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1. INTRODUCTION 

Tissue engineering is an area that has experienced great 

advances in recent years, due to the ever increasing need 

to produce three-dimensional structures that can mimic 

and act as temporary Extracellular Matrices (ECM) for 

cell proliferation. The ECM, by being implanted in the 

place of damaged tissues should provide the mechanical 

support needed to ensure cell growth (Massai et al., 

2014) which, added to a proper oxygenation and 

diffusion of nutrients (Hutmacher, 2000; Hollister, 2005; 

Spector, 2007; Tabata, 2009) will promote cell 

colonization, thus permitting the regeneration of 

damaged tissue. Many strategies have been proposed for 

obtaining such ECM, including the use of natural or 

synthetic materials (Wattanutchariya and Changkowchai, 

2014; Murphy et al., 2000; Thomson et al., 1999; Peter et 

al., 1998; Murphy and Mooney, 1999). The choice of the 

ECM to be used depends on the type of tissue to be 

regenerated, the type and extent of damage which is 

intended to repair, the place of damage, among other 

parameters (Tabata, 2009). However, regardless of the 

type of ECM chosen, all should ensure proper 

mechanical and nutrient transport properties so as to 

ensure cell proliferation, which leads to an extensive list 

of materials and/or biomaterials that could be tested for 

tissue repair (Jones et al., 2004; Karageorgiou and 

Kaplan, 2005). The minimum physicochemical 

properties that a scaffold must present, to be used as 

support matrix for tissue regeneration, are 

biocompatibility (Chen et al., 2013), biodegradation 

(Tabata, 2009; Sultana and Wang, 2008), mechanical 

resistance (Leong et al., 2003), three-dimensional 

structure and adequate porosity (Mikos et al., 1993; 

Ranucci et al., 2000; Takahashi et al., 2005) with 

uniformly interconnected pores and of appropriate 

dimensions. The pore size of the scaffold must be 

compatible with the size of the cell phenotype of interest, 

and the porosity must be between 75% - 90% in order to 

promote cell attachment (Mikos et al., 1993; Ranucci et 

al., 2000). The diverse nature of the architectures of 

organic tissues requires pore dimensions in specific 

bandwiths compatible to each tissue. The ratio surface 

area / pore volume of the material depends on the 

average diameter and density of pores. However, the 

diameter of cells in suspension limits the minimum size 

of the pores, which vary from one cell type to another. 
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ABSTRACT 

Scaffolds are porous three-dimensional supports, designed to mimic the extracellular environment and remain 

temporarily integrated into the host tissue while stimulating, at the molecular level, specific cellular responses to 

each type of body tissues. The major goal of the research work entertained herein was to study the microstructure 

of scaffolds made from chitosan (Ch), blends of chitosan and sodium alginate (Ch/NaAlg), blends of chitosan, 

sodium alginate and calcium chloride (Ch/NaAlg/CaCl2) and blends of chitosan, sodium alginate and 

hydroxyapatite (Ch/NaAlg/HA). Scaffolds possessing ideal physicochemical properties facilitate cell proliferation 

and greatly increase the rate of recovery of a damaged organ tissue. Using µCT three-dimensional images of the 

scaffolds, it was observed that all scaffolds had a porosity in the range 64%-92%, a radius of maximum pore 

occurrence in the range 95µm-260µm and a permeability in the range 1×10
-10

-18×10
-10

 m
2
. From the results 

obtained, the scaffolds based on Ch, Ch/NaAlg and Ch/NaAlg/CaCl2 would be most appropriate both for the 

growth of osteoid and for bone tissue regeneration, while the scaffold made with a blend of Ch/NaAlg/HA, by 

possessing larger pores size, might be used as a support for fibrovascular tissue. 

 

KEYWORDS: tissue regeneration, chitosan scaffolds, computed tomography, porosity, permeability. 
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Depending on the intended application, the pore size 

should be carefully controlled. The effect of pore 

dimensions upon tissue regeneration is ensured by 

experimental studies that demonstrated an optimum 

porosity of 5 μm for neovascularization, 5-15 m for 

fibroblast growth, near to 20 m for hepatocyte growth, 

20-125 μm for adult mammalian skin regeneration, 40-

100 μm for osteoid growth, and 100-350 μm for bone 

regeneration (Klawitter and Hulbert, 1971; Wake et al., 

1994; Wang et al., 1999). Fibrovascular tissue requires 

pores larger than 500 μm for a rapid vascularization and 

survival of transplanted cells (Yang et al., 2001). In the 

research effort entertained herein, a novel and somewhat 

pioneering approach is proposed for the topological and 

morphological characterization of scaffolds made of 

chitosan (Ch), blends of chitosan and sodium alginate 

(Ch/NaAlg), blends of chitosan, sodium alginate and 

calcium chloride (Ch/NaAlg/CaCl2), and blends of 

chitosan, sodium alginate and hydroxyapatite 

(Ch/NaAlg/HA). Physical properties of these scaffolds, 

such as porosity, pore size distribution, spatial 

correlation and (inter)connectivity of the porous matrix, 

permeability, among others, were assessed using two- 

and three-dimensional images of the scaffolds, gathered 

via computed microtomography by high-resolution X-ray 

transmission. 

 

2. MATERIALS AND METHODS 

2.1. Materials 

2.1.1. Chemicals. All reagents used were of analytical 

grade or better, and were used without further 

purification. Tap water was purified in a Milli-Q Elga 

Purelab system (Molsheim, France) to a final 

conductivity of ca. 18.2 M.cm
-1

. Chitosan (200-800 

cP), sodium alginate (4-12 cP), and hydroxyapatite 

(Ca3(PO4)2, purity ≥ 90%) were all purchased from 

Sigma-Aldrich (St. Louis MO, USA). 

 

2.1.2. Analytical equipment. A computed tomographer 

via X-ray transmission from Bruker microCT (model 

SkyScan 1174, Kontich, Belgium) was utilized in all 

non-destructive analyses, for gathering tomographic 

images of the chitosan-based scaffolds. The analysis 

software utilized for processing the tomographic images 

were CTVox™ (version 2.6.0 r908-64bit, from Bruker 

microCT) and CTan™ (version 1.13.5.1-64bit, from 

Bruker microCT) and CTvol (version 2.2.3.0-64bit, from 

Bruker microCT). For the analyses of pore size 

distribution, calculation of the correlation functions and 

pore connectivity and determination of permeability, the 

software IMAGO® (Image Analysis System, version 

2.4.11) was duly utilized. 

 

2.2. Experimental procedures 

2.2.1. Preparation of chitosan-based scaffolds. 
Chitosan matrices were prepared using chitosan 

(viscosity between 200-800 cP), sodium alginate 

(viscosity between 4-12 cP) and hydroxyapatite 

(Ca10(PO4)6(OH) 2, with a purity higher than 90%). The 

scaffolds of chitosan (Ch) and of blends of chitosan with 

sodium alginate (NaAlg) were prepared via 

lyophilization of aqueous dispersions of Ch and 

Ch/NaAlg. Aqueous dispersions of Ch and of NaAlg 

were prepared under mechanical stirring (at ca. 7200 rpm 

during 10 min) using an UltraTurrax (model T25D from 

IKA Werke GmbH & Co. KG, Staufen, Germany) 

homogenizer equipped with a 25G dispersing element at 

a constant temperature (ca 25 °C). The aqueous 

dispersion of Ch/NaAlg blends was obtained by mixing 

the aqueous formulations of Ch and NaAlg at a ratio of 

1:1 (w/w). The mixtures thus produced were 

homogenized using a 25G dispersing element under the 

same aforementioned conditions. To prepare the 

scaffolds, ca. 3 g of each aqueous formulation of Ch and 

Ch/NaAlg were poured into a cylindrical mold with 

volumetric capacity of 7 cm
3
, frozen to -80 ºC (in a 

Ultra-freezer from Cold Lab, Piracicaba, Brazil) and 

lyophilized (in a lyophilizer from Thermo Fisher 

Scientific, model D115, Massachusetts, USA). 

Subsequently, the scaffold obtained from formulation of 

the blend Ch/NaAlg was submerged in a solution of 

CaCl2 200 mmol.dm
-3

 during 10 min and successively 

washed with ultrapure water until reaching a pH of 6.2. 

The scaffolds treated with CaCl2 received the designation 

of Ch/NaAlg/CaCl2. Water elimination was carried out 

by evaporation at room temperature (ca. 25 °C ± 1 ºC) 

until reaching constant weight. The scaffold samples 

were stored at room temperature and in the dark. To 

prepare the scaffolds with hydroxyapatite (HA), one 

selected the Ch/NaAlg blends. HA was incorporated in 

the formulation at the mass ratios (Ch:NaAlg:HA) of 

1:1:0.2; 1:1:0.4 and 1:1:0.6 (w/w). HA was standardized 

in a sieve (with a mesh 60) and slowly added to the 

aqueous dispersion of NaAlg under mechanical stirring 

(at ca. 7200 rpm during 10min). The chitosan dispersion 

was added to the NaAlg/HA blend under the same 

conditions until complete homogenization. To prepare 

the scaffolds, ca. 3g of each formulation were poured 

into a cylindrical mold with volumetric capacity of 7 

cm
3
, frozen at -80 ºC and duly lyophilized. 

 

2.2.2. Tomographic imaging. The tomographic images 

were gathered placing the scaffold samples in the interior 

of the tomograph chamber. Image slices were obtained 

using the following configurations of the tomographic 

system: operating voltage set at 35 kV and electric 

current with 800 μA. The technique employed for 

obtaining a tomographic image involved the acquisition 

of a large number of radiographs of the object (image 

slices), obtained by measuring the intensity of X-rays 

transmitted through the sample, at different angular 

positions. The scaffold samples of Ch, Ch/NaAlg, 

Ch/NaAlg/CaCl2 and Ch/NaAlg/HA were rotated by 180 

degrees, with an angular step of 1 degree, thus producing 

180 radiographs (projections) per image, each containing 

652×652 pixels with a spatial resolution of 24 m for Ch 

and of 28.7 m for the other scaffold samples. At the 

outlet of the X-ray source one utilized a filter of Al with 

0.25 mm thickness. Appropriate mathematical algorithms 

were then used to reconstruct the three-dimensional 
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tomographic image (3D) of the scaffold samples, through 

appropriate composition of bi-dimensional images (2D). 

The three-dimensional images possessed 652×652×652 

pixels and the same spatial resolution of the 2D images, 

and thus the volume of data generated for each scaffold 

sample was isotropic with relation to the spatial 

resolution. Having gathered all the projections 

(radiographs gathered at each angular position), one 

utilized the software NRecon™ from Bruker (version 

1.6.9.4, Kontich, Belgium), which uses the algorithm of 

Feldkamp et al. (1984) in the process of reconstruction 

of the tomographic images. 

 

2.2.3. Theoretical calculations. Following a 

mathematical treatment, the bidimensional images (2D) 

were used to generate the three-dimensional images (3D) 

either via direct rendering of volume (Lacroute, 1995; 

Oliveira Jr. et al., 2005) or using mathematical models 

(Bouvier, 2000). The segmentation of images and 

binarization (Gonzales and Woods, 1992) consists in the 

separation of the regions of interest and subsequent 

creation of images in black and white tones. The Double-

Time Cubes algorithm (Bouvier, 2000) (a fast 3D surface 

construction algorithm for volume visualization) was 

used to produce the 3D images, based in a mathematical 

model. Following segmentation and binarization, the 2D 

or 3D tomographic images can then be used to 

characterize a material. The porosity and permeability 

are the properties most usually used in the 

characterization of a porous material. Porosity refers to 

the volume that can be occupied by a fluid in a porous 

structure, and permeability refers to the ability of the 

porous structure to allow the flow of the stored fluid. In 

the same way, when one wants to characterize the porous 

microstructure departing from planar sections (2D 

images) of the material, geometric parameters are 

measured, such as the correlation function or the 

connectivity, the pore size distribution, or the distribution 

of linear ropes. According to Pennella et al. (2013), the 

internal microstructure of a porous matrix can be 

characterized dividing the porous medium into a discrete 

and well defined collection of individual pores. Hence, 

the pore may be defined as an empty region of space 

surrounded by solid surfaces. Within this context, 

porosity φ is defined as Equation (1): 

 

            (1) 

 

where VV is the volume of porous space and VT is the 

total volume of the material. From the point of view of 

tissue growth, besides porosity, characterization of the 

scaffolds by using statistical functions such as pore size 

distribution has been important. The study of the size 

distribution of objects is commonly called granulometry 

(Coster and Chermant, 1989). To determine the pore size 

distribution, several morphological openings are used 

(Coster and Chermant, 1989) with a sequence of 

structuring elements of increasing size, δ1, δ2, … δmax, 

where δmax is such that it eliminates all pores in the 

operation of erosion. For the determination of pore 

distribution in 2D images, the unit of measure consists in 

the surface area of the pores. In this way, the cumulative 

distribution of pores is given by Equation (2). 

  (2) 

 

where F(r) is the fraction of pore sizes equal or smaller 

than r, φ is the total porosity of the departing image, and 

φ(r) is the image porosity following opening with a disk 

of radius r. The starting porosity, φ, is produced from the 

ratio between the pixels belonging to the porous phase 

and the total pixels of the image. Porosity φ(r) is 

obtained via the same procedure, but after repeated 

openings, increasing the value of r, until all porosity is 

eliminated by this operation. Within the context of 

statistical processing of the images, a digital image may 

be considered as a matrix, meaning that it can be 

considered as a stochastic process (process of random 

nature) (Fernandes et al., 1996; Fernandes, 1994). This 

greatly enhances the easiness in the analysis of image 

characteristics. In a binary image, one can define the so-

called phase functions, ℑ, associated with the two phases 

(phase 1 = matter; phase 2 = pore) of the image 

components, as follows (Equation (3)). 

 

              

  (3) 

 

where r denotes a position vector relative to an arbitrary 

origin, and ℑ can be phase 1 or phase 2. The 

mathematics of stochastic processes allows us to observe 

their characteristics. These characteristics are called 

moments. They represent the probability to achieve a 

desired result. For example, in an image, one chooses 

any one pixel and the chance that this pixel belongs to a 

pore is observed, thus producing a first order moment. 

By observing the chance that two any pixels, separated 

by a certain distance r, belong to a pore, a moment of 

second order is produced, and so on. The first order 

moment is defined as Equation (4). 

 

          (4) 

 

where symbol < >  denotes the statistical average for the 

image domain under consideration. For images of porous 

substances, the first order moment is nothing more than a 

measure of porosity. With the hypothesis of a statistically 

homogeneous medium, we define the correlation 

function or autocorrelation for each ℑ phase, for every 

arbitrary shift u, as Equation (5). 

 

 (5) 
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The autocorrelation function gives the probability that 

two pixels separated by a distance u belong to the phase 

under consideration. The φℑ porosity and the 

autocorrelation function Cℑ(u) correspond to the first two 

moments of the phase function Zℑ(r). For a 2D binary 

image, one can define another function called 

connectivity, as being the probability that a rope (a line 

segment with the end at the phase interfaces) randomly 

chosen at the pore phase or matter phase, with a certain 

length u, belongs to the phase object of study (Torquato, 

1993). The procedure consists in launching a large 

number of ropes with sizes larger than the dimensions of 

the image, and count the number of rope sections that are 

totally located in the interior of the chosen phase ℑ and, 

furthermore, belong to the same connected component of 

phase ℑ. Thus, the connectivity function can be defined 

as (Fernandes et al., 1996) Equation (6). 

 

  (6) 

 

Another property commonly used in the characterization 

of porous space is the permeability. Permeability is the 

property that refers to the measure of the ability of a 

porous medium to allow fluid flow. When only one fluid 

entirely fills the porous space, one gets the absolute or 

intrinsic permeability, which depends entirely and solely 

on the porous space configuration. According to Darcy's 

model, considering unidirectional flow at low speed, in a 

sample of length l and cross-sectional area A, subjected 

to a pressure difference P, one can calculate the flow 

rate Q as Equation (7). 

 

                  

 (7) 

 

where k is the absolute permeability of the medium and µ 

is the fluid viscosity. In the International System of 

Units, permeability is expressed in m
2
, but usually the 

unit used is the Darcy (D), with 1D = 0.987×10
-12

 m
2
. In 

the present research effort, the permeability was 

determined by the Fast k method (Damiani et al., 2000) 

using the software IMAGO® (Imago® User Manual, 

2002). To determine the permeability via this method, 

one assumes a cubic domain, where the structure of the 

material is represented as the superposition of several 

mono-scale percolation networks, where in each network 

the elements that represent the pores and the solids are 

arranged in a random fashion. The input data are the pore 

size distribution and the solid size distribution. Assuming 

a Poiseuille flow, the permeability as calculated by the 

Fast k method, for a pore of class i with diameter di is 

calculated as Equation (8). 

 

       (8) 

 

with the pore size distribution obtained from 2D images. 

 

3. RESULTS AND DISCUSSION 

The microstructure of porous materials, such as those 

presented by chitosan scaffolds, have complex 

geometries involving both the form and the distribution 

and connectivity of pores. The chemical composition of 

these scaffolds plays an important role, since they are 

related to the properties of biocompatibility and 

biodegradability of the biomaterial which, added to the 

physical characteristics, will indicate whether the 

scaffold porous matrix meets the minimum requirements 

needed for cell colonization. Ideally, all physical and 

chemical tests should be performed on the scaffold itself 

that is intended to be implanted. For this to be possible, 

non-destructive tests should be carried out. Within this 

context, the physical analyzes performed to the chitosan 

scaffolds under study are presented next. Figure 1 

displays the three-dimensional tomographic images of 

the several scaffolds, obtained by direct volume 

rendering, being (a) Ch scaffold, (b) Ch/NaAlg scaffold, 

(c) Ch/NaAlg/CaCl2 scaffold and (d) Ch/NaAlg/HA 

scaffold. 

 

 
Figure 1: Reconstructed three-dimensional tomographic images of the scaffolds using direct volume rendering, 

for (a) Ch scaffold, (b) Ch/NaAlg scaffold, (c) Ch/NaAlg/CaCl2 scaffold and (d) Ch/NaAlg/HA scaffold. 
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The three-dimensional structures of the scaffolds shown 

in Figure 1 present different morphological 

characteristics, whose quantification was done by 

measuring the porosity, pore size distribution, the spatial 

correlation function and connectivity of the pores, the 

permeability of the porous structure, among other 

parameters. Table 1 displays the main geometric 

parameters quantified in the present research effort. 

 

Table1. Geometric parameters of the chitosan-based scaffolds prepared. 

Scaffold type 
Total porosity 

(%) 

Permeability 

(×10
-10

 m
2
) 

Closed 

porosity (%) 

Radius (µm)/ 

percentage of 

maximum occurrence 

of pores (%) 

Connectivity 

density of 

material/pores 

(×10
7
 mm

-3
) 

Ch 64.0 ± 2.5 1.12 ± 0.15 0.36 95 (24) 9.3 / 9.4 

Ch/NaAlg 75.0 ± 0.5 1.50 ± 0.04 0.23 85 (45) 24.4 / 8.9 

Ch/NaAlg/CaCl2 77.6 ± 0.6 2.00 ± 0.12 0.25 100 (30) 9.1 / 4.5 

Ch/NaAlg/Hap 91.8 ± 0.3 18.20 ± 0.92 0.17 260 (13) 1.3 / 0.4 

 

The scaffolds showed distinct physical properties, with 

porosity values ranging between a minimum of 64% and 

a maximum of 92%. An important feature exhibited by 

all the scaffolds examined in the present study is the 

small presence of closed pores (< 0.36%), which 

increases both the permeability and connectivity, 

ensuring that the transport of nutrients into the core of 

the scaffold is maximized. One way to visualize how the 

pores are distributed within the structure of the scaffolds 

is by reconstructing the three-dimensional scaffold 

structure (both pores and matter), using mathematical 

models. Figure 2 displays the three-dimensional 

tomographic images of the scaffolds, reconstructed using 

the mathematical algorithm Double-Time Cubes (25), 

being: (a) Ch scaffold (Vol = 26 mm
3
), (b) Ch/NaAlg 

scaffold (Vol = 30 mm
3
), (c) Ch/NaAlg/CaCl2 scaffold 

(Vol = 30 mm
3
) and (d) Ch/NaAlg/HA scaffold (Vol = 

32 mm
3
), with the dark color (brown) representing the 

solid phase and the light color (gray) representing the 

porous phase of the scaffold. All the images were 

reconstructed using a volume of approximately 30 mm
3
, 

which is about the minimum volume representative of 

the object. From the visual analysis of the images shown 

in Figure 2, it can be observed that all have a high 

porosity with connected pores, with image (b) visually 

exhibiting pores with smaller diameters than the rest of 

the scaffolds, and image (d) visually exhibiting pores 

with larger diameters. 

 

 
Figure 2: Reconstructed three-dimensional tomographic images of the scaffolds using the mathematical 

algorithm Double-Time Cubes, for (a) Ch scaffold (Vol = 26 mm
3
), (b) Ch/NaAlg scaffold (Vol = 30 mm

3
), (c) 

Ch/NaAlg/CaCl2 scaffold (Vol = 30 mm
3
) and (d) Ch/NaAlg/HA scaffold (Vol = 32 mm

3
), with the dark color 

(brown) representing the solid phase and the light color (gray) representing the porous phase. 

 

As a way of quantifying the physical properties of the 

scaffolds, Figure 3 displays the connectivity function for 

the several scaffolds, which provides the probability that 

two pixels separated by a distance u belong to the porous 

matrix and be in the core of the same pore, i.e. are 

connected. In Figure 3, curves (a), (b), (c) and (d) show 

that pixels belonging to the porous phase, whose 

separation is approximately lower than 200 μm, 150 μm, 

250 μm and 350 μm, respectively, show an increase in 

the spatial correlation and connectivity, thus indicating 

the expected average diameter for the pores. 
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Figure 3: Connectivity as a function of the separation distance, u (dispersion), of the pixels, for (a) Ch scaffold, 

(b) Ch/NaAlg scaffold, (c) Ch/NaAlg/CaCl2 scaffold and (d) Ch/NaAlg/HA scaffold. 

 

The fact that two pixels belong to the same phase, i.e. 

being correlated, does not guarantee that they are in the 

core of the same pore, i.e. are connected. For all 

scaffolds analyzed in this work, the functions spatial 

correlation and connectivity showed a great similarity, 

indicating that the porous space is highly correlated, that 

the pores are connected and that the percentage of closed 

pores is small, thus favoring the transport of nutrients 

into the core of the scaffolds. Another important factor 

used in the characterization of a porous structure is the 

pore size distribution. Figure 4 displays the pore size 

distributions for the scaffolds utilized in the present 

research effort: (a) Ch, (b) Ch/NaAlg, (c) 

Ch/NaAlg/CaCl2 and (d) Ch/NaAlg/HA. By analyzing 

the distributions in Figure 4, one notices that the 

maximum frequency of pores for the scaffolds Ch, 

Ch/NaAlg, Ch/NaAlg/CaCl2 and Ch/NaAlg/HA, occurs 

for pores with radii around 95 μm, 85 μm, 100 μm and 

260 μm, with a frequency of 24%, 45%, 30%, and 13%, 

respectively. The scaffold of Ch/NaAlg was the one that 

presented the highest frequency of pores with smaller 

radii, while the scaffold Ch/NaAlg/HA was the one that 

presented the highest occurrence of pores with larger 

radii. The scaffold of Ch/NaAlg has more than 40% of 

the pores centered around 85 μm and another 45% not 

differing more than 30% of the central value. This shows 

that the scaffold Ch/NaAlg exhibits a high uniformity in 

pore size distribution. 

 

 
Figure 4: Pore size distribution for (a) Ch scaffold, (b) Ch/NaAlg scaffold, (c) Ch/NaAlg/CaCl2 scaffold and (d) 

Ch/NaAlg/HA scaffold. 

 

The pore distribution of the scaffold Ch/NaAlg/CaCl2 

presents approximately 60% of the pores with a radius of 

100 μm and pores with a maximum radius around 250 

μm. The scaffold of Ch/NaAlg/HA was the one that 

presented the most significant differences compared to 

the others, since beside having larger pores, with pore 

size distribution centered around the radius of 260 μm, 

its pores extended up to a radius of 650 μm, exhibiting a 

porous structure quite different from the other scaffolds. 

The knowledge of pore size distribution and their density 

in the ECM is important, since these factors directly 

influence the tissue growth. To be able to grow in an 
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ECM, each tissue requires a specific pore size 

distribution, depending on the diameter of the cells in 

suspension that are desired to grow in the ECM. The data 

obtained in the research work entertained herein, 

pertaining to pore size distribution, indicates that the 

scaffolds of Ch, Ch/NaAlg and Ch/NaAlg/CaCl2 would 

be appropriate for the growth of osteoid (the 

unmineralized, organic portion of the bone matrix that 

forms prior to maturation of bone tissue) and bone tissue 

regeneration, since for growing these tissues require 

pores with radii of the order of 20 μm up to 175 μm. The 

scaffold made of Ch/NaAlg/HA, by having larger pores, 

might be used as support for growth of fibrovascular 

tissue, since for growing and for a rapid vascularization 

with concomitant survival of transplanted cells, this 

tissue requires pores with radii of the order of 250 μm. 

Another important factor for the success of tissue growth 

is the uniformity of the ECM. From the data displayed in 

Table 1, one can see that the scaffolds produced have a 

high density of connections, both in the porous phase and 

in the solid phase, indicating a great uniformity in the 

ECM. Finally, to ensure that an ECM succeeds, with 

respect to tissue growth, the amount of closed pores must 

be small so as to permit an adequate fluid flow within the 

ECM. One way to quantify such fluid flow is by 

measuring the permeability of the ECM. Table 1 shows 

that all the scaffolds used in this study presented a closed 

porosity smaller than 0.36% and a permeability ranging 

from approximately 1×10
-10

 m
2
 to 18×10

-10
 m

2
, wherein 

the scaffold with higher permeability was Ch/NaAlg/HA, 

since this scaffold presents the highest total porosity, the 

smallest closed porosity, and pores with larger 

dimensions and highly correlated and connected. The 

data in Table 2 provides a comparison of the scaffold 

porosity and permeability obtained in this study, with 

results published in the specialty literature. No data was 

found in the literature concerning measures of the 

permeability of scaffold structures made of chitosan, 

comparable to those of the present study. When 

comparing the values of permeability produced in the 

present research effort (1×10
-10

-18×10
-10

 m
2
) with the 

data gathered in the specialty literature for similar 

systems used for tissue regeneration, a clear agreement 

was found. 

 

Table 2. Comparison of the data obtained in the present research effort with values reported in the specialty 

literature. 

Scaffold system 
Porosity 

(%) 

Permeability 

(×10
-10

 m
2
) 

Reference 

Ch 64.0 ± 2.5 1.12 ± 0.15 This work 

Ch/NaAlg 75.0 ± 0.5 1.50 ± 0.04 This work 

Ch/NaAlg/CaCl2 77.6 ± 0.6 2.00 ± 0.12 This work 

Ch/NaAlg/Hap 91.8 ± 0.3 18.20 ± 0.92 This work 

Ti alloy 

(Ti6Al4V) 
56.7 0.52 ± 0.04 

Truscello et al., 

2012 

PLLA 72.9 2.43 ± 0.15 

Acosta 

Santamaría et 

al., 2012 

Wax 30 - 70 1.5 - 15 
Dias et al., 

2012 

45S5 Bioglass
®
-

based 
90 - 95 19.6 ± 1.1 

Ochoa et al., 

2009 

Hydroxyapatite 72 - 80 4 - 32.4 
Innocentini et 

al., 2009 

PPF 50 - 64 15 - 23 Lee et al., 2006 

BCP Dytech 80 1 Li et al., 2003 

Hydroxyapatite 72 - 90 0.122 - 4.31 
Sepulveda et 

al., 2001 

Human–proximal 

femur 

(longitudinal) 

----- 27.6 
Lim and Hong, 

2000 

Human–proximal 

femur 

(transverse) 

----- 1.2 
Lim and Hong, 

2000 

Human–

calcaneal 
78 - 92 4 - 110 

Grimm and 

Williams, 1997 

Human–proximal 

tibia 
----- 76.8 

Beaudoin et al., 

1991 
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By comparing the permeability data produced in the 

present study with values obtained for the permeability 

of human bone tissue, we observe that the values have 

the same order of magnitude, supporting the conclusion 

obtained from the analysis of pore size distribution. 

Finally, comparing the average permeability values 

produced in this study to those encountered in the 

literature, due to similarity, one may conclude that the 

method used to obtain the scaffold permeability (Fast k 

method) provides results within the range of expected 

values.  

 

4. CONCLUSIONS 

Chitosan-based scaffolds were produced using four 

distinct formulations. For each scaffold, two- and three-

dimensional tomographic images were obtained. Direct 

volume rendering techniques were used (Lacroute, 1995; 

Oliveira Jr. et al., 2005) together with the mathematical 

algorithm Double-Time Cubes (Bouvier, 2000), to obtain 

the tomographic images in 3D, departing from 2D 

images. The analysis of tomographic images (2D or 3D) 

provided the physical parameters used in the topological 

and morphological characterization of the scaffolds, 

being the main parameters obtained porosity, 

connectivity function, pore size distribution and 

permeability. When analyzed together, all these 

parameters allowed the morphological and topological 

characterization of the scaffolds. It was possible to 

determine for which types of tissue growth each of the 

scaffolds would be more appropriate. The values 

produced for the porosity, added to the information of 

pore size distribution and to the permeability data, 

indicate that the scaffolds Ch, Ch/NaAlg, and 

Ch/NaAlg/CaCl2 would be appropriate for the growth of 

osteoid and regeneration of bone tissue, whereas the 

scaffold Ch/NaAlg/HA (although presenting larger 

pores) could be used as support for the growth of both 

bone tissue and fibrovascular tissue. The values 

produced for the porosity (60-92%) and permeability 

(1×10
-10

-18×10
-10

 m
2
) are within the range of values 

reported in the literature. No data was found in the 

literature for scaffolds similar to those produced and 

used in the present study, to serve as a benchmark for 

permeability data. When comparing the scaffold 

permeability data obtained in this study with published 

data for other systems and for human bone tissue, it was 

found that the permeability of the scaffolds obtained by 

the Fast k method has the same order of magnitude. It 

has been shown, in the present research effort, that it is 

possible to perform a complete microstructural 

characterization of a scaffold, departing only from high 

resolution tomographic images of the scaffold. 
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