimicking ECM environment 

to designing multi-cellular, tumor-like systems, to developing culture systems that favor tumor 

stem cells. In these microenvironments also monocyte-derived cells, as macrophages, can be co-

cultured with tumor cells into a 3D structure, to mimic the pathophysiological development of 

tumors in vivo, and tumor cell-macrophage interactions in the promotion of tumor invasion.   

Cells may be encapsulated into the gels by self‐assembly, ionic cross‐linking or 

radical polymerizations by UV exposure. However, some cells can only be cultured for 

relatively short periods of time due to problems with the diffusion of nutrients through the 

hydrogel. Anyway, cell entrapment technique is very simple. A cell suspension is mixed into a 

hydrogel precursor solution that is then quickly gelled utilizing random or self-assembling 

polymerization by changing physical or chemical conditions (Uludag H et al., 2000). This 

technique has been widely used in constructing 3D in vitro model systems. Generally, it has 

been applied as an advanced tool for studying molecular tumor growth determinants and 

promoting drug discovery efforts, for example in breast cancer research (Thoma C et al., 2014; 

Rijal G and Li W, 2016). 

The advantage of this technique is that cell culture is executed under a 3D environment 

that fully surrounds the cells, allowing the delivery of intense signals to cells from all directions. 

The drawback is represented by the difficulty in controlling the structure. Cell cultures on 

hydrogels are already finding applications in the following areas: cell-based assays, toxicity 

screening, cancer cell research, biofabrication, micro/millifluidics, regenerative medicine. 

However, natural biomaterials such as collagen (Purecol, Fibricol, Flexcell or collagen-

containing mixtures such as Matrigel®), alginate, agarose, and fibrin are known to exhibit fast 

release of loaded growth factors and degrade very quickly, often not allowing adequate time for 

cell attachment and growth. Synthetic materials, although non-toxic, could be non-suitable for 

culturing cells: in fact, neuronal cells are known to die in PEG-like hydrogels within 1 day of 

culture and do not exhibit greater viability or proliferation as compared to monolayer controls 

(Hopkins AM et al., 2013); polyacrylamide is suitable for 2D cell culture only (Caliari SR et al., 

2016). 
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Hybrid materials like hyaluronic acid can influence the cellular experiments because of 

their numerous cellular interactions, while polypeptides have prohibitive cost for large-scale 

culture systems and often they are not stable for a long period. 

Poly(acrylic acid) (PAA), a weak anionic polyelectrolyte, is considered a pH- and 

electrically-sensitive material. Hydrogel networks formed from PAA have the ability to absorb 

many times their weight in water and are the basis of a class of materials called super-absorbents. 

These polymers are used in many applications, including filters, ion exchange resins, and 

membranes for hemodialysis, ultrafiltration, and controlled release devices. PAA has a 

carboxylic acid functionality (-COOH), providing a useful substrate for subsequent surface 

modifications and bio-conjugations (Hayward AS et al., 2013) to ameliorate the control of 

cultured cell behaviors: for example, collagen has been immobilized on PAA, which remarkably 

improved the attachment and proliferation of human dermal fibroblasts and myoblasts (Son JS 

et al., 2008).  

Non cross-linked acrylic polymers (Purchio AF et al., 1999) have also been disclosed as 

non-living material enveloped by stromal cells and connective tissue proteins to form a three-

dimensional structure having interstitial spaces bridged by the stromal cells. 

A patent (Liu GM., 2005) discloses a polycarbophil conjugate with EGF (Epidermal 

Growth Factor) or bFGF (Basic Fibroblast Growth Factor) as attachment and growth promoting 

agents for growing corneal endothelial cells, which was applied for artificial corneal transplants, 

not as thermally-treated polymer scaffold. 

Sheetz MP et al. (2007) describe a non-porous scaffold for cell growth comprising a 

portion of substrate and fiber stretched over the substrate portion, wherein the substrate 

comprises a growth medium and a cross-linked polymer. Among the useful polymers, 

polyacrylic acid is only mentioned, but the procedure does not involve thermal treatment or 

leaching steps in the presence of porigen substances. 

Liu et al. (2008) disclose a three-dimensional solid construct which can be coated with 

a polyacrylic acid.  

Shin et al. (2012) disclose a complex support for regenerating bone-cartilage, where a 

polyacrylic acid can be present in the bone regeneration layer.  

Zussman et al. (2013) disclose a fiber-reinforced hydrogel containing acrylic polymers usable 

as scaffolds for cell culture. 
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1.5 Solid scaffold‐based technology 

Seeding cells into a solid scaffold provides a 3D space to support cells, allowing them to 

create natural 3D tissue‐like structures. An advantage of solid scaffold‐based technologies is 

their ability to support 3D culture and produce organized arrangements of cells in vitro in a 

controllable and reproducible manner using methods that are more appropriate for routine use. 

Cells can readily be seeded into the open pore structure of a pre‐prepared solid scaffold 

following simple protocols. Commercially available solid scaffolds overcome the variation 

associated with user‐prepared scaffold materials. Numerous types of solid scaffold are used 

for a variety of different applications. For example, a combination of electro‐spinning and 

other manufacturing techniques has been described for the formation of osteon‐like structures 

(Chen XN et al., 2013). Porous scaffold has been shown to support epidermal‐like structures 

of equine keratinocytes (Sharma R et al., 2016), and to produce co‐cultures that can be used 

to study tumor invasion into the stromal layer (Fischbach C et al., 2007).  

With regard to their use for 3D cell culture, such scaffolds can be broadly divided into 

fibrous or porous matrices manufactured using a range of different techniques and alternative 

materials. 

1.6 3D scaffold formation techniques 

Obtaining porous 3D scaffolds via polymer processing 

Conventional techniques of manufacturing scaffolds are divided into fibrous- and 

sponge-like according to the structures. Lots of polymer-processing techniques have been 

developed to fabricate 3D porous scaffolds for cell culture.  

The sponge-like fabrication techniques can be classified into two groups depending on 

whether a porogen is employed or not. Generally, the freeze-drying and gas foaming processes 

are achieved without porogen. In the first case, polymer, solvent and an appropriate volume of 

water are homogenized to form an emulsion, quickly refrigerated to allow the formation of a 

porous structure when water is removed by freeze-drying (Whang K et al., 1995). The gas-

foaming process involves the formation of a solid disk-like structure of various polymers via 

compression moulding of the polymers at high-temperature; then, the polymer discs are loaded 

into a high-pressure CO2 chamber for a few days; at the end, the gas is released from the polymer 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4694114/#joa12257-bib-0022
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4694114/#joa12257-bib-0035
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bringing the chamber to ambient pressure, leaving a porous, sponge-like structure (Mooney DJ 

et al., 1996). 

Solvent merging/particulate leaching is a method for achieving a sponge-like porous 

matrix with a porogen. A polymer is dissolved in an organic solvent, mixed with porogen 

particles, then the mixture is shaped into its final geometry. When the solvent evaporates, it 

creates a structure of composite material consisting of the particles together with the polymer. 

Finally, the particulates can be dissolved with a separate solvent, so that the remaining polymer 

will have porous structure with empty cavities where the crystals existed (Liao CJ et al., 2002). 

Sugar or salt particles are usually used as porogens, because they are insoluble in organic 

solvents and can be removed by placing in liquid water.  

Another technique is thermally induced phase separation (TIPS), which is based on 

changes in thermal energy to induce the demixing of a homogeneous polymer solution into a 

multi-phase system domain by a quench route. When the phase separation takes place, solid-

liquid or liquid-liquid demixing leads to a polymer-rich and a polymer-lean phase. During a 

phase separation process, depending upon the system and phase separation conditions, different 

morphologies and characteristics of the materials can be developed: closed or open-pore 

material, spheres, powders, bead-like morphology, etc. The greatest advantage of TIPS is that it 

can form not only an intrinsically interconnected polymer network, but also an interconnected 

porous space in one simple process that is fast, controllable and scalable (Carfì Pavia F et al., 

2007; Martínez-Pérez CA et al., 2011). 

Many research teams have used these technologies to fabricate scaffolds with a wide 

range of properties. Junhui Si et al. (2016) have designed an elastic porous polydimethylsiloxane 

(PDMS) cell scaffolds by vacuum-assisted resin transfer moulding (VARTM) and particle 

leaching technologies. Yang Hu et al. (2016) have developed a facile one-pot approach to 

fabricate a poly(L-lactic acid) (PLLA) microsphere-incorporated calcium alginate(ALG-

Ca)/hydroxyapatite(HAp) porous scaffolds based on HAp nanoparticle-stabilized O/W 

Pickering emulsion templates, which contain alginate in the aqueous phase and PLLA in the oil 

phase. These porous scaffolds have shown a promising potential for tissue engineering and drug 

delivery applications. 

Fibrous 3D scaffolds preparative techniques 

Matrixes with a fibrous structure are generally fabricated via an electrospinning process 

that allows to product polymer fibers in micro- or nano-scale diameters with simple set-up, low 
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costs and versatile material selection (Pham QP et al., 2006). A mesh of fibers is produced by 

passing a polymer jet through an electric field and collecting the material on a grounded surface 

(Nisbet DR et al., 2009). It is possible to use two or more jetting materials either in parallel or 

in series to produce heterogeneous scaffolds. Biologically active materials can be incorporated 

into the polymer mesh, for example, the incorporation of DNA into poly(ethylene glycol) 

electrospun scaffolds (Saraf A et al., 2010), the controlled release of antibiotics (Kim K et al., 

2004) or the delivery anticancer agents (Xie J and Wang CH., 2006). Electrospun scaffolds have 

been suggested for the support of stem cell cultures, as the 3D arrangement of fibers is thought 

to mimic the arrangement and scale of collagen fibrils (Lim SH and Mao HQ, 2009). A unique 

feature of electrospun scaffolds is the ability to form materials containing aligned fibers. This 

feature allows cells to adhere and elongate along the fibers, which induces cell alignment and 

directionality to the cultures (Baker BM and Mauck RL, 2007). In many cases, however, cells 

grown on fibrous scaffolds are not considered to truly represent 3D cell growth. Cells primarily 

grow along the fiber and may occasionally bridge the gap between individual fibers. The 

majority of cells in such cultures are therefore essentially growing around the curvature of a 2D 

substrate promoted by their adhesions to the rounded fibers (Reilly GC and Engler AJ, 2010). 

Computer-assisted fabrication 

Computer-assisted fabrication has received an increasing interest to design and fabricate 

scaffolds for tissue engineering in latest years: solid free form (SFF), also known as rapid 

prototyping (RP), is the most popular and advanced manufacturing technique to construct 3D 

matrixes. SFF techniques are computerized fabrication techniques that can produce 3D objects 

through repetitive deposition and process of material layers by CAD/CAM systems based on 

2D shapes. In general, the SFF fabrication process includes three steps: obtaining 2D imaging 

modalities; designing micro-scale 3D matrix shape by CAD or other software; fabricating the 

3D matrix via an automated layer-by-layer construction SFF process (Fig. 1).  

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4694114/#joa12257-bib-0066
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4694114/#joa12257-bib-0072
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4694114/#joa12257-bib-0049
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4694114/#joa12257-bib-0090
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4694114/#joa12257-bib-0057
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Figure 1. Typical SFF process chain. 

Several RP systems have been developed: laser-based techniques include 

photopolymerization and selective laser sintering (SLS); nozzle-based techniques such as fused 

deposition modelling (FDM); printer-based systems like 3D printing (3DP) (Hutmacher DW, 

2001; Leong KF et al., 2003; Lee JW et al., 2010). 

These methods have advantages in fabricating a 3D scaffold with customized multi-scale 

structure, and manufacturing is economical and efficient. The most widely application of SFF 

scaffolds is bone and cartilage tissue engineering. 

1.7 Scope of Ph. D. project 

On the basis of the expertise on croos-linked polyacrylic polymers acquired   by the 

group where I carried out my research and considering the drawbacks of the 3D scaffolds 

currently available, my project has been focused on the development of a new 3D polyacrylic 

cell culture system combining the advantages of solid and polymeric hydrogel scaffolds.
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CHAPTER 2 

MATERIALS AND METHODS 

2.1 Materials 

Carbopol 980 (Lubrizol), carbopol 974P (Lubrizol), polycarbophil (Lubrizol), sodium 

chloride (NaCl) (Sigma-Aldrich (>99.5%)), sodium hydrogen carbonate (NaHCO3) (Merck), 

disodium hydrogen phosphate dihydrate (Na2HPO4•2H2O) (Sigma-Aldrich), potassium 

dihydrogen phosphate anhydrous (KH2PO4) (Sigma-Aldrich). 

2.2 Methods 

2.2.1 Scaffold preparation 

Powder mixing 

About 2 g NaCl were placed into a jar and milled by Mixer Mill (Retsch, Germany) at 

40 w for 10 minutes, then sieved with Vibratory Sieve Shaker (Retsch, Germany) at 60 Hz for 

30 min then at 70 Hz for 15 min, the powder with diameter between 125 and 250 μm was 

recovered. Polymer powders (carbopol 980, carbopol 974P or polycarbophil) were also sieved 

not using the shaker (particles were forced through the sieves using a spatula) and the powders 

with diameter between 125 and 250 μm were recovered. First, according to the formulation 

composition, all NaCl and NaHCO3 necessary were mixed using a Turbula mixer (Willy A. 

Bachofen, Switzerland) for 10 minutes, then aliquots of maximum 120 mg of the polymer 

powders were added and mixed in Turbula for 10 minutes, until all polymer powder was 

included; the final mixture was mixed in Turbula for 15 min (Fig. 2). 
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Figure 2. A, jar for milling; B, mixer mill; C, vibratory sieve shaker; D, Turbula shaker. 

Tablet preparation 

After mixing, all the powders were poured out on paper, and 300 mg were taken from 3 

different points of the bulk to make the tablet. The tablet was prepared by using a 13 mm-die, 

under a compression force of 1 tons applied for 15 seconds by a Carver press. Then the weight 

and thickness of the tablet were recorded. 

Thermal treatment of the tablets 

The tablets were thermally treated at 150 °C for 15 min using a GC oven, then left to 

cool down at room temperature; about 20 minutes later, the weight, diameter and thickness were 

measured again. 
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Salt - leaching process 

After the thermal treatment, the tablets were placed in a beaker containing 800 mL of mQ water 

kept under magnetic stirring (50 rpm) at room temperature. At 15 minute intervals, the tablets 

were withdrawn and their weights and dimensions, as well as leaching water pH were recorded, 

and the chloride test was taken, up to no chloride could be tested in the solutions and the tablets 

were completely flat. Generally, water had to be changed 5 to 7 times.  

Conditioning 

The leached scaffolds were placed in a Petri dish and covered with about 50 mL PBS 

(pH≈ 7.2); PBS solution was changed every hour for the initial 6 hours, then the scaffolds were 

transferred into fresh PBS up to 12‒20 h, until the dimensions were nearly constant. 

Scaffold sterilization 

The scaffolds were packaged in sealed pressure-resistant closed vial then sterilized in a 

SteriplusVacum autoclave (DeLama, Italy) at 120 °C under saturated steam pressure of 98 kPa 

over atmospheric pressure for 30 minutes, and the sterilized vial can be stored until use. 

Scaffold lyophilization 

Whole scaffolds or scaffold samples were lyophilized using a Freeze Dry System 

(Labconco, US). The dried scaffolds, swollen and conditioned in water or in PBS, were first 

frozen at ‒20 °C, then placed into the lyophilization chamber set at ‒30 °C and, after thermal 

equilibration of the matrix with the chamber temperature, indicated by a thermal probe inserted 

and congealed with the scaffold in a control matrix, sublimation was performed by reducing 

pressure below 20× 10-3 mBar. The primary drying lasted 48 hours, then the secondary drying 

was carried out at 25 °C for at least 1 hour. 

2.2.2 Swelling study of pure matrix 

Pure polymeric matrix, submitted or not submitted to thermal treatment at 150 °C for 15 

min, were placed in a water vat containing 700 mL of mQ water kept under stirring (50 rpm) at 
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37 °C. predetermined time periods the tablets were withdrawn and their weights and dimensions 

were recorded. The swelling index (SI%) at the different sampling times was calculated as 

follows: 

SI% = (Wf ‒ Wi)/Wi×100 

where Wf represents the weight of the scaffold (mg) at each sampling time and Wi the initial 

weight (mg) of the dried pure polyacrylic acid tablets.  

2.2.3 SEM structural investigation 

For microstructural characterization, micrograph cross-sections of HS were acquired by 

FESEM (Field Emission Scanning Electron Microscope – ZEISS Supra VP40, Carl Zeiss STM, 

D). The samples were placed on a stub using double-sided conducting tape and coated with a 

thin Au layer (about 15-20 nm) by sputtering. 

2.2.4 Scaffold apparent density 

PBS-conditioned and sterilized scaffolds were cut into cylindrical shape with 15‒20 mm 

diameter, then rewashed by using 150 mL of deionized water, under stirring, replaced every 30 

min for at least 4 times until the scaffolds were swollen to their maximum size, and no sodium 

and phosphate ions could be detected in the waste water. Then the scaffolds were frozen and 

lyophilized. The lyophilized scaffolds were considered cylindrical, their dimensions and weight 

measured and the apparent density calculated. 

2.2.5 Scaffold porosity 

The measurement of porosity was performed by two methods. The scaffolds used for 

porosity measurement were all conditioned and sterilized in PBS, then were rewashed with 

water, up to complete elimination of sodium, and lyophilized. 

One method is based on density measurement (Ghasemi-Mobarakeh L et al., 2007). For 

a lyophilized hydrogel scaffold (HS) of cylindrical shape, radius and height were measured with 

a caliper, the volume was calculated and the apparent density was recorded (ρ1), then the HS 

was cut into smaller pieces, a certain weight of the small pieces was put into a die of 13 mm 
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diameter and compacted at a compression force of 8 tons for 15 minutes in a hydraulic press 

under vacuum. Finally, the weight and volume of the obtained tablet were measured and its 

density was estimated (ρ2). The scaffold porosity (ε) was calculated by the following equation: 

  

 = 1 −
𝜌1

𝜌2
× 100 

The second method is based on liquid displacement (He J et al., 2007; Sankar D et al., 

2012; Yang J et al., 2002). Acetonitrile was chosen as the displacement medium because it 

permeates through the matrix without swelling or shrinking it. Because our scaffolds were very 

light, it is inapplicable to evaluate the volume occupied by acetonitrile with a pycnometer, as 

the common liquid displacement method requires. 

The scaffold was placed in acetonitrile and air bubbles were evacuated under vacuum 

(shown in Figure 3), until the scaffolds sunk completely in the liquid. The conditioned scaffolds 

were collected and the excess liquid removed using filter paper, then the weight was recorded 

(Ww); the procedure was carried out at room temperature (20 ± 0.5 °C). The recovered scaffolds 

were dried in forced-air oven at 80 °C up to constant weight (Ws), generally for approx. 40 

minutes. The following equation was used to calculate the scaffold porosity (ε): 

ε = Vp/ (Vp + Vs) x 100 

where Vp is the pore volume calculated as follows: 

Vp = (Ww − Ws)/ ρacetonitrile 

and Vs is the scaffold volume of a 13 mm-diameter cylindrical tablet, obtained by compressing 

the dried scaffold in a 13 mm-diameter cylindrical die at the force of 8 tons for 15 minutes with 

a hydraulic press eliminating the air using a vacuum pump connected to the die. The volume 

was measured as: 

Vs= πr2h 

where r is the tablet radius and h is the tablet thickness. 
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Figure 3. Porosity measured by liquid displacement method. 

2.2.6 Mechanical study 

Good mechanical properties allow an easier handling of the scaffold during cell 

culturing; moreover, the flexibility of the scaffolds has demonstrated a crucial role to increase 

gene expression for the cultured cells (Zhang R et al., 1999). After scaffold preparation and 

steam sterilization, cylindrical samples were analyzed using a LRX dynamometer (Lloyd 

Instruments, UK) equipped with a 20 N load cell. The cell was moved down to contact with the 

sample surface and the elongation was zeroed, then a stress compression test was carried out: 

the sample was compressed under increasing force up to break. The final deformation was set 

to 8.5 mm and the final time to 5 min (assuming that this step would not be reached, as the break 

would occur before reaching the set limit deformation). A 0.01 N preload was set, with test rate 

1 mm/min (Fig. 4). 
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Figure 4. Process of mechanical properties evaluation. 

Stress-strain curves were recorded by converting the measured force into the 

corresponding stress value (dividing it by the sample surface in contact with the dynamometer 

probe) and the deformation into the relevant strain by dividing it by the sample initial thickness. 

The measurements were performed at least on 3 samples for each scaffold composition and in 

different situations: samples swollen in PBS, samples swollen in PBS and partially immersed in 

PBS, samples swollen in PBS and completely immersed in PBS, and lyophilized samples. 

The following values were measured for each scaffold formulation: 

- YS = Yield Strength, i.e. the stress causing the minimum irreversible deformation in 

the material, measured as the stress value reached before the break in the stress–strain curve 

(kPa); 

- YM = Young’s Modulus, i.e. the parameter describing the material elasticity, measured 

as the slope of the linear part of the stress–strain curve before the plastic deformation (kPa) (Fig. 

5). 
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Figure 5. Stress-strain curve. 

2.2.7 Transparency measurement 

The transmittance of the HS was measured using a UV-visible spectrometer (Agilent 

Technologies, Germany). Wet HS samples were cut into cubic portions using a quartz cuvette; 

for every test the cuvette was filled with 4 cubes and further PBS was added to the full; the 

measurements were performed in the visible range (300‒800 nm) and the empty cuvette was 

used as blank. 

The transparency of the HS was also evaluated by observing letters printed on a paper 

sheet placed under the HS, measuring the sharpness of the typographical sign read through the 

scaffolds completely immersed in PBS, with respect to a reference read through a PBS solution. 

2.2.8 Molecular diffusion 

The molecular diffusion through the scaffolds at 37 °C was evaluated in a horizontal 

Franz diffusion cell apparatus （ Fig. 6), using metformin hydrochloride as small, very 

hydrophilic and soluble diffusing test molecule. The diffusion was studied in PBS-swollen 

scaffolds with 15 mm diameter and thickness ranging from 3 to 7 mm, which were placed so as 

to separate the two compartments, fitted into a PTFE ring of 14 mm internal diameter, measuring 

the resulting increased thickness (WH) of the hydrogel scaffold. The cell was thermostated at 37 

°C. The receptor compartment was filled with 21.5 mL PBS solution preheated at 37 °C, then 

the donor compartment was filled with 21.5 mL PBS, containing 500.0 µg/mL of metformin 
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hydrochloride, preheated at 37 °C. Solution aliquots of 500.0 µL were withdrawn from both 

compartments at predetermined time periods (at 45 min and 3, 6, 21, 24, 27, 30 h) and metformin 

hydrochloride concentration was assayed by UV (HP8452 spectrophotometer, Perkin Elmer, 

US) at λ = 233 nm, against a metformin hydrochloride standard solution (5.0 µg/mL). At any 

sampling time t, the metformin hydrochloride concentration values in the two chambers were 

used to calculate the diffusion coefficient D, from the following equation: 

𝐷 =
1

𝛽𝑡
ln (

𝐶1(𝑡) − 𝐶2(𝑡)

𝐶1
0 −  𝐶2

0 ) 

 

with 

𝛽 =
𝐴𝐻

𝑊𝐻
  (

1

𝑉1
+

1

𝑉2
) 

 

where: 

𝐶1
0= initial concentration of metformin hydrochloride in donor compartment; 

𝐶2
0= initial concentration of metformin hydrochloride in receptor compartment; 

𝐶1(𝑡) = concentration of metformin hydrochloride in donor compartment after time t; 

𝐶2(𝑡) = concentration of metformin hydrochloride in receptor compartment after time t; 

𝐴𝐻= effective cross-sectional area of diffusion in the hydrogel scaffold; 

𝑊𝐻= thickness of the hydrogel scaffold; 

𝑉1= volume of donor compartment; 

𝑉2= volume of receptor compartment. 

The diffusion coefficient D was calculated by the slope of ordinary least square regression line 

obtained plotting ln (
𝐶1(𝑡)−𝐶2(𝑡)

𝐶1
0− 𝐶2

0 ) against time t. 

The diffusion property of the scaffolds was also evaluated using a phenol red solution, 

which is a pH indicator used to monitor pH changes in the cell culture. 2‒3 drops of concentrated 



 

26 

 

phenol red solution were dripped in the center of PBS conditioned hydrogel scaffold, and photos 

were taken periodically to monitor the diffusion of the indicator throughout the scaffold. 

 

 

 

 

 

 

 

Figure 6. Franz diffusion cells. 

2.2.9 Infrared spectroscopy (IR) 

The IR spectra of the different substances and mixtures were acquired through a FT-IR 

2000 spectrometer (Perkin Elmer, US). 

About 15 mg of lyophilized scaffolds were weighed and placed in a 13 mm diameter die, 

compressed at 10 tons for 10 minutes, then the tablets and KBr powder were dried in oven at 

105 °C for 1 hour. The scaffold tablet was pulverized and 2 mg were mixed with about 100 mg 

KBr, then put back again in the 13 mm diameter die and compressed at 10 tons for 1 minute, 

finally forming a transparent tablet that was scanned by infrared spectroscopy. 

IR analysis was also carried out on the pure polymer, whose powder, as well as KBr, 

was dried in oven at 105 °C for 1 hour, then about 1 mg polymer powder was mixed with about 

100 mg KBr powder, preparing the transparent tablet with the method described above. 
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2.2.10  Titration 

An accurately weighed amount of lyophilized scaffolds was placed in 25 mL 0.1 N 

NaOH solution for one night, in order to neutralize all the COOH groups present in the scaffolds. 

On the second day, after removing the scaffolds from NaOH solution by centrifugation and 

filtration, the remaining solution was titrated with 0.1 N HCl solution. The same volume of neat 

0.1 N NaOH solution was also titrated with 0.1 N HCl, then, from the difference in consumed 

HCl meqs, the COOH meqs present in the scaffold were obtained. 

The COO- meqs were obtained in the same way: in this case, the scaffolds were pre-

treated with 25 mL 0.1 N HCl solution, then were titrated with 0.1 N NaOH.  

2.2.11  Cell culture protocol 

Many cell lines like A549, Caco-2, Cal-27, HaCaT, HeLa (Biological Bank, a Core 

Facility of the IRCCS San Martino University Hospital – IST National Institute for Cancer 

Research, Genoa, Italy) have been tested on the HS. Cells were cultured at 37 °C under 5 % CO2 

in DMEM medium. All media were supplemented with 10 % heat-inactivated FBS serum. No 

antibiotic or antifungine solutions were added. 

After putting the HS into each well of a 24-well plate, PBS was removed and standard 

culture medium was added overnight and then removed. All cell lines were seeded at 2 × 105 

cells/well/20 µL respective standard medium. After 24 hours, 200 µL of standard medium were 

added in each well. The medium was changed every 2‒3 days. 

2.2.12  Cell viability tests 

A qualitative assessment of cell morphology was carried out, for untreated and treated 

cultures, by using a phase-contrast microscope (Leica DMIRB HC Fluo 257041; Leica 

Microsystems Srl S.p.A., Italy) at 10 × magnification. 

PBS-conditioned hydrogel sponge scaffolds were maintained in DMEM medium until 

the assays. To avoid any interference between phenol red present in DMEM and the viability 

dyes, gels were removed from the plates and were submitted to centrifugation at 720 x g. 

The hydrogel sponge scaffolds were put into a 6 multiwell plate containing 2 mL of 

MTT, MTS and NRU reagents in duplicate, aiming to observe if any interactions between dyes 

and HS may occur. After a three hour-incubation time, the dyes resulted spread into all gels. 
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NRU, MTT and MTS viability tests were performed at each selected culture time check point 

(48‒72 hours, 7 and 15 days). 

The NRU assay was performed by exposing cell cultures to culture medium (without 

serum and phenol red) containing 50 μg/mL Neutral Red dye. After a 3-hour incubation at 37 

°C, the cells were washed twice in PBS to remove the excess dye, and bleached. MTS assay 

(CellTiter 96® Aqueous One Solution Cell Proliferation Assay, Promega, US) was used for 

assessing any cytotoxic effects of the scaffold and in parallel for measuring cell proliferation. 

The optical density (OD) of the solutions containing the released Neutral Red dye and 

the dissolved formazan crystals (for the NRU and MTS tests, respectively) was determined at 

570 nm for both assays by using the Uniskan II Microplate reader (Labsystem, Finland). 

Cell health can be monitored by numerous methods: plasma membrane integrity, DNA 

synthesis, DNA content, enzyme activity, presence of ATP, and cellular reducing conditions are 

known indicators of cell viability and cell death. Here the wellness of cells was evaluated by 

Alamar Blue® assay. Alamar Blue® cell viability reagent functions as a cell health indicator by 

using the reducing power of living cells to quantitatively measure the proliferation of various 

human and animal cell lines, bacteria, plant, and fungi allowing to establish the relative 

cytotoxicity of agents within various chemical classes. The assay is based on the use of 

resazurin, a non-toxic, cell-permeable substrate, that is blue and virtually non-fluorescent. 

Healthy living cells maintain a reducing state within their cytosol. This “reducing potential” of 

cells converts resazurin into resorufin, a red highly fluorescent (or absorbent) product. Viable 

cells continuously convert resazurin to resorufin, increasing the overall fluorescence and color 

of the media surrounding cells. Fluorescence of resorufin is detectable in spectrofluorimeter (at 

excitation/emission wavelengths of 570/585 nm, respectively) as well in spectrophotometer (at 

570 nm). In preliminary experiments to assess the optimal time to measure fluorescence 

following addition of Alamar Blue® in wells, consecutive measurements (1-2-3 hours) by 

withdrawing 10 μL of experimental medium were performed. The obtained results suggested 

that a 3 h incubation time is optimal compared to shorter incubation times 

The different cells studied were seeded into hydrogel sponge scaffolds conditioned in 

DMEM, previously reconstituted into single wells of a 24 well plates, at 100‒200 × 103 cellular 

density in 500 L DMEM medium supplemented with 10% FBS, 2 mM glutamine, and were 

cultured at 37 °C in a humidified atmosphere containing 5% CO2. At each check point time, the 

scaffolds were transferred (using sterile plastic forceps with flattened tips) into another 24-well 

plate to perform Alamar Blue® test. Each insert was gently washed with PBS and then 1 mL 
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fresh medium containing 10% Alamar Blue® reagent was added. After incubation, fluorescence 

was measured (excitation 530 nm, emission 590 nm). Wells containing culture medium without 

cells and hydrogel, 10% v/v Alamar Blue®, and vitamin C (ascorbic acid 0.75 mg in 5 μL/well), 

that results in rapid full reduction of Alamar Blue®, were used as positive controls. Wells with 

culture medium without cells containing 10% v/v Alamar Blue® were assayed as negative 

controls. 

A test with positive irritation compound (NiSO4) was performed on HeLa cells cultured 

into HS. The cells were treated with 0.5 and 5 mM NiSO4 for 3 h, as positive control of irritation. 

Viability index, expressed as percentage versus the respective untreated culture, was assessed 

in terms of MTS assay. 

2.2.13  Nuclear fluorescent imaging of fixed cells in HS embedded in agarose 

The HS were fixed in paraformaldehyde (PAF) (4% in phosphate buffer saline, PBS 8‰ 

NaCl and pH 7.4) for 24 h, at 4 °C, and then gently washed 3 times with PBS at room 

temperature under soft agitation. To prepare PAF, 4 g of paraformaldehyde powder were added 

to 50 mL H2Od, stirring and heating to 56 °C until dissolution of the powder. Then, to make the 

solution (which is initially milky) clear, some drops of NaOH 1 N were added. Finally, 50 mL 

of PBS (8 % in phosphate buffer saline, PBS 16‰ NaCl and pH 7.4) were added. The solution, 

cooled down to room temperature, was filtered, aliquoted, and stored at ‒20 °C. 

The scaffolds were embedded in agarose 3.5% in PBS (3.5 g of agarose powder are 

dissolved with gentle agitation in PBS, heating up to boiling). The agarose was cooled to 55/56 

°C and used immediately. The embedded hydrogel sponge scaffolds were maintained in the dark 

at 4 °C and hydrated with PBS until the cutting operation. The cutting was performed in a PBS 

bath with an appropriate vibratome with a thickness of 40 m and the sections were immediately 

mounted on histological slides. 

The staining with propidium iodide (PI) was performed by working solution of PI (1 

g/mL PI and 10 g/mL RNase A in PBS 8‰ NaCl and pH 7.4), for 40 minutes at room 

temperature in the dark. After washing many times gently in PBS, the slides were mounted in 

PBS with cover slip. Glycerol, generally employed in the mounting media, was not used in order 

to avoid interactions with the hydrogel. The use of RNase A, removing the RNA, allows PI to 

bind only DNA. PI emits red fluorescence when excited by proper wavelength in 

epifluorescence microscope or in a confocal laser scanning microscope that can excite the PI. PI 
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stock solution (1 mg/mL - 1.5 mM PI - in deionized water) was stored at 4 °C (or aliquoted and 

stored at ‒20 °C), protected from light. RNase A stock solution (1 mg/mL in bi-distilled water) 

was aliquoted and stored at ‒20 °C. To prepare the PI working solution (1 g/mL PI and 10 

g/mL RNase A in PBS), 2 L of PI stock solution and 20 L of RNase A stock solution were 

added to 2 mL of PBS (8‰ NaCl and pH 7.4). The slides were observed through a Leica DMRB 

light microscope which was equipped for epifluorescence with a lamp (Mercury Short Arc Photo 

Optic Lamp HBO 100 W. Osram, Germany) and proper filter cubes, including A (blue 

fluorescence), I3 (green fluorescence) and N2.1 (red fluorescence). Micrographs were acquired 

with a Leica CCD camera DFC420C (Leica, Germany) and Leica Application Suite (LAS) 

software. Alternatively, images were obtained using a Leica TCS SL confocal microscope 

(Leica Microsytems, Germany) equipped with Ar/He-Ne laser sources, a HCX PL APO CS 

63.0×1.40 oil, and HC PL FLUOTAR 20.0×0.5 air objectives. 

The staining with DAPI was performed using a working solution of DAPI (100 ng/mL 

or 300 nM in PBS 8‰ NaCl and pH 7.4) and with an incubation of the sections in dark for 10 

minutes at room temperature. Without washing, the sections were mounted with cover slip and 

PBS as reported above. DAPI binds only DNA by intercalation and, only when bound, it emits 

blue fluorescence when excited by proper wavelength in epifluorescence microscope, or in a 

CLSM that can excite the DAPI. DAPI stock solution (5 mg/mL or 14.3 mM) (using DAPI 

Molecular Probes, Cat# D-1306) was prepared as follows: 10 mg DAPI added to 1 mL of 

dimethylsulfoxide, then to 9 mL of ethyl alcohol absolute and mixed to complete dissolution, 

aliquoted, and stored at –20 °C. DAPI working solution (100 ng/mL or 300 nM in PBS) was 

obtained diluting 2 L of DAPI stock solution in 100 mL of PBS, and stored at 4 °C in dark 

bottle. Observations were performed with an epifluorescence microscope as reported above. 

2.2.14  Experimental design and response surface methodology 

Experimental design can be defined as a strategy, based on mathematical and statistical 

methods, for setting up experiments in such a way to provide the required information as 

efficiently and precisely as possible, taking into account the constraints given by the available 

resources. Experimental design methods are widely used in planning experiments in various 

subjects of natural sciences and social sciences. 

Experimental design is used when the objective is to identify the factors that significantly 

influence the outcome of the experiments and to understand how these factors interact. 
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However, in several cases the objective is to predict the value of one or more responses of 

interest over the experimental domain. Response surface methodology (RSM) is an 

advantageous tool which can be used in these situations, since it allows to find a mathematical 

model describing the changes of each response within the region of interest. In 1951, Box and 

Wilson jointly established and derived mathematical models. Then, this strategy was widely 

used in electronics, machinery, agriculture, chemical industry, biotechnology, materials science, 

food science, industrial process improvement and other research fields. 

RSM allows to explore the relationships between several explanatory variables (usually 

indicated as Xi) or factors, fixed at certain values by the experimenter, and one or more 

dependent variables, each of them being a measured response (usually indicated as Y): 

Y= ƒ(X1,X2,…,Xk)+ε 

where ε is the error term. This relationship is described by a mathematical model, generally 

empirical, which can be used to visualize the response over the experimental domain, allowing 

to obtain a reliable prediction of its value in the whole domain and to find the region/s where 

the response is optimal.  

To compute the mathematical relationship between independent variables (or factors) and each 

response variable, a suitable approximation function is pursued. This is normally a low-order 

polynomial approximation, which is usually a first-order model： 

 

If the system has curvature, higher-order polynomials must be used, such as the second-order 

model, including quadratic and interaction terms: 

 

The model must be predictive over the experimental domain, therefore it should be validated. 

Under the assumption that the model is adequate in terms of reliability, RSM allows to represent 

graphically the response, either in a three-dimensional space or as contour plots. Contours are 

curves of constant response drawn in the plane of two variables keeping all other variables fixed. 

Each contour corresponds to a particular height of the response surface. 
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CHAPTER 3 

RESULTS AND DISCUSSION 

3.1 Project rationale 

The rationale behind the development of a scaffold for cell culture in 3D is based on 

some properties possessed by some crosslinked polyacrylic polymers such as Carbopol and 

Polycarbophil. These peculiar properties were observed during a preformulative investigation 

regarding some polymers for pharmaceutical use, by the research group where I carried out my 

doctorate project (Caviglioli G et al., 2012; Caviglioli G et al., 2013). 

   

 

 

 

 

 

 

 

 

 

 

Figure 7. Molecular formula of polyacrylic polymers. 
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In particular, these polymers, subjected to thermal treatment, show a change in the 

morphology of the powder granules in a narrow and well defined temperature range around 150 

°C. 

In fact, Polycarbophil granules, treated at this temperature for a time length dependent 

on the weight of polymer, undergo a volumetric shrinking of approx. 60% (55 ± 2.7 % if the 

treatment is carried out for 7 min). 

Thermal analysis and purity investigation showed that this polymer at that temperature 

undergoes a glass transition called “Z event”. As shown in Fig. 8 the shrinking followed the Z 

event and took place before the polymeric thermal degradation, which starts above 160°C. 

 

 

Figure 8. Overlaid plots of shrinking curve (blue, Hot Stage microscopy) with DSC (red) and 

TGA profiles (black). 

Also SEM observation of the powders (Fig. 9) highlighted evident modifications due to 

thermal treatment: in addition to the contraction, the granules of the treated powder take on a 

“cauliflower” shape with the formation of structural bridges between the granules. 
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Figure 9. SEM micrograph of untreated (above) and thermally treated polycarbophil powder at 

150°C for 15 minutes (below). 
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This phenomenon has been exploited to generate a matrix capable of controlling the release of 

drugs from a tablet (Caviglioli G et al., 2012). In fact, the sintering phenomenon is particularly 

evident if the powder granules are compacted together in a tablet (Fig. 10). 

 

 

 

 

Figure 10. SEM photo cross section of a tablet of polycarbophil powder compacted at 0.750 

MPa (above) and 3.8 Mpa (below) both treated at 150 °C for 15 min. 
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The matrices thus obtained consist of a hydrophilic reticulated polymer showing high capacity 

to absorb water (Fig. 11), turning into a larger (Fig. 12) translucent hydrogel structure (Fig. 13) 

not erodible in water.  

 

Figure 11. Study of diameter change during swelling test in phosphate buffer at 37°C of 12 mm 

300 mg pure polyacrilic acid tablets submitted to thermal treatment at 150°C for 15 min. 

 

 

Figure 12. Swelling profile in phosphate buffer of 12 mm 300 mg tablet of pure polyacrilic acid 

tablets submitted to thermal treatment at 150°C for 15 min. 

0

10

20

30

40

50

60

0 200 400 600 800 1000 1200 1400 1600 1800

D
ia

m
e
te

r 
(m

m
)

Time (min)

DIAMETER

Pol

Cbp 974P

Cbp 980

0

1000

2000

3000

4000

5000

6000

0 200 400 600 800 1000 1200 1400 1600 1800

S
I 

(%
)

Time (min)

SWELLING

Pol

Cbp 974P

Cbp 980



 

37 

 

At full swelling the cylindrical hydrogel matrix reached a diameter of almost 5 cm, 

increasing 4 times their diameter and showing a swelling index (SI) larger than 5000 % due to 

the absorption of more than 15.5 g of water. 

 

 

 

 

After 40 min 

After 120 min 
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Figure 13. Photos taken at different times during the swelling study, in water at 37°C, of a 

hydrogel matrix obtained from a 12 mm, 300 mg Carbopol 980 tablet, submitted to thermal 

treatment at 150°C for 15 min. 

After 420 min 

After 1680 min 
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Figure 14. Photo taken after 28 h of swelling study, in water at 37°C, of a hydrogel matrix 

obtained from a 12 mm, 300 mg Polycarbophil tablet, submitted to thermal treatment at 150°C 

for 15 min. 

 

Figure 15. Photo taken after 28 h of swelling study, in water at 37°C, of a hydrogel matrix 

obtained from a 12 mm, 300 mg Carbopol 974 tablet, submitted to thermal treatment at 150°C 

for 15 min. 
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The consideration that hydrogels having properties similar to the extracellular matrix are 

useful for cell cultivation and the good optical and mechanical properties shown by these 

unerodible gels, based on polyacrilic acids, represented the starting point of the project to exploit 

these matrices as scaffolds for 3D cell culture.   

To obtain a porous scaffold, the salt leaching technique has been associated to the 

template technique based on the use of a thermally-induced gas-forming agent. 

As the leaching material, NaCl has been used; as gas-forming agent, NaHCO3 has been 

selected, since it undergoes a complete decomposition to CO2 at the temperature of the thermal 

treatment to which the matrix is subjected.  

 

 

Figure 16. Superimposition of TGA and DSC curves showing sodium bicarbonate 

decomposition, registered by heating a 3 mg sample from 25 to 170°C at 10°C/min. 

NaCl and polyacrilic acid, before mixing, were sieved, and the 125-250 μm aliquots were 

selected, to obtain a uniform distribution of the components in the matrix and a suitable final 

pore size. Sodium chloride was milled before the sieving procedure to reduce particle size. 

Sodium bicarbonate was not sieved because its original particle size was suitable for this 

application. (Fig. 17). 
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Figure 17. A, dimension distribution of NaCl particles without milling; B, dimension 

distribution of milled NaCl particles; C, dimension distribution of original sodium bicarbonate 

particles; D, dimension distribution of  original Carbopol 974P; E, dimension distribution of 

original Carbopol 980; F, dimension distribution of Polycarbophil. 
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The mixing procedure was optimized in terms of time and amounts, as well as the 

compression step, in order to obtain a final tablet with appropriate properties. The mixed powder 

was compacted by hydraulic press (Fig. 18) applying a pressure of 1 ton for 15 seconds. Then, 

the tablet was submitted to the thermal treatment conditions (150°C for 15 minutes) (Fig. 19) 

identified as adequate for a continuous matrix formation. 

Figure 18. Process of mixed powder compaction. 

 

 

 

 

 

 

Figure 19. Thermal treatment of tablets. 

The thermal treatment causes an evident size increase of the compacted unit, associated 

to a weight loss (Tab I-II), while the surface of the tablet becomes rough, possibly due to CO2 

loss (Figs. 20 and 21). The density of the compacted unit decreases (e.g. 68%, from 1.74 g/cm3 
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to 0.56 g/cm3, for C2 and around 85%, from 1.63 to 0.23 g/cm3, for C8) as a consequence of the 

thermal treatment. 

 

 

 

 

 

 

 

 

 

 

 

Figure 20. C2 before (left) and after (right) thermal treatment (150°C for 15 minutes). The 

volume increases from 168.9 ± 3.1 mm3 to 514.2 ± 64.4 mm3, the weight decreases from 300.2 

± 0.2 mg to 261.4 ± 1 mg. 

 

Figure 21. C2 surface after thermal treatment (150°C for 15 minute). The volume of this tablet 

increases from 179.1 mm3 to 417.8 mm3, the weight decreases from 300.1mg to 265.2 mg.  
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The treated tablet is then submitted to the salt leaching phase, using a suitable amount of 

water. Generally, the matrixes are washed with deionized water (leaching liquid) with a volume 

equal to 2.7 L per g of the compact unit and the washing is repeated replacing the volume of 

leaching liquid with fresh water 5-10 times. For each washing, the hydrogel is kept in water 

under stirring for a variable time ranging from 15 to 120 min, depending on the scaffold weight. 

The final point of leaching is determined after the complete matrix swelling, when the hydrogel 

matrix reaches the maximum size and the residual salt ions are not detectable any more in the 

washing/leaching water. 

 

 

Figure 22. Salt-leaching process. 

 

To evaluate the complete elimination of the water-soluble fraction of the compacted unit 

during the leaching phase, it is possible to compare the weight of the scaffold dried by 

lyophilization with respect to the nominal amount of polymer. In fact, for a perfect washing out, 

the weight difference should be the lowest. 

In Table 1 the formulations studied with the relevant compositions are coded. 
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Table 1: Initial compositions of scaffolds 

code 
Carbopol 980 

(%) 

Carbopol 974P 

(%) 

Polycarbophil  

(%) 

NaHCO3  

(%) 

NaCl  

(%) 

C2 30   30 40 

C5 40   30 30 

C8 50   30 20 

C9 60   30 10 

C10 60   10 30 

C11 40   10 50 

C12 20   30 50 

C13 20   50 30 

C14 40   10 50 

P2   30 30 40 

P5   40 30 30 

P11   40 10 50 

K2  30  30 40 

K5  40  30 30 
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Table 2: Morphological and weight change of different scaffold compositions 

 

Scaffold 
code 

weight 
(mg) 

Wdt  

(%) 

dt  

(%) 

ht  

(%) 

SI (%) 

after leaching 

Dl  

(%) 

Hl  

(%) 

Wp  

(g) 

Dp  

(mm) 

Hp  

(mm) 

C2 300.2± 0.2 -12.9± 0.3 25.6± 7.5 83.4± 17.9 5821.6± 992.3 246.2± 40.0 175.3± 40.1 7.5± 0.8 44.9 ± 1.3 4.6± 0.2 

C5 300.2± 0.2 -12.3± 0.4 50.6± 8.7 130.3± 27.3 7937.6± 384.1 215.4± 17.0 133.4± 29.7 10.4± 0.8 48.6± 1.1 5.2± 0.2 

C8 300.2± 0.3 -12.8± 0.8 58.9±15.3 177.4± 34.0 9901.9± 454.3 213.6± 24.6 101.7± 24.2 14.4± 1.2 52.9± 1.2 6.4± 0.5 

C9 300.2± 0.1 -12.8± 0.6 102.1± 47.4 240.7± 31.1 12394.1± 277.0 172.6± 65.1 69.3± 9.8 16.4± 1.3 54.9± 1.3 6.5± 0.4 

C10 300.2± 0.2 -5.6± 0.3 88.8± 5.2 156.5± 17.2 5882.5± 343.8 129.1± 6.7 99.1± 12.0 10.6± 0.3 47.2± 0.5 6.2± 0.2 

C11 300.2± 0.1 -5.4± 0.1 75.8± 3.2 149.6± 14.5 4966.5± 169.8 141.6± 5.6 90.0± 8.8 8.2± 0.6 45.5± 5.8 5.4± 0.2 

C12 300.5± 0.3 -12.3± 0.3 5.1± 1.8 39.7± 11.8 5688.2± 529.6 346.8± 24.6 235.5± 28.6 4.6± 0.8 43.5± 0.9 3.7± 0.3 

C13 300.2± 0.2 -20.0± 0.1 1.7± 0.7 20.5± 5.9 6359.2± 524.2 366.5± 11.1 320.7± 39.3 4.9± 0.5 42.9± 1.5 3.4± 0.2 

C14 300.2± 0.2 -21.5± 0.9 20.4± 4.9 71.1± 15.1 8689.5± 824.2 291.0± 5.1 224.0± 24.8 9.3± 1.7 47.1± 2.4 5.1± 0.5 

K2 300.5± 0.2 -12.1± 0.3 9.7± 1.7 54.3± 5.7 9231.6± 271.6 380.3± 8.1 227.4± 43.7 8.8± 0.3 48.7± 1.7 4.6± 0.5 

K5 300.2± 0.2 -10.7± 0.9 17.2± 4.5 49.8± 10.9 9878.8± 359.1 346.7± 20.4 251.6± 31.7 9.2± 0.3 47.4± 0.9 5.0± 0.1 

P5 300.2± 0.2 -10.4± 1.0 26.2± 2.6 74.2± 15.5 6900.5± 412.8 267.1± 11.0 179.0± 27.3 8.7± 0.2 46.2± 0.2 4.8± 0.2 

P11 300.4± 0.2 -3.2± 0.1 60.8± 4.3 119.8± 2.1 4750.1± 115.4 163.0± 7.0 106.8± 4.5 8.0± 0.6 46.1± 0.1 5.1± 0.1 
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The leaching in water increases, by swelling, the diameter and thickness of the thermally 

treated compacted units (e.g. more than 3 times for C2 and about 6 times for C8). As shown in 

Fig. 23, the compacted units not submitted to the thermal treatment (NT), on the right in the 

photo, disintegrated during the leaching step because the porous matrix was not formed. This 

also proves that the resulting matrix has a remarkable mechanical strength, a necessary feature 

for cell culture applications. 

 

 

 

 

 

 

 

 

 

 

 

Figure 23. Comparison of a C2 scaffold (on the left) and a C2 unit that has been not submitted 

to thermal treatment (on the right) after leaching with water, showing an evident disaggregation 

caused by the leaching procedure 

After the leaching phase, the swollen scaffold assumes the structure and consistence of a 

hydrogel sponge (Fig. 24). The soft spongy structure becomes more evident in the scaffold after 

lyophilization (Fig. 25). 
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Figure 24. C10 scaffold after leaching phase. 

 

 

Figure 25. C10 scaffold cut in small portions after lyophilization (-40°C for 48h then 25°C for 

1h).  
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The scaffolds, packaged in sealed pressure-resistant closed vial, suitably conditioned 

with water or PBS, can be submitted to a moist heat sterilization procedure, heating at 120°C 

under saturated steam pressure of 98 kPa over atmospheric pressure for 30 minutes, and the 

sterilized vial can be stored until use. The scaffold resists to these critical conditions, as it does 

not suffer any weight and size variation with respect to the PBS-conditioned compacted units 

(p>0.05). The lyophilized scaffold, if placed in water or other aqueous medium, is able to 

reconstitute a hydrogel matrix, preserving the mechanical and morphological properties and the 

suitability for culturing cells.  

Rarely polymer scaffolds can be sterilized by thermal processes or ionizing radiation 

(gamma and beta-rays), which can be cause of damage to the polymeric skeleton, or by a 

chemical process (ethylene oxide, ethanol), which can contaminate the cells with toxic residues 

or react with the polymers used in the matrix. Furthermore, the largely employed ultraviolet 

irradiation is only an aid in the reduction of contamination, acting only on the exposed surface 

because of its negligible penetration. For this reason the large majority of 3D scaffolds must be 

produced by expensive aseptic procedures (Caliari SR and Burdick JA., 2016).  

After sterilization by moist heat, as shown in Fig. 26, the scaffold (A) became perfectly 

transparent (B) eliminating the gas bubbles still present in the matrix and improving its 

interconnectivity. 

 

 

 

 



 

52 

 

 

Figure 26. C12 scaffold before (A) and after (B) sterilization by moist heat (120°C for 30 min). 

 

The scaffold, after conditioning in water or in other suitable storage liquid, frozen at 

temperatures lower than -25°C, after sterilization, can be lyophilized at a pressure lower than 20 

× 10-3 mBar until complete drying 

The lyophilized product appears as a highly trabecular dry white sponge or solid porous 

matrix. The lyophilized scaffold put in water or in a suitable aqueous medium, reacquires the 

initial properties back to being the same transparent and resistant (tough and unerodible) 

hydrogel sponge, suitable for storage in the storing fluid. 

3.2 SEM structural investigation 

For microstructural characterization, the SEM micrograph cross-sections of the 

compacted unit of C2 and C5 as such and thermally treated before the leaching procedure were 

acquired.  

The comparison of the SEM cross-section of the compacted units as such (A) or 

thermally treated (B), shown in Figs. 27A, 27B, and 28A and 28B for C2 and C5 scaffolds 

respectively, highlight that the controlled heating generates a continuous and porous matrix, 

zoomed in Figs. 29A-29C and Fig. 30A and 30B for thermally treated C2 and C5 scaffolds, 

respectively, that allows the swelling of the compacted units in aqueous medium, transforming 

them into hydrogel sponge scaffolds able, after leaching procedure and suitable conditioning, to 

support the 3D cell culture. 
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Figure 27A. SEM micrograph of cross section of thermally-untreated C2 compacted unit. 

 

 

 

Figure 27B. SEM micrograph of cross section of thermally-treated C2 compacted unit. 
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Figure 28A. SEM micrograph of cross section of thermally-untreated C5 compacted unit. 

 

 

 

Figure 28B. SEM micrograph of cross section of thermally-treated C5 compacted unit. 
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Figure 29A, B and C. SEM micrographs of cross-sections of thermally treated C2 compacted 

unit. 
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A. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

B. 

 

 

 

 

 

 

Figure 30A and B. SEM micrographs of cross sections of thermally treated C5 compacted unit. 

Noteworthy is the behavior of the thermally untreated compacted units when submitted 

to leaching or conditioning in aqueous medium: they undergo disintegration because do not 

acquire the heating-induced macroporous architecture, with relevant mechanical and chemical-

physical properties, necessary for forming the resistant hydrogel structure useful for vital 
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cellular growth. In fact, in Figs. 27B and 28B the erosion occurred in the untreated matrix during 

the leaching procedure is evident. 

Also the SEM micrographs of cross-sections of the lyophilized C2 (31A-C) and C5 

scaffolds obtained following the previously described procedure, involving the steps of leaching 

in water, conditioning and sterilization in water or PBS, were acquired.   

In the SEM observations, the highly interconnected porous nature of the scaffolds is 

evident. The distribution and sizes of the pores of the lyophilized scaffold conditioned in PBS 

(Figs. 32A, 33) is similar to that of the swollen scaffold ready for culturing the cells. The 

macropore size is up to 100-200 µm. The micrographs of lyophilized scaffolds, after 

conditioning in water (Fig. 32A, 32B and 34), clearly show the mechanical tension due to the 

increased swelling of the hydrogel sponge in this medium with respect to PBS, and consequently 

the increase of the pore size.  
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Figure 31A, B and C. SEM micrographs of cross-sections of lyophilized C2 matrix after 

leaching, conditioning and sterilization in PBS. 
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Figure 32A and 32B. SEM micrographs of cross-sections of lyophilized C2 matrix after leaching 

and sterilization in water. 
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Figure 33. SEM micrograph of cross-section of lyophilized C5 matrix after leaching, 

conditioning and sterilization in PBS. 

 

 

 

Figure 34. SEM micrograph of cross-section of lyophilized C5 matrix after leaching and 

sterilization in water. 
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3.3 PBS conditioning study 

HS, before being used for cell culture, must be conditioned with a PBS solution, so that 

the whole scaffold is full of PBS solution, suitable for cell growth. A conditioning study was 

performed with the aim of measuring the changes in morphology of the HS when placed in PBS. 

Fig. 35 shows that diameter and thickness of types C2, C5, C8, C9, C10, C11, C13 and C14 of 

HS decrease when the matrix is placed in PBS, with maximum shrinking of diameter (20% for 

C2, 20% for C5, 24% for C8, 17% for C9,16% for C10, 19% for C11, 30% for C13 and 25% 

for C14) and thickness (27% for C2, 25% for C5, 27% for C8, 22% for C9, 13% for C10, 19% 

for C11, 47% for C13 and 26% for C14) reached after 3 hours, apparently corresponding to the 

time necessary for PBS to saturate HS. The HS after conditioning in PBS also become more 

transparent (shown in Fig. 36) 

Generally the scaffolds are sterilized after conditioning in PBS. 
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Figure 35. Conditioning study of HS in PBS: (A) diameter variation; (B) thickness 

variation. 

 

 

  

Figure 36. C13 scaffold before (A) and after (B) PBS conditioning, the volume decreases from 

19 cm3 to 5 cm3, the weight decreases from 15 g to 5 g. 
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3.4 Scaffold characterization 

3.4.1 Microporosity study 

A water-conditioned and lyophilized C2 scaffold was submitted to adsorption/desorption 

measurements (N2 at 77 K) performed with an ASAP 2010 porosimeter (Micromeritics, IT). 

Pore size distribution was obtained by the well-known BJH method. 

The analysis (Figs. 37, 38) of BET curves indicated the micropores and confirmed the 

SEM observations on macroporous nature of the scaffolds. The size distribution of the 

mesopores is shown in Fig. 39. The BET surface area was 5.4 ± 0.2 m2/g and BJH adsorption 

cumulative pore volume of pores with diameter between 1.7 and 300 nm, was 0.017 cm³/g. 

 

Figure 37. Graph representing an isothermal plot for scaffold C2. 
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Figure 38. Graph representing BET surface plot of scaffold C2. 

 

 

Figure 39. Graph representing BJH dV/dD pore volume of scaffold C2. 
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3.4.2 Infrared spectroscopy and carboxylic acid  group titration study 

The IR spectra of the lyophilized scaffolds are not different from the pure cross-linked 

polyacrylic component spectra. Moreover, in the scaffold IR spectra it is possible to distinguish 

the different ionization degrees of the carboxylic function. In fact, the titration study performed 

on the scaffolds (Fig. 40) indicated that [COOH]/[COO-] ratio depends on the polymer/sodium 

bicarbonate molar ratio in the initial tablet composition, before thermal treatment. In fact, when 

polyacrilic acid /sodium bicarbonate ratio is low, a higher proportion of carboxylic acids are 

ionized in the conditioned matrix in an aqueous medium. This is due to then higher alkaline 

residual produced by the thermal decomposition of bicarbonate. Titration study and IR spectra 

can be used to characterize the different scaffolds. 

 

 

Table 3: Value of COOH and COO- (meq/mg) of different scaffolds. 

Code  

Polymer/ 

Bicarbornate 

COOH 

meq/mg 

COO- 

meq/mg total %COOH %COO- 

C2 1 0.0006230 0.009180 0,009803 6.36 93.64 

C4  2 0.0014981 0007866 0,009364 15.80 84.00 

C5  1,3 0.0000982 0.008868 0,009851 9.97 90.03 

C8  1,7 0.0033421 0.006332 0,009674 34.55 65.45 

C9  2 0.0050254 0.005143 0,010169 49.42 50.58 

C10 6 0.0047358 0.004895 0,009631 49.18 50.82 

C11 4 0.0043133 0.005822 0,010136 42.56 57.44 

C12  0,6 0.0010304 0.008230 0,009260 11.13 88.87 

C13 0,4 0.0005104 0.008917 0,009428 5.41 94.59 

C14 0,8 0.0000513 0.007935 0,007990 0.69 99.31 

K5 1,3 0.0014779 0.007452 0,008930 16.55 83.45 

P5 1,3 0.0011951 0.007370 0,008565 13.95 86.05 
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Figure 40. COOH/COO ratio for some scaffolds. 

 

 

In fact, the presence of C=O stretching band near 1760 cm-1 (Fig. 41) for unionized carboxylic 

acid is typical for scaffolds with initial low bicarbonate content. For higher bicarbonate content 

(Figs. 42 and 43) this band is less evident: a band for asymmetrical stretching of COO- near 

1650-1550 cm-1 appears and the band near 1400 cm-1 for the symmetrical stretching of COO- 

becomes more intense with respect to the band near 1450 cm-1. In the presence of only unionized 

carboxylic group or higher [COOH]/[COO-] ratio, the band near 1450 cm-1 becomes more 

intense with respect to the one near 1400 cm-1. The band near 1450 cm-1 probably arises from 

the scissoring vibration of the CH2 group adjacent to the carbonyl and from OH bending.  
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Figure 41. IR spectrum of P11 in KBr. 

 

Figure 42. IR spectrum of C2 in KBr. 
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Figure 43. IR spectrum of C12 in KBr. 

 

3.4.3 Scaffold density 

The apparent density was estimated on the cylindrical lyophilized scaffold considering 

that, because of the spongy structure, the scaffolds cannot be obtained in a perfect cylindrical 

shape (Fig. 44). In Tab. 4 the apparent densities of some different scaffold compositions are 

reported. 

 

 

 

 

 

Figure 44. Scaffold shape used for apparent density evaluation. 
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Table 4: Apparent density (app) of HS. 

Scaffold code 

 

app * 

(mg/cm3) 

C2 17.6±0.6 

C5 20.9±1.0 

C9 17.4±0.7 

C12 12.7±1.2 

C8 20.3±0.9 

C10 13.5±0.5 

C11 14.8±0.3 

C13 15.2±1.0 

C14 15.3±0.6 

P5 11.2±0.5 

K5 15.8±0.3 

* average value (n=6) ± SD (standard deviation) 

Contributing to calculate the porosity of HS, density of compression tablets was likewise 

evaluated. The results are reported in Tab. 5. 

Table 5: Tablet density (comp) of HS. 

Scaffold code 

 

comp * 

(mg/cm3) 

C2 1673.8±5.2 

C5 1702.3±21.6 

C9 1598.6±27.1 

C12 1565.6±18.0 

C8 1573.3±39.8 

C10 1384.9±24.9 

C11 1238.7±25.6 

C13 1190.3±22.3 

C14 1126.9±12.3 

P5 1568.9±31.6 

K5 1424.1±53.9 

* average value (n=6) ± SD 
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3.4.4 Scaffold porosity  

Pore interconnectivity is very important for the ingrowth of cells (Bernardo E et al., 

2012). The interconnected porosity of a scaffold is evident in SEM micrographs of a cross-

section of a lyophilized scaffold is shown. Different methods have been utilized for evaluating 

the porosity of the HS, and all the results showed very high porosity (more than 95 %). The 

values are higher than the ones reported for other hydrogel scaffolds in the literature, which 

shows a great advantage. Sankar D et al., (2012) reported a chitin/poly (3-hydroxybutyrate-co-

3-hydroxyvalerate) hydrogel scaffold with porosity only 67%; Gao Y et al., (2017) disclose a 

gelatin sponge scaffold with porosity 53.51±3.45%. He J et al., (2007) reported a 

chitosan/gelatin porous scaffolds via lyophilization techniques with a porosity from 90.62% to 

98.13%.  

In Table 6 the porosity of different scaffold compositions is reported.  

 

 

 

Table 6: Porosity () of HS by density method. 

Scaffold code 

 

* 

(%) 

C12 99.17 ± 0.10 

C2 97.90 ± 0.08 

C5 98.78 ± 0.07 

C8 98.68 ± 0.06 

C9 98.90 ± 0.04 

C10 99.03 ± 0.04 

C11 98.79 ± 0.03 

C14 98.64 ± 0.06 

C13 98.77 ± 0.02 

K5 98.91 ± 0.04 

P5 99.29 ± 0.02 

* average value (n=6) ± SD  

Given the objective difficulty to measure the scaffold volume for the estimation of the apparent 

density, the porosity calculated by this method might be overestimated. Also the porosity 
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measured by liquid displacement (Tab. 7) might result overestimated because of the solvent 

evaporation or absorption by the matrix. 

Table 7: Porosity () of HS by liquid displacement.  

Scaffold code 

 

* 

(%) 

C12 98.33 ± 0.10 

C2 97.63 ± 0.35 

C5 97.87 ± 0.29 

C8 97.99 ± 0.18 

C9 97.94 ± 0.14 

C10 98.56 ± 0.10 

C11 98.33 ± 0.09 

C14 97.89 ± 0.21 

C13 97.23 ± 0.53 

K5 96.21 ± 0.95 

P5 98.33 ± 0.15 

* average value (n=6) ± SD  

3.4.5 Mechanical study 

The scaffolds must exhibit suitable mechanical strength and flexibility to support the 

attachment of the cells, also withstanding the stress suffered during manipulation, like culture 

liquid replacement, microscope observation and biological assay. The flexibility of the scaffolds 

has also demonstrated a crucial role in gene expression of cultured cells (Forte G et al., 2012).  

In Fig. 45 the stress – strain curve of some different HS conditioned in PBS and kept 

immersed in the same liquid during the measurement, and of some lyophilized HS are shown. 

The Young’s Modulus of the wet scaffolds studied ranges from 15 to 120 kPa, and the yield 

strength ranges from 3 to 21 kPa. These values, consistent with the values reported for other 

hydrogel scaffolds in the literature, could offer potential in meeting the mechanical property 

requirements for soft tissues. In microenvironment, solid tissues exhibit a range of stiffnesses, 

as measured by the Young’s Modulus (YMbrain ~ 0.1-1 kPa, YM muscle ~8-17 kPa, YMcollagenous 

bone ~100 kPa) (Engler AJ et al., 2006). Si J et al. (2015) have fabricated an elastic porous 

polydimethylsiloxane (PDMS) cell scaffold that has a compressive modulus ranging from 30 to 

40kPa, which could explain, with the other properties, the long life (at least 1 month) of the cells 
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cultured in 3D on this scaffold. The lyophilized HS showed higher yield strength (from 44.74 

to 77.31 kPa) and Young Modulus (from 34.79 to 99.52 kPa). Nazarov R et al. (2004) reported 

a freeze-dried silk fibroin 3D scaffold having a compressive stress from 5 to 80 kPa and a 

compressive modulus from 10 to 220 kPa, depending on different treatment conditions. 

 

 

Figure 45. Compressive stress-strain curves measured at RT on HS in PBS immersion and 

lyophilized HS. 
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In Tab. 8 the values of YS and YM obtained from the stress-strain curves of PBS immersion 

samples for different scaffold compositions are reported. 

 

Table 8. Mechanical parameters of PBS immersion samples for different scaffold 

compositions. 

* average value (n=6) ± SD (standard deviation) 

 

3.4.6 Response surface methodology 

In order the study the effect of different proportions of NaHCO3, Carbopol 980 and NaCl 

on different properties of the formulation, an experimental design for mixtures was applied 

(Cornell JA., 2002). When there is no restriction on the proportion of each component, i.e. each 

one is allowed to vary between 0 and 100%, the experimental domain has the shape of an 

equilateral triangle, where the three vertices correspond to the pure substances. In the present 

case, upper and lower limits were set for each component: NaHCO3 and Carbopol 980 were 

changed between 10 and 50%, while NaCl was changed between 20 and 60%. These constraints 

resulted in a smaller experimental space, having the shape of a regular hexagon within the 

ternary diagram, as shown in Fig. 46. All the points in this reduced experimental space 

correspond to possible formulations. 

Scaffold 

code 

PBS 

conditioned 

weight (mg) 

PBS 

conditioned 

thickness 

(mm) 

Young’s 

modulus 

(kPa) 

Yield 

strength 

(kPa) 

Yield strength/ 

wet weight 

(kPa/g) 

C12 1155.3 ± 116.2 3.43 ± 0.38 39.0 ± 2.3 7.4 ± 0.7 6.46 ± 0.67 

C2 1461.0 ±114.5 4.91 ± 0.31 38.8 ± 5.2 9.8 ± 1.0 6.71 ± 0.63 

C5 1780.2 ± 148.6 4.83 ± 0.12 52.4 ± 1.9 11.7 ± 1.3 6.57 ± 0.20 

C8 1801.3 ± 79.4 6.18 ± 0.20 53.3 ± 5.9 10.3 ± 0.6 5.70 ± 0.34 

C9 2152.7 ± 113.7 6.77 ± 0.17 68 ± 2.0 12.4 ± 0.7 5.79 ± 0.49 

C10 2157.3 ± 70.56 6.33 ± 0.06 73.4 ± 6.3 20.0 ± 1.7 9.27 ± 0.54 

C11 1685.0 ± 77.06 5.30 ± 0.13 104.1 ± 5.0 20.9 ± 0.7 12.40 ± 0.36 

C14 1763.9 ± 123.55 5.64 ± 0.06 40.2 ± 3.9 9.7 ± 0.9 5.54 ± 0.47 

C13 958.30 ± 43.17 3.27 ± 0.29 23.3 ± 5.4 4.5 ± 1.2 4.64 ± 1.11 

K5 1587.7 ± 22.5 5.15 ± 0.1 28.3 ± 1.2 6.3 ± 0.2 3.98 ± 0.09 

P5 1599.3 ± 51.4 5.37 ±0.1 38.7 ± 2.1 7.9 ± 0.3 4.97 ± 0.3 
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According to a Doehlert matrix (Doehlert DH., 1970), this new experimental domain 

was explored by preparing 6 formulations (C9‒C14) corresponding to the vertices of the 

hexagon plus the central point (C5) which was replicated in order to provide an estimate of 

experimental error. Two point tests (formulations C2 and C8) were added. In total 11 

formulations were prepared; the corresponding HS compositions are recoded in Tab. 9. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 46. Experimental design for the scaffold initial formulation containing Carbopol 980; 

the green points correspond to the formulations used for computing the model; the pink points 

correspond to test formulations. 

Table 9. Sacffold  composition of initial powder mixtrures 

Scaffold code S % B % C % 

C9 10 30 60 

C10 30 10 60 

C11 50 10 40 

C12 50 30 20 

C13 30 50 20 

C14 10 50 40 

C5 (centre) 30 30 40 

C2 (test) 40 30 30 

C8 (test) 20 30 50 
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where: B = NaHCO3, C = Carbopol 980, S = NaCl 

On each formulation the following responses were measured. 

As mechanical responses: 

 Young’s modulus (kPa), YM=Y1 (values in Tab. 8); 

 Yield strength (kPa), YS=Y2 (values in Tab. 8); 

 Yield strength normalized for scaffold weight (Yield strength/weight) 

(KPa/g), YSnw = Y3 (values in Tab. 8); 

as morphological responses: 

 Apparent density (mg/cm3), app= Y4 (values in Tab. 4), 

 Compression density (mg/cm3), comp = Y5 (values in Tab. 5) 

 Swelling Index (%) SI = Y8 (values in Tab. 2) 

 Diameter change after thermal treatment (%),  dt = Y9 (values in Tab.2) 

 Thickness change after thermal treatment (%),  ht= Y10 (values in tab 2) 

as chemical responses: 

  COOH/COO ratio (%) in lyophilized HS, COOH/COO ratio = Y11 

(values in Fig. 39 and Tab. 3). 

The mathematical model relating the composition of the formulations and each 

measured response is a quadratic model whose coefficients were estimated by least 

squares multilinear regression. For each response, a summary of model statistics is 

reported together with the contour plot and the response surface.  
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Table 10: DOE for Young’s Modulus (YM) 

Statistics of the model coefficients: response Y1: YM 

Standard deviation of Response 1.8810724 

R2 0.929 

R2
A 0.811 

 

 

Name  Coefficient   Inflation F.  St.Dev t.exp. Signif. % 

b0         52.383   1.0860377      48.23 0.0430 *** 

b1          -24.807       1.00 1.0860377     -22.84 0.191 ** 

b2           22.829       1.00 1.0860695      21.02 0.226 ** 

b1-1         19.747       1.04 1.7171763       11.50 0.748 ** 

b2-2         -8.507       1.04 1.717277      -4.95 3.84 * 

b1-2         5.958       1.00 2.172139      2.74 11.1 

 

 

YM Model prediction by Test points 

 

C2  Yexp 38.82  Ycalc 48.98 

 

C8  Yexp 53.27  Ycalc 56.35 

 

The model seems to be sufficiently predictive with good determination coefficient. The linear 

and the quadratic terms are significant, only the coefficient b1-2 is not significant. 
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Figure 47. Response surface for YM. 

 

Figure 48. Contour plot for YM.  
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Table 11: DOE for Yield strength (YS). 

Statistics of the model coefficients: response Y2: YS 

Standard deviation of Response 1.1037034 

R2 0.984 

R2
A 0.958 

 

Name  Coefficient   Inflation F.  St.Dev t.exp. Signif. % 

b0         11.713   0.63722343      18.38 0.0351 *** 

b1           -5.472       1.00 0.63722343      -8.59 0.332 ** 

b2            5.932       1.00 0.63724213       9.31 0.262 ** 

b1-1          3.607       1.04 1.0075387       3.58 3.73 * 

b2-2          -2.030       1.04 1.0075978      -2.01 13.7 

b1-2         -2.685       1.00 1.2744843      -2.11 12.6 

 

YS Model prediction by Test points 

 

C2  Yexp 9.79  Ycalc 10.07 

 

C8  Yexp 10.26  Ycalc 12.47 

 

The model seems to be highly predictive with a good determination coefficient and low 

residuals. The model coefficients b1-2 and b2-2 are not significant. 
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Figure 49. Response surface for YS. 

 

Figure 50. Contour plot for YS. 
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Table 12: DOE for Yield strength normalized for scaffold weight (YSnw). 

 

Statistics of the model coefficients: response Y3: YSnw 

Standard deviation of Response 0.39905444 

R2 0.989 

R2
A 0.971 

 

Name  Coefficient   Inflation F.  St.Dev t.exp. Signif. % 

b0          6.567   0.23039419      28.50 < 0.01 *** 

b1           -3.173       1.00 0.23039419     -13.77 0.0828 *** 

b2            1.143       1.00 0.23040095       4.96 1.57 * 

b1-1          2.403       1.04 0.3642852       6.60 0.709 ** 

b2-2         -0.830       1.04 0.36430657      -2.28 10.7 

b1-2         -0.958       1.00 0.46080189      -2.08 12.9 

 

YSnw Model prediction by Test points 

 

C2  Yexp 6.71  Ycalc 6.76 

 

C8  Yexp 5.70  Ycalc 6.16 

 

 

The model seems to be very predictive with a good determination coefficient and low residuals. 

The model coefficients b1-2 and b2-2 are not significant. 
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Figure 51. Response surface for YSnw. 

 

Figure 52. Contour plot for YSnw.   
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Table 13: DOE for Apparent density (app). 

 

Statistics of the model coefficients: response Y4: d app 

Standard deviation of Response 0.0014337209 

R2 0.929 

R2
A 0.811 

 

 

Name  Coefficient   Inflation F.  St.Dev t.exp. Signif. % 

b0         0.0210   0.00082775913      25.37 0.0134 *** 

b1           0.0008       1.00 0.00082775913       1.01 38.8 

b2           0.0009       1.00 0.00082778342       1.05 37.2 

b1-1        -0.0060       1.04 0.0013088021      -4.58 1.95 * 

b2-2        -0.0063       1.04 0.0013088789      -4.84 1.68 * 

b1-2         0.0006       1.00 0.0016555668       0.35 75.0 

 

 

app Model prediction by Test points 

 

C2  Yexp 0.018  Ycalc 0.019 

 

C8  Yexp 0.020  Ycalc 0.020 

 

 

The model seems to be very predictive with a good determination coefficient; only the quadratic 

terms are significant (b1-1 and b2-2). 
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Figure 53. Response surfaces for app. 

Figure 54. Contour plot for app. 
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Table 14: DOE for Compression density (comp). 

 

 

Statistics of the model coefficients: response Y5: d com 

Standard deviation of Response 0.012719189 

R2  0.999 

R2
A 0.997 

 

 

Name  Coefficient   Inflation F.  St.Dev t.exp. Signif. % 

b0         1.7017   0.0073434274     231.73 < 0.01 *** 

b1          -0.0643       1.00 0.0073434274      -8.76 0.313 ** 

b2           0.0658       1.00 0.0073436428       8.96 0.293 ** 

b1-1        -0.5187       1.04 0.011610978     -44.67 < 0.01 *** 

b2-2        -0.1827       1.04 0.011611659     -15.73 0.0558 *** 

b1-2         0.3406       1.00 0.014687286      23.19 0.0176 *** 

 

 

comp  Model prediction by Test points 

 

C2  Yexp 1.674  Ycalc 1.660 

 

C8  Yexp 1.573  Ycalc 1.684 

 

 

The model seems to be highly predictive with an excellent determination coefficient and low 

residuals. All the model coefficients are significant. 
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Figure 55. Response surface for comp. 

Fig. 56: contour plot for comp. 
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Table 15: DOE for Swelling Index (SI)  

 

 

Statistics of the model coefficients: response Y8: SI 

 

Standard deviation of Response 867.84614 

R2  0.943 

R2
A 0.849 

 

 

Name  Coefficient   Inflation F.  St.Dev t.exp. Signif. % 

b0       7930.180   501.0512      15.83 0.0548 *** 

b1         2438.110       1.00 501.0512       4.87 1.66 * 

b2         1798.262       1.00 501.0659       3.59 3.71 * 

b1-1      -1102.190       1.04 792.23151      -1.39 25.8 

b2-2        -98.196       1.04 792.27799      -0.12 90.9 

b1-2       3372.102       1.00 1002.1318       3.36 4.36 * 

 

 

SI  Model prediction by Test points 

  

C2  Yexp 5821.61  Ycalc 6819.74 

 

C8  Yexp 9901.85  Ycalc 9596.09 

 

 

 

The model seems to be sufficiently predictive with a good determination coefficient; only the 

quadratic terms (b1-1 and b2-2) are not significant. 
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Figure 57. Response surfaces for SI response. 

 

Figure 58. Contour plot for SI response.  
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Table 16. DOE for Diameter change after thermal treatment (dt) 

 

Statistics of the model coefficients: response Y9: varia d 

Standard deviation of Response 9.3546328 

R2 0.994 

R2
A 0.984 

 

 

Name  Coefficient   Inflation F.  St.Dev t.exp. Signif. % 

b0        216.840   5.4008998      40.15 < 0.01 *** 

b1           78.872       1.00 5.4008998      14.60 0.0696 *** 

b2          -86.683       1.00 5.4010582     -16.05 0.0526 *** 

b1-1         -0.505       1.04 8.5395724      -0.06 95.7 

b2-2         12.306       1.04 8.5400734       1.44 24.5 

b1-2        -50.548       1.00 10.802116      -4.68 1.84 * 

 

dt Model prediction by Test points 

 

C2  Yexp 246.32  Ycalc 231.46 

 

C8  Yexp 214.54  Ycalc 195.83 

 

The model seems to be sufficiently predictive with a good determination coefficient; the 

quadratic terms (b1-1 and b2-2) are not significant. 
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Figure 59. Response surfaces for dt. 

 

Figure 60. Contour plot for dt. 
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Table 17. DOE for Thickness change after thermal treatment (ht). 

 

Statistics of the model coefficients: response Y10 : varia sp 

Standard deviation of Response 50.519218 

R2 0.909 

R2
A 0.757 

 

 

Name  Coefficient   Inflation F.  St.Dev t.exp. Signif. % 

b0        132.937   29.167284       4.56 1.98 * 

b1           35.330       1.00 29.167284       1.21 31.2 

b2         -144.076       1.00 29.16814      -4.94 1.59 * 

b1-1         24.038       1.04 46.117526       0.52 63.8 

b2-2         93.377       1.04 46.120231       2.02 13.6 

b1-2         -2.113       1.00 58.33628      -0.04 97.3 

 

ht Model prediction by Test points 

 

C2  Yexp 175.35  Ycalc 205.27 

 

C8  Yexp 102.16  Ycalc 98.17 

 

 

The model seems to be sufficiently predictive with a good determination coefficient; only one 

model coefficient (b2) is significant. The model probably suffers from the poor precision with 

which the measurement is made. 
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Figure 61. Response surface for ht.  

 

Figure 62. Contour plot for ht. 
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Table 18. DOE responses for COOH/COO ratio. 

 

Statistics of the model coefficients : response Y11: COOH 

Standard deviation of Response 8.5795623 

R2 0.931 

R2
A 0.815 

 

Name  Coefficient   Inflation F.  St.Dev t.exp. Signif. % 

b0          9.970   4.9534126       2.01 13.8 

b1          -14.868       1.00 4.9534126      -3.00 5.8 

b2           23.686       1.00 4.9535579       4.78 1.74 * 

b1-1         11.655       1.04 7.832033       1.49 23.3 

b2-2         21.200       1.04 7.8324925       2.71 7.3 

b1-2          3.447       1.00 9.9071158       0.35 75.1 

 

COOH/COO ratio Model prediction by Test points 

 

C2  Yexp 5.00  Ycalc 8.51 

 

C8  Yexp 34.54  Ycalc 21.59 

 

 

The model shows a good determination coefficient; only one model coefficient (b2) is 

significant; although the predictability is not high, the model seems to be accurate. Probably a 

higher number of samples is necessary to increase the precision of the analytical method. 
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Figure 63. Response surface for COOH/COO ratio. 

 

 

Figure 64. Contour plot for COOH/COO ratio. 
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CONSIDERATIONS ON DOE RESULTS 

For Young’s Modulus: 

in the formulations with the same % of B as: 

C13 and C14   50% di B; 

C12, C2, C5, C8 and C9 30% di B; 

C11 and C10   10% di B; 

YM increases with the increase of C and with the decrease of S, except for low % of B; 

in the formulations with the same % of S as: 

C11 and C12   50% di S 

C13, C5 and C10  30% di S 

C9 and C14   10% di S 

YM increases with the increase of C and with the decrease of B; 

in the formulations with the same % of C: 

C10 and C9   60% di C 

C11, C5 and C14  40% di C 

C12 and C13   20% di C 

YM increases with the increase of S and with the decrease of B. 
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Yield strength and the YS value normalized for the weight are related to each other and increase 

with the value of YM. 

The YS values indicate the breaking strength of the wet scaffold, whereas YM is related 

to the rigidity of the scaffold or, better, inversely related to the elasticity of the sponge structure. 

The YS value has to be considered to study the handling of the scaffold, while the elasticity of 

the scaffold can influence the root of the cell type, their interaction and their organization in 

spheroids or organoids. 

As shown from the overlay of the two contour plots (YM and YS responses), a fair 

compromise between the manageability and the softness of the scaffold is represented by the 

formulations in the region around C5 and C8 (see graph overlay Fig. 65). 

 

 

Figure 65. Overlay of YM and YS. 
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The apparent density is maximum around formulation C5 when polymer is 40% and 

bicarbonate and salt are 30% each (ratio polymer/bicarbonate = 1.3). Below 40 % we can 

observe a clear increase in diameter and thickness of tablet which is submitted to thermal 

treatment. 

For the compression density the maximum is a narrow area around the line joining C2 

and C8, corresponding to the fixed amount of 30% of bicarbonate, with salt concentration 

ranging from 20 to 40%. 

As shown from the overlay of the two contour plots (app and comp responses) (Fig. 65), 

formulations C2, C5 and C8 fall in the optimal region. 

 

 

 

Figure 66. Overlay of app /comp. 
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C5 falls in the region of maximum density: high scaffold weight and low scaffold volume. When 

compacting the scaffold, it is possible to observe an oblique central region corresponding at 

equal value of comp. It means that around the region that shows highest app there could be an 

area with higher porosity, moving diagonally along the same percentage of sodium bicarbonate.  

 

 

Figure 67. Overlay of app / thickness change. 

 

 

Figures 66 and 67 highlight that C5, corresponding to the maximum value of app, is at the 

boundary of the region where the values of ht and dt increase. 
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Figure 68. Overlay of app / ht. 

 

The swelling index increases with the increase of polymeric fraction at high percentage 

of bicarbonate and low percentage of salt. 

The diameter change after thermal treatment increases at low percentage of polymer and 

salt and high percentage of bicarbonate. 

The thickness change after thermal treatment increases below the 40% of polymer. 

The COOH/COO
ratio always increases with polymer content, especially at high 

percentage of salt and with the decrease of bicarbonate. 

The influence of electric repulsion of the carboxylic function on the swelling properties 

of the scaffold is evident from the analysis of the COOH/COO ratio response against SI 

response contour plots. 
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Summary on DOE results 

 The sponge effect or swelling behaviour is important for cell loading in the scaffold. It 

increases with the polymer content and with the initial sodium bicarbonate content and 

decreases with the sodium chloride initial content. 

 YM measures the elasticity of the scaffold; this parameter can be modulated to optimize 

the growth of some cellular types, whereas YS is relevant for robustness of  handling of 

the scaffolds. 

 The rigidity increases with the content of the polymer and with the content of the salt 

used for leaching (increase of microporosity). Conversely, the scaffold elasticity 

increases with the amount of sodium bicarbonate used in the initial composition of the 

tablet. In fact, sodium bicarbonate, the gas forming agent, increases the mesoporosity of 

the scaffold. 

 The apparent density and compression density influence the porosity of the scaffold. 

 The study of the morphological changes caused by thermal treatment can be useful for 

industrial purpose to optimize this property with the mechanical properties. 
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3.4.7 Transparency and optical properties 

The lyophilized HS appear like a non-transparent white solid with a sponge-like 

structures (Fig. 29 A, C and Fig 34) while, if conditioned in an aqueous medium, it swells, 

retaining a significant amount of water and assuming the appearance of a translucent structures 

(Fig. 32B). 

The appearance of solid scaffold is due to the density of the polymeric solid phase which 

is able to reflect completely the light showing it as a white body. When the scaffolds are 

conditioned in water, the polymeric phases absorb it and the hydrogen bonds among the 

polymeric chains are disrupted allowing the structure to start to swell. When a sufficient number 

of carboxylate anions pass in solution, the swelling phenomenon is further boosted by 

electrostatic repulsion between the chains, which increases the pore volumes permitting to a 

larger volume of water to enter. During the swelling, air-solid interfaces are replaced by liquid-

hydrogel interfaces, making the structure translucent. The scaffold transparency is important to 

permit microscopic inspection of the cells during the culture time. To evaluate this property a 

simple test of “letter reading” through the hydrogel sponge, conditioned in water, has been 

developed. With respect to the reading of the reference character through a Petri capsule 

containing only PBS solution (Fig 69 A), we can appreciate the good transparency of a PBS-

conditioned scaffold immersed in a same PBS solution (Fig 69 B): in fact, the letters can be read 

very clearly. The transparency is due to the large amount of water absorbed by the structure, in 

the pores and in the polymeric phase, resulting in a hydrogel structure without interfaces or as 

isotropic phase with the same refraction index of the PBS solution. When the same full 

conditioned scaffold is observed in an empty Petri dish, the scaffold appears to be translucent 

(Fig. 69 C), in fact the letters placed under the HS cannot be read clearly. Actually, in the not-

immersed scaffold the new air- hydrogel sponge interface reduces the optical transparency.  
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Figure 69. Transmittance of scaffold C2 (volume ~8 cm3) (A, dish filled with neat PBS placed 

on the letter as blank; B, dish filled with HS and PBS placed on the letter; C, wet HS not 

immersed in PBS directly placed on the test script without Petri capsule). 

Another optical property investigated is the interaction between the UV and visible light 

and the components of the HS. This property is critical, as the absorption phenomenon could 

interfere with some colorimetric or spectrometric tests performed directly on the scaffolds 

containing the cultured cells or in the study of the interaction between light and specialized cells.     

To this aim, the UV-VIS transmittance of the scaffolds has been studied, measured on 

water-conditioned HS (C2, C8) in comparison with a non-porous hydrogel obtained by thermal 

treatment of a pure compacted polyacrilic acid powder (C0=Carbopol 980…F0= Carbopol 

974P…P0= Polycarbophil), subsequently swollen in water. 
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As shown in Fig. 70 it is evident that the pure material absorbs more in the UV that in 

the visible spectra region. In fact, C0, but also F0 and P0 pure polyacrylic hydrogels, showed 

higher transmittance (> 50%) above 400 nm and higher in the whole visible region. This aspect 

shall be considered in the tests using UV assay directly performed on the scaffold containing 

the cultured cells.  

In water-conditioned HS the transmittance value drop to 10 % (samples shown in Fig. 

71) but this is due to the scattering and reflection of light caused by the porous nature of the 

hydrogel sponge. In fact, the light crossing the scaffold hits the medium/polymer boundaries 

undergoing scattering and the intensity of the light transmitted becomes very low. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 70. UV-VIS transmittance of C2 and C8 HS with respect to the C0, F0 and P0 pure 

polymeric scaffolds. 
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Figure 71. C2 (left) and pure Carbopol 980 (right) samples in Quartz UV cuvette. 

 

3.4.8 Diffusion study   

The scaffold for cell culturing should permit the free movement and interaction of the 

cells but also the fast diffusion of the cultured medium component, gas, metabolic product, vital 

dye or reagents. If the scaffold has to be used for testing toxicological or pharmacological effects 

of molecule on the cells, it is necessary to have their largest molecular diffusion. The large pore 

interconnectivity is very important for the ingrowth of cells and their interaction, but also for 

the free medium diffusion. In the same way, the hydrophilic nature of the scaffold should be 

considered, because it favours the free penetration of the aqueous medium. 

The diffusivity of a small hydrophilic molecule has been tested using metformin 

hydrochloride model molecule, at 37 °C using a homemade horizontal diffusion cell and PBS 

as the solvent. In Tab. 19 metformin diffusion coefficients (D) through different HS 

compositions are shown. They prove that a very hydrophilic and small molecule like metformin 

hydrochloride can permeate by diffusion through the scaffolds.  
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Table 19: Metformin hydrochloride diffusion coefficients in PBS at 37°C, estimated for 

different scaffold compositions. 

Scaffold code D(cm2/s) 

C2 1.06×10-5 ± 8.4×10-7 

C5 1.37×10-5 ± 3.4×10-7 

C8 1.21×10-5 ± 9.6×10-7 

C9 1.19×10-5 ± 9.5×10-7 

C12 1.14×10-5 ± 9.1×10-7 

K5 1.25×10-5 ± 1.0×10-7 

P5 1.16×10-5 ± 9.27×10-7 

 

The measured diffusion coefficient ranged from 0.98×10-5 to 2.7×10-5 cm2/s. These 

values are reasonably consistent with other reported in the literature. For example, a 3-kDa 

Fluorescein isothiocyanate–dextran) in water showed, in an electrospun nanofibrous 

polycaprolactone scaffold fabricated by the direct-write electrospinning technique, a D= 1.28 × 

10−6 cm2/s (Lee SY et al., 2013), a 4-kDa FITC-dextran in a biofilm showed a D=1.48 × 10−6 

cm2/s (Lawrence JR et al., 1994), whereas 9.4-kDa FITC-dextran in calcium alginate beads 

showed a D=0.75 × 10−6 cm2/s (Arrio-Dupont M et al., 1996). The diffusion coefficient of the 

small oxygen molecule in water at 37 °C is 2.68 × 10−5 cm2/s (Stewart PS., 2003) and in 

electrospun nanofibrous polycaprolactone scaffold is 2.42 × 10−5 cm2/s or in a calcium alginate 

gel is 2.52× 10−5 cm2/s (Lee SY et al., 2013). The coefficient of diffusion of metformin 

hydrochloride ranges from 36% (C2) to 52% (C5) compared to diffusion coefficient of oxygen 

in water. The oxygen diffusion coefficient was roughly estimated from the diffusion coefficient 

of 3-kDa FITC-dextran (Johnson EM et al., 1995; Ogston AG et al., 1973). 

Phenol red (also known as phenolsulfonphthalein or PSP) is a pH indicator frequently used in 

cell biology laboratories. (Fig. 72) 
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 Figure 72. Molecular formula of phenol red. 

A solution of phenol red is often used as a pH indicator, in cell culture (15 mg/L). Its 

color exhibits a gradual transition from yellow (λmax = 443 nm) to red (λmax = 570 nm) over the 

pH range 6.8 to 8.2. Above pH 8.2, phenol red turns a bright pink (fuchsia) color. In the case of 

problems, waste products produced by dying cells or overgrowth of contaminants will cause a 

change in pH, leading to a change in indicator color. For example, bacterial contamination can 

decrease the pH, turning the colour of the medium from pink-red to orange and then to yellow. 

In Fig. 73 an experiment with phenol red is shown: one drop of phenol red solution (1 

mg/L) was dripped on the surface of a cylindrical HS (C2 with volume~615 mm3) conditioned 

with PBS, and the solution diffused in the entire mass of the matrix within 50 minutes; after 5 

hours the red colour is uniformly distributed throughout the scaffold. after which proved its good 

permeability to this indicator. Phenol red does not modify the chemical and physical properties 

of the scaffold and does not react chemically with the polyacrylic structure of the HS, in fact it 

can be easily washed away with PBS solution.    

 

Figure 73. Phenol red diffusion in HS (C2 with volume~ 615 mm3). 

https://en.wikipedia.org/wiki/PH
https://en.wikipedia.org/wiki/Lambda_max
https://en.wikipedia.org/wiki/Fuchsia_(color)
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3.5 Cell viability tests 

Viability and proliferation tests were performed to evaluate if the cells were growing and 

the scaffold did not exert toxic effects. Some colouring agents, such as MTT, MTS e NRU used 

as vital dyes in cell viability tests, have been verified, proving the compatibility meanwhile 

shows a good diffusion behaviour.  

The MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay (Fig. 

74) is a colorimetric assay for assessing cell metabolic activity under defined conditions, 

reflecting the number of viable cells present in the medium; it can also be used to measure 

cytotoxicity (loss of viable cells) or cytostatic activity (shift from proliferation to quiescence) of 

potential medicinal agents and toxic materials. 

 

Figure 74. MTT assay. 

The MTS 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-

tetrazolium assay is often described as a 'one-step' MTT assay, which offers the convenience of 

adding the reagent straight to the cell culture without the intermittent steps required in the MTT 

assay (Fig. 75). 



 

107 

 

 

Figure 75. MTS assay. 

The NRU (neutral red uptake) assay (Fig. 76) provides a quantitative estimation of the number 

of viable cells in a culture. It is one of the most used cytotoxicity tests with many biomedical 

and environmental applications. It is based on the ability of viable cells to incorporate and bind 

the supravital dye neutral red in the lysosomes. Live cells incorporate neutral red into their 

lysosomes. As cells begin to die, their ability to incorporate neutral red diminishes. Thus, loss 

of neutral red uptake corresponds to loss of cell viability. 

 

Figure 76. Neutral red.  

Fig. 77shows that the common coloring agents MTT, MTS and NRU spread into the HS (C2 

with volume ~115mm3 and C8 with volume ~895mm3) after three hour-incubation, which 

proves the good diffusion properties of the HS and the absence of any interference between the 

coloring agents and the HS. 

http://www.google.it/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&ved=0ahUKEwiAje7r9_3XAhUIoaQKHewOA8MQjRwIBw&url=http://www.funakoshi.co.jp/contents/46052&psig=AOvVaw1kzE9xIyHeJFQuaMGTVVbL&ust=1512943447750589
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Figure 77. MTT, MTS and NRU spread into the HS C2 and C8 

The wellness of cells was evaluated by Alamar Blue assay. The assay is based on the use of 

resazurin, a non-toxic, cell permeable substrate, that is blue and virtually non-fluorescent. 

Healthy living cells maintain a reducing state within their cytosol that converts resazurin into 

resorufin, a red highly fluorescent (or absorbent) product. In Fig. 78 is shown the small portions 

of HS prepared for seeding cells. HS volume was about 115 mm3. Fig. 79 and Fig. 80 show the 

cells cultured with traditional 2D methods in Petri-dish. Fig. 81-84 show cells cultured into HS 

in a 3D microenvironment. Different cell morphology that characterizes the cells cultured in 3D 

in our HS is evident. The 3D cultured cells, besides having a different morphology, showed the 

capability to aggregate into clusters to develop structures very similar to those that originate in 

living organisms. 

MTT          MTS       NRU  

A

MTT            MTS       NRU  

B

C2

C8
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Figure 78. Scaffolds prepared for seeding cells.  

 

 

 

Figure 79. Micrographs of NCTC cells cultured in the classical 2D Petri dish. 
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Figure 80. Micrographs of HaCat cells adherent to the bottom of well in 2D. 

 

 

Figure 81. HaCat keratinocytes cultured into HS. 
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Figure 82. Human endothelial HECV cells cultured into HS. 

 

Figure 83. HaCat cultured into HS C8. 
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Figure 84. HaCat cultured into HS C2. 

In Fig. 82 it is shown that some cells cultured in this HS have the capability to aggregate 

into clusters and form organoid-like structures. 

All the cells tested proved to be healthy when cultured in HS for a longer time than in 2D 

culture (at least for 20 days), based on initial density of seeding, since the metabolic rate is 

dependent on the number of cells present into the scaffold as a function of the culture time. 

Results of monitor of cells health with Alamar Blue® are shown in Fig. 85, for HeLa and HECV 

cell lines, as models of human epithelial and endothelial cells, cultured in C2 and C8 scaffolds; 

data are expressed as (AU= Arbitrary Units) extrapolated by fluorescence of resorufin, where 

metabolic activity registered on 4th day was reported as 100%. In general, the cells on all 

scaffolds proliferated with increasing culture time points, indicating a good cytocompatibility 

of the scaffolds. 
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Figure 85. Health HeLa cells (A) and HECV cells (B) during culture in C2 and C8 hydrogel 

scaffolds estimated by Alamar Blue® test. Data are the mean of three separate experiments ± 

SD, run in duplicate. 

3.6 Imaging of fixed cells in HS embedded in agarose 

All cells cultured in HS are colonized into scaffolds from the seeding surface to the bottom, 

as shown in Figs. from 86 to 87. In addition, the cellular structures ordered similar to spheroids, 

especially for HECV (Fig.87) and for HeLa (Fig.91), are very evident. 

 

A 

B 
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Figure 86. Sections cut from C2 scaffold cultured with HECV cell line, PI-stained, embedded in 

agarose at fluorescence microscope. 

 

 

Figure 87. Sections cut from C8 scaffold cultured with HECV cell line, DAPI-stained, embedded 

in agarose at fluorescence microscope. 
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Figure 88. A, sections close to superior surface of the scaffold (ScS) which were cut from C8 

scaffold cultured with HeLa cell line, embedded in agarose at light microscope; B, sections 

close to the bottom of the scaffold which were cut from C8 scaffold cultured with HeLa cell line, 

embedded in agarose at light microscope. Cells are visible in the whole thickness (arrows). 

 

 

 



 

116 

 

 

Figure 89. A section cut from C8 scaffold cultured with HeLa cell line, embedded in agarose at 

light microscope. Cells (arrows) are clustered. 

 

Figure90. Sections cut from C8 scaffold cultured with HeLa cell line, IP-stained, embedded in 

agarose at fluorescence microscope; the sequence of the sections ranging from the seeding 

surface to the bottom of the scaffold is reported. Cells (arrows) are distributed.  
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Figure 91. A section cut from C8 scaffold cultured with HeLa cell line, IP-stained, embedded in 

agarose at fluorescence microscope. Cells (arrows) are clustered. 

Among the various cells tested, GMB glioblastoma cells seemed to be very interesting 

as they changed their morphology during culturing. The GBM glioblastoma stem cells were 

transfected with the pEGFP-N1 plasmid to stably express enhanced red fluorescent protein 

(DsRed) as red fluorescent proteins are ideal for in vivo imaging due to reduced autofluorescence. 

Like all fluorescent proteins, they can be detected in cells without adding cofactors or substrates, 

making them a noninvasive tool for investigating biological events in living cells. As shown in 

Fig. 92, at the beginning all the cells appeared rounded and uniformly spread into the scaffold. 

After 5 days of culture, few cells changed their morphology and became epithelial like, some of 

them seemed to adhere to scaffold walls while others formed spherical aggregates after 15 days 

of culture (Fig. 93). 
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Figure 92. GMB glioblastoma stem cells expressing the red fluorescent protein DsRed just 

seeded on scaffold coated with diluted matrigel (1:100).  

 

Figure 93. GMB glioblastoma stem cells expressing the red fluorescent protein DsRed at 

fluorescence microscope after 5 days of culture.  
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Figure 94. GMB glioblastoma stem cells at optical microscope after 5 days (A) and after 15 

days of culture (B).   

 

Figure 95. GBM stem cell expressing the red fluorescent protein DsRed, analyzed by confocal 

laser-scanning microscope (BioRad MRC 1024 ES) at 60X magnification. 

3.7 Hydrogel sponge scaffold suitability for test with positive 

irritation compound (NiSO4) 

European legislations request the use of alternative methods, according to the 3Rs principles 

of Russel and Burch., (1959), to increase human health by providing a better understanding on 

the mechanisms of both hazardous substances and biochemistry studies, as well as in drug 
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discovery and pharmacological studies. This strategy calls for the use of 3D cell cultures, when 

feasible of human origin, to evaluate with more predictability the complex in vivo interactions 

that relay at the basis of pathologies and responses to chemical insults. With this aim, we used 

NiSO4 to perform a test for the prediction of skin sensitizers. The results show that treated cells 

respond to the positive irritation compound in a dose dependent manner indicating the suitability 

of the hydrogel sponge scaffolds for irritation test with nickel sulfate (Fig. 94). 

 

   

Figure 96. Effect of exposure of HeLa cells cultured in C8 and C2 scaffolds to NiSO4 for 3 h, as 

positive control of irritation; the viability indexes are expressed as mean of two genuine 

replicates performed in duplicate ± SD.
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CONCLUSIONS 

3D cell culture technologies have significantly overcome the limitations of 2D methods 

in the research of cell biology and biochemistry, as well as in pharmaceutical assays.  

The use of biomimetic hydrogels for fabricating a 3D cell culture scaffold is a 

dynamically developing research field which involves scientists from various disciplines. 3D in 

vitro technology brings together the field of polymer chemistry, pharmaceutical science, biology, 

and basic and clinical medicines. 

3D scaffolds have represented an important step in the development of 3D cell culture 

in the last two decades, which have acquired many successful experiences but also presented 

substantial new challenges. For example, many 3D models that are currently in practice require 

expensive equipment, long incubation times and extensive expertise. 

In this thesis, a novel 3D hydrogel sponge scaffold, based on cross-linked polyacrilic 

acid, has been  developed and characterized. The porous scaffold has been obtained  via  an 

innovative thermal treatment followed by a salt-leaching procedure on matrix containing 

polymer and gas-forming agent. A series of  formulations have been prepared according to 

experimental design for mixtures, in order to study the effect of the  different components  

(NaHCO3, polyacrilic acid and NaCl) on the scaffold properties. Scaffold  mechanical 

properties, density, swelling behavior, morphological changes and carboxylic acid salification 

have been investigated in order to select the best compositions. Other characteristics such as 

physical appearance, surface morphology porosity, diffusion properties, transparency, 

biocompatibility, cyto-compatibility have also been evaluated. 

The results have shown that our sponge scaffolds present optical transparency, high 

porosity, good mechanical resistance and the ability to maintain a number of cell lines in culture 

for at least 20 days. The scaffolds can be coated or treated with a large number of specific growth 

factors to enhance their biocompatibility towards some specific cellular types. Seen the presence 

of carboxylic acidic functions on the scaffold it is conceivable that some of these factors, like 

natural components of the extracellular matrix, could be stabilized by ionic or covalent bond.  

Exploiting this function the scaffold might also be mineralized or coated with osteogenic 

proteins, to convert it into a suitable matrix for bone cell growth.  Their excellent mechanical 

properties suggest a possible their use also in bioreactors. Presently some of these aspects are 

object of preliminary investigations.   

Therefore, the developed hydrogel sponge scaffolds can be an important tool to study a 

more predictive cellular response to evaluate drugs during preclinical drug development, in 
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order reduce the animal testing. Moreover, suitably adapted, they can become a support to 

develop alternative methods for the toxicological study of chemical compounds used in biocide 

and cosmetic products.
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