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2.1 3D porous structures: porosity and other relevant
morphological parameters

Three-dimensional (3D)porous structures find applications in thebiomedical fieldmainly

as scaffolds for tissue engineering and regenerative medicine, as for most tissues (e. g.,

bone tissue,bloodvessel,muscle tissue)aporous supportguidinggrowing tissue is crucial.

Their characterization appears to be fundamental, as thearchitectural parameters, porosity

in particular, but also pore size and interconnectivity [1,2], strongly affect themechanical

and biological performance of the 3D structures [2,3], and thus their functionality.

Effective techniques, able to provide information on scaffold morphological

properties, are required at the initial stages of research and development, so to design

scaffolds with the optimal properties for the specific application. In addition, since the

biological performance of the scaffolds should be evaluatedwith respect to their ability

during time to favor cell adhesion, proliferation, and extracellularmatrix production, an

analytical technique capable of monitoring the evolving steps of a cell/tissue-

biomaterial interaction experiment, both in vitro and in vivo, can be very useful. The

need for measurements and standard rules to be applied for scaffold characterization

is well identified by scientists and regulators [4], and the debate about that is vivid.

Among the morphological parameters to be analyzed (Table 2.1), porosity is the

most often quoted [5], as it would influence scaffold mechanical properties and

scaffold-cell interactions. Considering the description reported in Table 2.1, porosity

does not provide any clue regarding how pores are distributed through the sample.

Porous materials can present three different pore types [2,3,5], as schematically

shown in Fig. 2.1: enclosed pores isolated within a matrix (red), open pores or

through pores connecting the outer surface of the scaffold (blue), and blind-end pores

in contact with an exposed internal or external surface through a single orifice (green).

All these kinds of pores play a role in biomedical applications of 3D structures.

In particular, through pores are essential for scaffold function, i.e., mechanical and

structural supportof thenewly forming tissue, andarecorrelated toanother fundamental

property, that is, pore interconnection (Table 2.1). Besides porosity and interconnectiv-

ity, also pore size, defined as the average pore diameter, is a key micro-architectural
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Fig. 2.1 Schematic

representation of the different

pore types that can exist

within a scaffold: closed

pores (red), open pores

(blue), and blind-end pores

(green) A indicates pore

cavity and B indicates pore

throat [2].

Table 2.1 Main morphological features to be analyzed for scaffold
characterization

Property Description

Porosity Ratio between the total pore volume (Vt) and the sum of pore volume and

scaffold material volume (Vt+Vs)

Pore size Average pore diameter

Wall size Average size of the wall/strut separating the pore

Interconnection Ratio between the volume of the interconnected pores (Vi) and the sum

of interconnected porosity and closed porosity (Vi+Vc)

Anisotropy Not homogeneous orientation of the scaffold struts and pores
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parameter to be considered and controlled, as it can influence cell attachment and

penetration.

Several techniques for the assessment of scaffold morphological properties have

been proposed, including microscopy observation, mercury porosimetry, gas pycno-

metry, and capillary flow porometry. A recently published review [3] provides

information about all cited techniques. It is here worth noticing that a single technique

is often limited and suitable only for the assessment of a specific parameter, and

each of these techniques has several drawbacks. For these reasons, a combination of

different techniques is often required so to achieve an in-depth study of themorphologic

properties of the scaffold. Table 2.2 presents in a schematic way each technique, spec-

ifying achievable parameters, advantages and disadvantages.

2.2 Morphological characterization by microscopy
observation

Image analysis based on microscopy observation is one of the most popular approach

to study the structure of 3D porous structures and scaffolds for tissue engineering,

and for obtaining quantifiable data on pore sizes and the overall level of porosity,



Table 2.2 Achievable information, advantages and disadvantages of
some important techniques that can be used for the
characterization of 3D porous structures

Technique

Achievable

morphological

parameters Advantages Disadvantages

Microscopy observation

(optical microscope, SEM

and TEM)

Qualitative

assessment of

morphology, strut

and pore size,

pore

interconnection,

cross-sectional

area, and

anisotropy

Simple, not

expensive and not

time-consuming

technique; low or

very low

preparation of the

sample (except for

TEM)

Quantitative data

achievable only

by the use of

image analysis

software;

concerns in

focusing

materials with

low opacity (i.e.,

polymers),

artifacts, and

edge effects due

to scaffold

preparation (for

SEM and TEM)

Gas pycnometry Open porosity Technique usable to

almost all the

materials,

preparation of the

sample is not

needed

Only open

porosity can be

achieved;

technique

sensitive to

change in room

pressure and

temperature

Mercury porosimetry Open porosity,

pore size, and

pore size

distribution

Able to quantify

different

morphological

parameters

Safe risks related

to the use of

mercury,

destructive

technique, high

pressure applied

can lead to

artifacts in

measures

Flow porosimetry Minimum,

maximum, and

mean pore size

Almost user

friendly technique,

mainly used for the

analysis of filtration

membranes

closed and blind

pores cannot be

analyzed

Characterization of morphology 23



24 Characterization of Polymeric Biomaterials
being a simple, not expensive, and not time-consuming technique. The ASTM

Standard Guide for Interpreting Images of Polymeric Tissue Scaffolds F2603-06

[6] provides fundamental factors that have to be considered in obtaining and

interpreting images of tissue scaffolds, including selection of the best microscopy

technique according to the material to be analyzed, instrument resolution and image

quality, quantification, and sample preparation.

Optical microscope can be used to obtain images of the surfaces of tissue scaffolds.

Themain advantage of this technique is the minimal specimen preparation needed, but

its use is strongly limited by the low opacity of most of the materials used for scaffold

fabrication and by the difficulties in focusing 3D porous structures [7].

BothTransmissionElectronMicroscopy (TEM) andScanningElectronMicroscopy

(SEM) can be used to image sectioned scaffold surfaces or sections, interpreting the

images by the use of image analysis software packages to generate data concerning

the shapeofporeswithin the scaffold, theirmean size, anddistribution [8,9]. In addition,

SEMenables avisual estimationof interconnectivity, cross-sectionarea, andanisotropy

of the pores. The estimation of both permeability and tortuosity can be made from 3D

virtual images generated from TEM images of serially sectioned samples [7].

As previously mentioned, both optical microscope and SEM are used for the mor-

phological characterization of porous scaffolds in almost all the research papers present

in the scientific literature. A very interesting approach is proposed by Guarino et al. in

[10]. According to ASTM F2603-06 Standard Guide [6], the Authors developed a

method for SEM image processing, to provide general shapemetrics to compare results

of an edge-based algorithm for segmentation, implemented on poly-ε-caprolactone
porous scaffolds by a self-implemented MATLAB code, with the computer-aided

manual segmentation provided by the software ImageJ. By this method, they were able

to calculate also pore interconnection degree. The values of porosity percentage and

average pore size obtained by this method resulted in strong agreement with the values

experimentally obtained by mercury intrusion porosimetry (cfr. 2.5).

On the contrary, TEM is not so often applied in 3D structure characterization,

requiring more efforts in scaffold preparation and being more time consuming.

For this reason, some literature examples about the use of TEM in 3D porous structure

characterization are here reported. In a recent paper [11] Sadeghzade et al. assessed

the morphological properties of baghdadite nanostructured scaffolds for bone tissue

engineering by use of SEM and TEM. In particular, SEM was used to investigate

the pore morphology and analyze the scaffold surface, while TEM, thanks to the very

high magnification that can be reached, was useful to evaluate the grain size and

the morphology of powder used to produce the scaffolds. TEM can be successfully

used also to morphologically characterize 3D porous nanocomposites, in particular

to evaluate the dispersion of the nano-sized loading in the matrix, as performed

by Pal et al. [12]. Furthermore, TEM is extremely effective in assessing the morphol-

ogy of nanofibrous polymeric scaffolds and matrices, analyzing in particular the

dimension and morphology of the fibers [13,14]. Castillo-Ortega et al. [14] were able

to observe the structure of cellulose acetate-poly(vinyl pyrrolidone) fibrous mem-

brane obtained by electrospinning before and after the release of epicatechin

(Fig. 2.2).



Fig. 2.2 TEM micrographs of a cellulose acetate-poly(vinyl pyrrolidone) electrospun fiber

before (A) and after (B) epicatechin release. Fiber dimensions are measured, indicating core and

shell of the fiber. Scale bar¼0.5 μm [14].

50 nm

(A) (B)

50 nm

Fig. 2.3 Bright field TEMmicrographs of a bioactive glass specimen near the surface (A) and at

the center of the sample (B). Scale bar¼50 nm [15].
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At the same way, the nanopore network of 3D nano-macro porous bioactive glass

scaffolds can be very well visualized and analyzed by use of TEM (Fig. 2.3) [15].

There is a high degree of uncertainty in the reliability of quantitative data derived

from electron microscopy examination of soft or highly hydrated soft polymer-based

scaffolds, due to the presence of artifacts and edge effects created during sample

scanning and observation. These problems may be overcome by using environmental

SEM, as it is possible to analyze the sample not under vacuum, thus reducing the

possibility to distort soft polymer scaffolds. In addition, microscopy observation

techniques consider very small area of the specimen (i.e., 500 μm�500 μm) that

cannot be representative of the whole scaffold.
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Therefore while SEM or other microscopic techniques provide a sharp and realistic

view of the 3D scaffold structure with large depth of field, the important pore archi-

tectural features of the scaffolds, such as porosity, pore and strut size distribution, and

interconnectivity of the 3D pore space cannot be fully quantified, as the observation is

related only to a specific area of the specimen and it does not take into account the 3D

structure of the material. Therefore, in general, these image-based techniques are used

for a preliminary assessment of the scaffold morphology and to qualitatively estimate

pore shape, size, and distribution.

2.3 Determination of porosity by density measurements

Density measurements and theoretical methods are often used, combined with SEM

observation, to characterize scaffold morphology, but they are useful only to evaluate

the porosity of the 3D structure.

An estimation of the scaffold pore volume can be obtained using the relationship

between density and volume, providing that the density of the bulk material, ρM, used
to produce the scaffold is known. The mass of the sample, mS, can be easily measured

to a high level of accuracy, and for hygroscopic materials after drying the sample to

constant weight to avoid any measured artifact due to humidity. The volume VT of the

sample is determined by measuring the sample dimensions. However, this measure-

ment could be particularly difficult when measuring the volume of a sample with

irregular shape or made by a very soft material. In fact, soft structure can be flattened

when measuring their dimensions by the use of a caliper. Irregular shape can instead

cause problems in obtaining a precise and average linear dimension.

The volume of pores within the samples, VP, is then calculated according to

Eq. (2.1):
VP ¼VT� mS

ρM
(2.1)

the percentage porosity is V /V �100.
and P T

Some of the issues arising by the use of density measurements can be overcome by

applying the Archimedes Principle (i.e., buoyancy method) [2,5,16], which states that

the volume of liquid displaced by an object completely immersed in it is equal to the

volume of the object. In this method (Fig. 2.4), the dry weight WDRY of the sample is

measured. Then the specimen is put in a liquid, for example, water, under negative

pressure to allow the complete penetration of the water within the structure and the

submerged weight WSUB is recorded. The specimen is removed from water and its

wet mass WWET is measured. The apparent porosity value, i.e., the ratio of total vol-

ume of open pores in a porous body to its bulk volume can be obtained by Eq. (2.2):
Porosity¼WWET�WDRY

WWET�WSUB

(2.2)

main drawback of the Archimedes method is that it is not appropriate for hydro-
The

phobic materials, as water could not penetrate into the pores because of the lack of
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Fig. 2.4 Archimedes method to evaluate structure porosity [2].
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affinity between the water and the hydrophobic surface. For moderately hydrophobic

materials the consistency of repeated measurements can be significantly improved by

exposing the sample to an extended period of soaking and agitation until WSUB

becomes stable [5]. Furthermore, in hydrophilic polymeric structures water can induce

shrinkage or swelling, thus creating artifacts.

The density-based method for porosity evaluation allows estimating the total free

space (i.e., volume of open pores, blind-end pores, and closed cells) of a specimen/

scaffold. This value could be useful, but it has limited practical relevance, since it does

not take into account the different types of pores composing the whole porosity, and

therefore they are relevant only for 3D structure in which the proportion of enclosed or

blind-end pores is negligible.

Density-based methods are quite often applied in research works to assess the

porosity of 3D structures. For example, Chen et al. [17] evaluated the porosity of

electrospun polyurethane-collagen mats by calculating the mats’ apparent density

(as ratio between mats mass and mats volume) and dividing it by the material bulk

density. Obtaining a precise measure of the mat linear dimensions (needed to calculate

the mat volume) is very difficult, and this inaccuracy can lead to a not reliable value of

porosity. The authors highlighted also the difficult quantification of the bulk density of

the material [17]. Vitale-Brovarone et al. [18] used the same method described earlier

to calculate the porosity of 3D porous glass-ceramic scaffolds for bone tissue regen-

eration. They did not report any difficulty in measuring sample linear dimensions, as

the scaffolds they developed were rigid and with regular shape.

Kalantari et al. [19] applied the Archimedes principles, combined with the

software Image Tool, to quantify the porosity of scaffolds made of titanium alloy

(i.e., Ti-6Al-4V), loaded with magnesium (Mg) powder. They verified the increase

in scaffold porosity by increasing the Mg content (from 47%�6% without Mg to

64%�10% for samples containing 60% volume of Mg) and the presence of micro

and macro pores within the scaffold structure (Fig. 2.5).

Yang et al. [20] developed a modified Archimedes method to evaluate the porosity

of poly(L-lactic acid) and poly(L-lactic-co-glycolic acid) scaffolds. In particular,

ethanol, instead of water, was used as displacement liquid. A density bottle filled with

ethanol was weighed (W1). A scaffold sample of weight WS was immersed into the



100 µm

Fig. 2.5 Micro and macro pores in

the scaffold morphology. Scale

bar¼100 μm [19].
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density bottle, and the air bubbles in the scaffold pores were eliminated under vacuum,

so to allow the penetration of the ethanol within the pores. Then the density bottle was

fully filled with ethanol and weighed (W2). The scaffold saturated with ethanol was

taken out of the density bottle and then the density bottle was weighed (W3). The

porosity was then calculated according to the formula (2.3):
Porosity¼W2�W3�Ws

W1�W3

(2.3)

were able to demonstrate that porosity increases with the porogen weight
They

fraction, obtaining a good correspondence between the porosity and the weight

fraction values.
2.4 Gas pycnometry

A gas pycnometer can be used for measuring the density or more accurately the

volume of solids using method of gas displacement, by applying the pressure relation-

ship known as Boyle’s law. A gas pycnometer is also sometimes referred to as a

helium pycnometer [21].

While pycnometers are recognized as density measuring devices, these devices

merely measure volume. Density is simply calculated as the ratio of mass to volume,

mass being invariably measured on a discrete device, usually by weighing [22]. The

volume measured in a gas pycnometer is that amount of 3D space which is inacces-

sible to the gas used, i.e., that volume within the sample chamber fromwhich the gas is

excluded. Therefore the volume measured considering the finest scale of surface

roughness will depend on the atomic or molecular size of the gas. Helium therefore

is most often prescribed as the measurement gas, as it is inert and composed by

molecules of small size, and therefore the most ideal gas [21].
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Fig. 2.6 Schematic representation of gas pycnometry equipment for porosity evaluation [2].
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By the use of a gas pycnometer, the porosity can be assessed by detecting the

pressure change due to the displacement of the gas by the material (Fig. 2.6).

The porosity of a sample is calculated by a simple equation (Eq. 2.4) from the open

pore structure divided by the solid body:
Porosity¼Vg�Vi

Vg

�100 (2.4)

e V is the geometrical volume, i.e., the volume of the specimen determined by
wher g

measuring its geometrical dimensions, and Vi is the impenetrable volume, that is the

volume of the test specimen into which gas cannot penetrate, under the test conditions.

The main drawback with this technique is that it cannot differentiate between open

and closed pores. In fact, the closed pores cannot be penetrated by gas, and so the

volume of the closed pores is included in the impenetrable volume Vi, together with

the volume of the material (solid volume). Additionally, helium may however

demonstrate some measurable permeability through low density solids (polymers

and cellulosic materials predominantly) thus interfering with the measurement of solid

volume. In fact in this case also the solid volume, i.e., the volume of the material itself,

would result to be penetrable to the gas, even if it has to be encountered in the impen-

etrable volume Vi. In such cases the use of larger molecule gases, such as nitrogen, is

beneficial [23]. Adsorption of the measuring gas should be avoided, as should exces-

sive vapor pressure from moisture or other liquids present in the otherwise solid sam-

ple. For these reasons, the sample should be pretreated in a vacuum oven to remove

volatiles that can interfere with the measured gas. The contribution of the instrument

to measure inaccuracy is, for the most part, confined to leaks and temperature insta-

bility or temperature gradients. The measure obtained by gas pycnometer is, in fact,

based on the displacement of the gas that is related to a change pressure according to

the Boyle’s law. The Boyle’s law requires performing the measurements at fixed and

constant temperature, so the room temperature should be set and monitored during the

analysis. Another source of error that has to be taken into account relies in the diffi-

culty in taking accurate linear dimensions (i.e., the dimensions used to calculate the

volume) of the specimen to be tested so to calculate the volume of the specimen, in

particular when working with flexible materials.

The gas pycnometry method was quite often used in the early 2000s to evaluate

scaffold porosity [24,25]. More recently, Enrione et al. [26] measured the porosity

of gelatin/chitosan/hyaluronic acid scaffolds by use of a gas pycnometer with helium
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Fig. 2.7 Porosity of the different scaffold formulations obtained by varying gelatin and

crosslinking agent concentration [26].
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as displacement gas, and they were able to assess the influence of the scaffold

composition on the morphological properties, in particular on porosity (Fig. 2.7).

Helium pycnometer can be used also to evaluate the bulk volume of porous acrylic

matrices loaded with ibuprofen, as performed in [27].

2.5 Mercury porosimetry

Porosimetry is an analytical technique used to determine material’s pore structure, in

particular pore size and pore size distribution, by intrusion of a liquid. Mercury, a non-

wetting liquid, is intruded into the porous structure with increasing pressure. The pore

size can be calculated by Washburn’s equation:
D¼�4γ cosϑ

P
(2.5)

reD is the pore diameter, γ is the surface tension of mercury, θ is the contact angle
whe

of mercury, and P is the differential gas pressure. Using the Washburn equation, pore

sizes and pore volume distribution by pore size are calculated [28].

Fig. 2.8 helps to explain the technique ofmercury porosimetry. The sample is placed

inside the intrusion chamber that has to be evacuated to remove contaminant gases and

vapors. The intrusion chamber is filled with mercury until a maximum pressure, at

which time the total intrusion volume reached a plateau. This creates an environment

consisting of a solid (the sample), a nonwetting liquid (mercury), and mercury vapor.

Pressure is increased toward ambient pressure, so to allow the derivation of apparent

scaffold volume, while the volume of mercury entering larger pores is monitored.
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Fig. 2.8 Mercury porosimetry technique for pore size evaluation. At ambient pressure, the

sample is enveloped by mercury (A). As mercury pressure increases, the large pores (1) are

filled with mercury first (B). Pore sizes and pore volume distribution by pore size are calculated

as the mercury pressure increases. At higher pressures (C), mercury intrudes into the fine pores

(2) and when the pressure reaches a maximum, total open pore volume and porosity are

calculated. The closed pores (3) are neglected in this assay as they are not intruded with

mercury [2].
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Maximum pressure is attained by means of incremental steps to promote mercury

intrusion. Atmaximumpressure, the total volume of the intrudedmercury ismeasured,

enabling the derivation of total open pore volume and porosity [2,3].

This technique is excellent for measuring materials characterized by small pore

sizes and low porosity, such as ceramics.

Important information on material’s physical and morphological properties (e.g.,

pore tortuosity, sample compressibility, permeability, density, pore cavity-to-pore

throat ratio, and pore cavity size distribution) can be obtained analyzing the intrusion

and extrusion curves, obtained by plotting the cumulative volumes of mercury, respec-

tively, when intruding and extruding the mercury varying the applied pressure.

According to the shape of the pores, the extrusion curve usually does not follow the

same plotted path as the intrusion curve. Therefore the intrusion and extrusion curves

contain different information about the pore network. Hysteresis in intrusion and
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extrusion curves is attributable to pore shape. Hysteresis loops of various shapes often

are observed and many do not close when pressure is reduced; this can be attributed to

large cavities being interconnected by smaller pore throats. In fact, although large pores

fill at low pressures, a large cavity connected to the surface by a small throat cannot fill

until the pressure is sufficient to fill the smaller connecting throat. Upon decompres-

sion, the small throat empties at the same pressure at which it is filled, but the large

cavity behind the throat remains filled. The pore will empty at the lower pressure asso-

ciated with its radius or it may not empty at all if the path to the surface is composed of

pores of too different sizes. So, intrusion of mercury into a cavity is controlled by the

size of the pore throat radius while the radius of the cavity and its connectivity controls

extrusion ofmercury from the cavity.Applying these considerations, pore cavity-to-pore

throat ratio and the distribution of pore cavity sizes associated with pore throat sizes can

be calculated [29].

Another parameter that can be obtained by intrusion and extrusion curves is per-

meability, that is, the inherent ability of a porous material to transmit a fluid and is a

property of the material itself. Permeability is related to porosity as it can be consid-

ered the “proportionality constant” linking fluid flow rate to applied pressure across a

porous material. There have been many attempts to relate permeability to some

relevant microstructural parameters, and the work of Katz and Thompson provides

an important contribution to mass transport studies in facilitating the prediction of

fluid permeability of materials from mercury injection data [30,31].

However, this technique does not inform the user about porous structure’s intercon-

nectivity, strut/wall thickness, anisotropy, and cross-sectional area, nor closed pores, as

mercury does not intrude into closed pores. Other drawback is that the samples need

to be discharged afterward since mercury is toxic and therefore the technique destruc-

tive. The penetrometers, in which the samples are placed, are made of glass and have

a brittle nature, and therefore they need to be handled carefully to avoid mercury

spillage [32].

Despite some drawbacks, mercury porosimetry is widely used for the assessment of

scaffolds’ morphological properties. Table 2.3 summarizes some research works in

which mercury intrusion porosimetry was applied to evaluate porous structures’

porosity.

As reported in Table 2.3, mercury intrusion porosimetry was used for characteri-

zation of several types of scaffold, produced with very different materials and there-

fore characterized by completely different physical and mechanical properties. Not

always this method can be applied without introducing artifacts and errors affecting

the obtained results. Particular attention has to be paid when analyzing scaffolds made

by very soft materials (i.e., natural polymers) or with low thickness (i.e., electrospun

mats and scaffolds). Furthermore, several authors [39–41] report misestimation of

porosity and pore size, mainly due to the technique limits highlighted as follows

(e.g., high pressure that can break the pore walls, limits in analyzing pore with dimen-

sions higher than 250 μm, hypothesis of cylindrical pore shape). An incoherence

between micro-CT results and mercury porosimetry data can be detected both in pore

size (Fig. 2.9A) and in void fraction percentage (Fig. 2.9B). In both cases, mercury

porosimetry seems to overestimate the morphological parameters.



Table 2.3 Scientific papers describing mercury porosimetry to
characterize the scaffold porosity

Materials and type of

structure

Morphological

parameters

analyzed Main results Reference

Poly-ε-caprolactone
porous scaffolds

obtained by thermally

induced phase

separation and salt

leaching technique

Porosity and

average pore size

Results in strong

agreement with SEM

image processing and

analysis

[10]

Collagen crosslinked

with 2,3-dialdehyde

cellulose foams

obtained by freeze-

drying

Porosity, pore size,

pore size

distribution, and

surface area-to-

pore volume ratio

Crosslinking causes a

significant decrease in

pore size; values of

pore size comparable

to the ones obtained by

SEM observation and

image software

analysis

[33]

Poly(L-lactide-co-ε-
caprolactone) scaffolds

obtained by thermally

induced phase

separation

Porosity, pore size,

and pore size

distribution

Congruence between

results obtained by

mercury porosimetry

and SEM images

[34]

Chitosan/

hydroxyapatite porous

composites obtained

by freeze-gelation

Porosity, pore size,

and pore size

distribution

Not complete

coherence between

results of mercury

porosimetry and SEM

images, probably

because of the not

correct hypothesis of

material having

cylindrical pores

[35]

Porous magnesium/

poly-lactide-

co-glycolic acid

composites obtained

by solvent casting/

particulate leaching

Pore size and pore

size distribution

Pore size not

comparable with the

dimension of sodium

chloride crystals used

for particulate leaching

[36]

Hydroxyapatite/

proteins composites

obtained by freeze-

drying

Porosity and pore

size distribution of

pores in the range

5 nm to 1 μm

Authors highlighted an

instrument limitation

in analyzing pores

larger than 1 μm

[37]

Electrospun scaffolds

made of poly(3-

hydroxybutyrate)/

gelatin/

nanohydroxyapatite

Porosity, pore size,

and pore size

distribution

Good porosity values

and very low values of

pore size, not in

agreement with SEM

images

[38]

Continued

Characterization of morphology 33



Table 2.3 Continued

Materials and type of

structure

Morphological

parameters

analyzed Main results Reference

Scaffolds prepared by

salt leaching of a

photopolymerized

dimethacrylate

Porosity, pore size,

and pore size

distribution

Mercury porosimetry

underestimated

porosity and

overestimated average

pore size if compared

to micro-CT and

gravimetric analysis

results

[39]

Polyurethane foams

obtained by thermally

induced phase

separation with a

subsequent freeze-

drying step

Pore size

distribution

Mercury porosimetry

underestimated pore

volume if compared to

SEM observation and

image analysis

[40]

Crosslinked

poly(propylene

fumarate) scaffolds

obtained by solvent

casting/particulate

leaching

Porosity Mercury porosimetry

overestimated porosity

if compared to micro-

CT results

[41]

Information about scaffold material, morphological parameters achieved, and remarkable results are reported.
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Fig. 2.9 Comparison of the average pore sizes obtained from micro-CT and from mercury

porosimetry of photopolymerized dimethacrylate scaffolds prepared by salt leaching. The line

represents a linear fit of the micro-CT data (A). Reprinted with permission from Lin-Gibson S,

Cooper JA, Landis FA, Cicerone MT. Systematic investigation of porogen size and content on

scaffold morphometric parameters and properties. Biomacromolecules 2007;8(5):1511–8.
Copyright 2017 American Chemical Society; mean void fractions of poly(propylene fumarate)

scaffolds obtained by solvent casting/particulate leaching with four different porogen contents,

as measured with micro-CT and mercury porosimetry. Solid lines represent linear regression;

the broken line represents identity (1:1) [41] (B).
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2.6 Flow porosimetry

A technique that is the opposite from mercury intrusion porosimeter is the capillary

flow porosimetry. Opposed to mercury intrusion porosimeter, the wetting liquid is

allowed to spontaneously fill all the accessible pores. A nonreactive gas under increas-

ing pressure is then used to displace this fluid from the sample. The amount of pressure

required for this process depends on the size and on the size distribution of pores. The

wetting fluid is chosen such that its surface free energy with the sample is less than that

of the sample with the gas. This enables the gas to displace the wetting fluid, replacing

the liquid-sample interface by a high free energy gas-sample interface. The pressure

required to empty the pore corresponds to the pressure necessary to evacuate the liquid

from the most constricted part of the pore (i.e., bottle-neck). The gas pressure and flow

rates through wet and dry samples are accurately measured. The gas pressure required

to remove liquid from the pores and cause gas to flow is given by the same equation as

for mercury intrusion porosimeter (Eq. 2.5). The most constricted part of the pore is

the most challenging one and it offers the highest resistance to remove the wetting

liquid. This measured pressure permits to obtain the pore diameter, which is calculated

by using the Young-Laplace formula (Eq. 2.6):
P¼ 4γ cosϑ

D
(2.6)

hich D is the pore size diameter, P is the pressure measured, γ is the surface
in w

tension of the wetting liquid, and θ is the contact angle between the wetting liquid

and the sample. The surface tension γ is a measurable physical property and depends

on the wetting liquid used. The contact angle θ depends on the interaction between the
material and the wetting liquid.

Use of low surface tension wetting liquid simplifies the equation considerably

because the contact angle of low surface tension liquids is close to zero [42]. So,

for low surface tension liquids, Eq. (2.6) reduces to the following:
P¼ 4γ

D

tically, the pressure and gas flow rates through wet (i.e., filled with liquid) and dry
Prac

samples are determined to give “wet” and “dry” curves. The gas flow rates through a

wet sample are zero at low differential pressures, because all the pores are filled with

the wetting liquid. At high pressures gas removes the liquid from pores and flows

through empty pores. With increasing gas pressure, smaller pores become empty

and the gas flow rate increases. At sufficiently high pressure, all the pores become

empty and the flow through the wet sample becomes identical with the flow through

the dry sample in which all the pores are empty. Pressures needed for gas flow through

the wet sample (i.e., the wet curve) are used to compute the pore size, as the pore diam-

eter is related to the pressure required to remove the liquid by Eq. (2.4). The flow

through the dry sample is used to compute the mean flow pore size, the smallest pore,
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and the gas permeability. The gas flow rates through wet and dry samples are used to

compute pore size distribution. A measure of the permeability of the 3D porous struc-

ture can be obtained by monitoring the flow of air through the sample as a function of

the applied pressure gradient. According to Darcy’s law, the rate,Q, at which air flows
through a sample of thickness L and cross-sectional area A for a range of differential

pressures, ΔP, provides a measure of permeability, k (Eq. 2.7).
k¼ QL

AΔP
(2.7)

technique is used to measure minimum, maximum (or first bubble point), and
This

mean flow pore sizes, and pore size distribution of the through pores in polymeric

and ceramic membranes [21], nonwovens, paper, filtration and ultrafiltration media,

and hollow fibers [22]. These parameters are very relevant in filtration and similar

applications since it is important to know the smallest diameter of the through pores.

Potential biomedical applications of this technique should not be ignored even

though there is only one publication describing its use in examining scaffolds. In fact,

as an example, data provided by this technique provide an indication of the scaffolds’

accessibility to cell migration. The measured pore size distributions highlight the

minimum pore diameters. Very small bottlenecks are not conducive to cell migration

and are likely to have a negative impact on solute diffusion.

The only one paper found in the scientific literature describes a slightly modified

flow porosimetry method to characterize scaffold’s morphological properties [40].

The authors adapted the flow porosimetry method (i.e., the bubble point technique)

to characterize pore sizes and pore size distribution of polyurethane foams obtained

by temperature-induced phase separation. The sample was put in a homemade anal-

ysis chamber, equipped with a photomacroscope; n-dodecane, a liquid that fully wets
the polymer surface, was used to completely fill the pores of the scaffold and nitrogen

was applied to force the liquid out of the pores (Fig. 2.10).

The results obtained were comparable to the SEM/image analysis and mercury

intrusion porosimetry data, making this technique a suitable characterization method

for determining the porous architecture of 3D scaffolds.

Even though flow porosimetry is a relatively user friendly technique, it is unable to

determine many important scaffold properties such as porosity, interconnectivity,

strut thickness, anisotropy, permeability, and cross-sectional area. Furthermore, as

the gas only passes through the through pores of the scaffold, properties of these pores

are measured while that of closed and blind pores are omitted.
2.7 Micro-CT

2.7.1 Basic principles of micro-CT

Medicine took great advantage first by the simple bi-dimensional (2D) radiographic

imaging, and afterward through its expansion to 3D computed-assisted tomography

(CT) in the early 1970s [43]. In the same way, the analysis of bone microstructure

before, and then that of 3D porous structures and scaffolds for biomedical application
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later, got a high improvement by the developing of micro-CT in the late 1980s.

Feldkamp and his coworkers pioneered micro-CT when they developed an X-ray-

based microtomographic system to analyze trabecular samples at a spatial resolution

of 50 μm [44]. While both medical CT and micro-CT share the same working state-

ments, micro-CT was designed for smaller scaled samples and higher resolutions [43]

compared to traditional CT scanners. The functioning principle is based on irradiating

the studied object with an X-ray beam and recording the attenuated radiation that

reaches the detector [45].

Compared to X-radiography, the main assembly difference consists in sample’s

rotation to a certain angle around its vertical axis, which allows for 3D rendering.

In fact, micro-CT, as well as CT in general, implies taking X-ray projection images

of an object from several angles around the object itself, and mathematically conver-

ting this set of images into a stack of cross-sectional image slices, which represents a

3D one. These projection images are taken incrementally over a total rotation of 180°
or 360°. While the X-ray images of the individual projection are 2D, the rotation of the

sample relative to the X-ray source and camera enables the precise 3D location of the

scanned objects to be analyzed (Fig. 2.11) [3,46].

Two-dimensional gray-scaled virtual slices are obtained through computational

algorithms, which process the signals captured at the detector. Within these projec-

tions, different levels of gray correspond to certain attenuation coefficients, while

every pixel matches an exact point within the volume of the original scanned
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object [2,3]. Through binarization and further analysis, information related to both

void and material phases or components (e.g., different materials composing the

sample or loading dispersed within a matrix), i.e., volume, interconnectivity, degree

of anisotropy, density, etc., can be extracted.

Since the object is imaged in different orientations, the precise 3D location of the

object structures can be calculated using computer algorithms. This process is referred

to as “tomographic image reconstruction.” From these computations, a 2D pixel map is

created and each pixel is denoted by a threshold valuewhich corresponds to thematerial

phases within the scanned sample [2]. The image resolution solves an inverse problem

and essentially involves the conversion, via reconstruction algorithms, of the projection

data into a 3Dmatrix corresponding to the tomographic representation of the specimen.

The quality of the 2D maps is dependent on the scanning resolution, which can vary

from1 to50 μm.Athigh resolution (i.e., 5 μm), better quality canbeobtained; however,

more time is required for sample scanning, data processing, and analysis.

The applicability of this characterization technique is therefore dictated by the

X-ray attenuation features of the materials, which in turn depend on the atomic

number of intrinsic chemical elements, material density, and sample thickness [45].

When studyingmetal or mineral samples no significant difficulties are faced, but some

concerns may arise when working with polymers, as they are usually characterized by

a low X-ray attenuation coefficient. Therefore their visualization by micro-CT

can often be difficult. To overcome this problem, Crica et al. [47] proposed an

approach to enhance polymer visualization by addition of high atomic number
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chemicals (e.g., iodine, barium, silver-based chemicals, and hexa(methyl disilazane))

during material synthesis or postsynthesis. In particular, the most versatile methods

for poly(vinyl alcohol) biopolymer composites were barium chloride additive incor-

poration and iodine staining coupled with hexa(methyl disilazane) chemical drying.

Both methods significantly improved the X-ray absorbance of the considered poly-

meric samples, providing better contrast of micro-CT tomograms [47].

Micro-CT is a nondestructive technique that provides qualitative and quantitative

analysis of the sample structure at high spatial resolution at micrometric scale, and it

allows to determine a broad and full range of morphological parameters, such as pore

shape, pore size, strut wall thickness, open and closed porosity, scaffold anisotropy,

and cross-sectional area [1–3,48,49]. The interior of the specimen can be studied in

great detail without resorting to physical neither sectioning nor using toxic chemicals.

Moreover, after scanning, the intact samples can be subjected to other tests (e.g.,

mechanical characterization), therefore resolving the problem of sample scarcity.

Furthermore, by measuring the total and the interconnected pore volumes, intercon-

nectivity can be derived and the fraction of the pore volume accessible from outside

through openings of a certain minimum size can be represented [22], and this is a

peculiarity of the micro-CT [41].

Micro-CT has gained tremendous popularity since Feldkamp et al. [44] reported in

1989 a newmethod for the direct examination of 3Dbone structure in vitro. Themethod

combines high-resolution 3D computed tomography with algorithms that include both

a generalization of conventional stereologic procedures and extensions, possible

because true 3D data are available. The popularity is due to the micro-CT’s ability

to provide precise quantitative and qualitative information on the 3D morphology of

the specimen. Feldkamp [44] reported spatial resolution of 50 μm; however, current

micro-CT systems have spatial resolution of around 2 μm. Micro-CT has applications

both in medical imaging and in industrial-computed tomography. In general, there are

two types of scanner setups. In one setup, the X-ray source and detector are typically

stationary during the scan while the sample/animal rotates. The second setup, much

more like a clinicalCT scanner, is gantry basedwhere the animal/specimen is stationary

in space while the X-ray tube and detector rotate around. These scanners are typically

used for small animals (in vivo scanners), biomedical samples, foods,microfossils, and

other studies for which minute detail is desired.

One of the main drawbacks of this technique is the requiring of a thresholding (or

visualization) step. In fact, the specimen to be analyzed usually consists of several

discrete phases with distinct absorption or phase contrasts (as an example, for porous

specimens one phase is the material and the other phase is the air within the pores).

These phases occupy one or more regions within the field of view. Often, only one of

these phases (e.g., the sample material, the matrix, or the loading of a composite) is of

interest for computational purposes, and so the image (the volume of interest) has to be

segmented into the phase of interest and everything else. Typically, the segmentation

process replaces voxel values of the phase of interest by a binary value of “1”

(in physical terms, these voxels are treated as solid) and the values of all other voxels

with “0” (empty space). The thresholding step is performed by visual and

histographical estimation and is therefore user dependent and may result in inaccurate

structural characterization.
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2.7.2 Micro-CT for scaffold characterization: state of the art

The use of micro-CT in scaffold research is growing with years, even if its use in this

field is still not completely exploited. In fact, there are a number of papers in the

scientific literature on micro-CT analysis, but few of them are related to the use of

micro-CT for the characterization of scaffolds. To date, micro-CT has been mainly

used for visualizing and analyzing bone structure and development [48,50], and also

for the biological study and imaging of small animals [51]. Lately, new technologies

have enabled in situ examination of samples during a micro-CT scan, where one can

examine material behavior under mechanical load or temperature influences.

Performing a search in Pubmed-Medline search engine, using as keywords the

topics micro-CT, micro-CT+bone, micro-CT+small animal, micro-CT+scaffold,

it is clear (Fig. 2.12) that just very few of the papers are related to the use of

micro-CT for the morphological characterization of scaffolds.

Considering the applications of micro-CT to 3D porous structure characterization,

the main topics recently discussed in the scientific community are listed as follows:

l performing a complete morphological characterization of porous scaffolds and assessing the

reproducibility and suitability of different fabrication techniques for porous structure prep-

aration with respect to the obtained morphological properties;
l monitoring during time the in vitro (and eventually in vivo) cell-material interactions and the

extracellular matrix deposition;
l assessing neovascularization within the scaffolds.
2.7.2.1 Scaffold characterization

Performing a search in Pubmed-Medline search engine, using as keywords

micro-CT+scaffold+characterization, 39 papers were recorded.

One of the advantages of the use of micro-CT emerging by the analysis of the

scientific literature is the possibility to analyze structures both in dry and in wet state,
Micro-CT

58%

34%

4% 4%

Micro-CT bone

Micro-CT scaffold

Micro-CT small animal

Fig. 2.12 Papers about micro-CT present in the scientific literature recorded using different

keywords (research performed in Jan. 2017)



Characterization of morphology 41
as performed in [52]. This can be particularly useful for the characterization of

materials and structures with different properties in the swollen state (i.e., hydrogels).

Despite this, the authors highlighted the presence of noise in the scan of the hydrated

scaffolds due to the water in the structure that can introduce artifacts and has to be

considered in interpreting the images and analyzing the results [52].

Micro-CT can be used also to evaluate the loading dispersion within the matrix in

composite scaffolds, so to assess if the distribution is homogeneous or if the particles

can aggregate in the matrix. As an example, Chen et al. [53] were able to visualize the

hydroxyapatite dispersion in porous composites having as matrix a thiol-acrylate foam

or a poly(ε-caprolactone). They generated volume renderings from composite foam

3D data using the software Avizo (i.e., a FEI Thermo-Fisher 3D analysis software

for understanding materials structures and properties in a wide range of materials

science research areas and for many types of materials). Two overlapping subvolumes

were rendered simultaneously, one with a red-orange-white colormap corresponding

to the matrix, and another with a blue-green colormap corresponding to ceramic

additives. Another example of the use of micro-CT for this purpose can be found

in [54], as well as in the research work of Bertoldi et al. on the characterization of

polyurethane-based composites scaffolds loaded with nano-sized hydroxyapatite

for bone tissue engineering (unpublished data, Fig. 2.13A and B).
(A) (B)

(C) (D)

Fig. 2.13 Micro-CT 3D reconstructions of polyurethane-based composites loaded with

hydroxyapatite (A), hydroxyapatite dispersion within the matrix (B) (unpublished data); micro-

CT reconstruction of the core (A) and (B) the hierarchical complex structure (external sheath

and internal core) [58].



42 Characterization of Polymeric Biomaterials
Kerckhofs et al. [55] developed a nondestructive micro-CT protocol to determine

the surface roughness of 3D structures. The roughness was determined based on the

profile lines of the strut surfaces of the porous structures in the binarized 2D cross-

sectional micro-CT images. These profile lines, extracted using an in-house developed

MATLAB tool, were then used to calculate the surface roughness parameters (i.e.,

arithmetic mean absolute deviation of the roughness profile Pa, root mean square

deviation of the roughness profile from the mean line Pq, and total height of the rough-

ness profile PT). They validated the proposed approach with standard roughness mea-

surement techniques (optical and contact profilometer) and Van Baels et al. [56]

applied it for the strut surface roughness of polycaprolactone scaffolds.

When fabricating multilayered composite scaffolds or structures with complex

architecture, micro-CT can be a valid technique to assess the feasibility of the produc-

tion process with respect to the obtained morphology. So, Koens et al. [57] verified the

correct fabrication of multilayered elastin collagen tubular scaffolds by the use of

high-resolution micro-computed tomographical images, and Farè et al. [58] analyzed

the morphology of complex textile structures composed of a sheath and a core with

different properties (Fig. 2.13C and D).

De Nardo et al. [49] exploited the micro-CT features to characterize shape memory

polymer porous scaffolds obtained by solvent casting/particulate leaching, coextrusion

with blowing agents or salt, gas foaming. By the results obtained by micro-CT, the

authors were able to assess the suitability of the different fabrication techniques used.

Furthermore, an interesting and not often considered parameter analyzed in thiswork is

the presence of a possible preferential orientationwithin thematerial.Micro-CT allows

to measure the degree of anisotropy, defining the sample structural orientation, and the

fractal dimension, an indicator of the surface complexity.

An important consideration has to be done regarding the exploitation of all the

potentiality of the micro-CT in scaffold characterization; in fact, only in a limited

number of papers [41,49,58–60] the pore interconnection is considered and evaluated,
despite this parameter is fundamental to assess scaffold functionality, and no other

characterization technique is able to quantify it. Fig. 2.14 shows a possible represen-

tation of pore interconnection that can be expressed as accessible void volume as a

function of connection size [60]. The interconnected pore volume decrease when

increasing the diameter of the connection openings.
2.7.2.2 In vitro cell-material interaction

Taking advantage of the nondestructive capability of micro-CT imaging, repeated

scanning can be used to monitor extracellular matrix deposition within scaffolds

in vitro. Researchers applied micro-CT mainly to monitor mineralized matrix forma-

tion within porous scaffold both in vitro, as proposed in [61,62], and in vivo [63]

(Fig. 2.15).

Assessing thebone tissue formation in calciumphosphate scaffold couldbedifficult,

as the composition, and therefore attenuation, of the calciumphosphate and themineral

phase in bone are nearly indistinguishable. To overcome this problem Polak et al. [64]

developed an algorithm, based on image automatic segmentation and filtering, to be
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Fig. 2.15 Micro-CT images

for an implanted rat calvaria

defect site, after 8 weeks of

implantation of blank defect

as control (A), silk fibroin

scaffold (B), silk fibroin-β
tricalcium phosphates

(particle size 300–600 μm)

hybrid scaffold (C), and silk

fibroin-β tricalcium

phosphates (particle size

600–1000 μm) hybrid

scaffold. It is evident how

bone formation is enhanced in

the composite scaffolds, in

particular when calcium

phospates with higher particle

size are used [63].
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applied to micro-CT images to distinguish bone tissue and calcium phosphates

composing the scaffolds. The difficulties in visualizing polymers, and therefore soft

tissue extracellular matrix, still limit the use of micro-CT for the assessment of matrix

formation for nonmineralized tissues. Palmer et al. [65] were able to in vitro visualize

cartilage matrix with micro-CT by applying an ionic contrast agent that can electro-

chemically bind with the molecular charges of the cartilage matrix. The study was

performed only on cartilaginous tissue, without the presence of a scaffold.

2.7.2.3 Scaffold neovascularization

Neovascularization is a critical issue in tissue engineering, and having a tool able to

monitor its development over time may represent a significant benefit. Micro-CT can

be useful to assess and quantify vascular ingrowth and neovascularization within 3D

porous structures, combined with the use of a perfused contrast agent, needed because

of the low attenuation and small diameter of blood vessels. The main advantage of the

use of micro-CT for this purpose, compared to the traditionally used histologic

staining assays, is that vessels form a complex network that can be better and appre-

ciated in detail by a 3D visualization. In spite of this, because of the problem related to

blood vessel visualization, there are only a few works reporting the use of micro-CT to

visualize neovascularization within scaffolds [66–72]. All these papers describe the

use of micro-CT to evaluate neovascularization of construct when implanted

in vivo in an animal model. In particular, McFadden et al. [66] were able to demon-

strate that coculturing of mesenchymal stem cells (MSCs) and endothelial cells (ECs)

in collagen-glycosaminoglycan scaffolds implanted in vivo in immunocompromised

rats can result in increased neovascularization (Fig. 2.16).

The beneficial use of this technique in neovascularization assessment is due to the

efficacy of micro-CT analysis in quantifying morphologic parameters of 3D vessels

network, including vessel volume, thickness, number, connectivity, and degree of

anisotropy of a 3D vascular network.
2.7.3 Nano-CT for scaffold characterization: state of the art

As described in the previous section, micro-CT is actually widely used in 3D porous

structure characterization. In some applications, the use of an instrument with a deeper

resolution could allow to obtain a more detailed characterization. As an example, to

assess the dispersion of a nano-sized loading within a matrix in composite structures,

or to characterize nanostructured scaffolds (i.e., electrospun mats with nanosized

fibers mimicking the extracellular matrix), an equipment with nano-resolution would

be beneficial. Pushing this issue, technological advances permit high spatial imaging

resolution and bring micro-CT into nano-CT instrument. Yin et al. reported of the

construction of a microscope at the National Synchrotron Radiation Research Center

(NSRRC), which can operate in the photon energy range between 8 and 11 keV and

have a spatial resolution better than 60 nm in two dimensions (2D) [73]. Nano-CT has

high spatial resolution spectral X-ray detection, which provides photon counts along

with each photon’s energy (this capability essentially duplicates imaging that was
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Fig. 2.16 Microcomputed tomography angiography demonstrating the level of vessel

formation within the implanted constructs after 4 weeks. A reduced amount of vessel formation

had occurred within the center of the cell-free scaffold (A) compared to ECs alone (B) and the

co-culture group (C). The highest level of vessel formation was observed throughout the whole

construct in the coculture group. Quantification demonstrated that vessel volume significantly

increased in the coculture group compared to ECs alone (P<0.05) and scaffold only

(P<0.01) (D). Vessel number was also significantly increased in the coculture group

compared to the other two groups (P<0.05) (E) [66].
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possible only with tunable monochromatic X-ray) [74,75]. Later we have seen that

other synchrotron facilities have acquired the same technique [76–78]. Newer

technology has enabled so-called lab-based nano-CT, which is made possible by very

small X-ray focal spots and/or zone plate focusing of the X-ray beam [75]. One

company claims spatial resolution down to 30 nm for such systems, whereas there

are several companies that provide commercial lab-based nano-CT with resolution

less than 100 nm.
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Fig. 2.17 Small rodents are of the order of 10 cm in size, their organs are 1 cm, and their tissue

basic functional units (BFU) are a nominal 100 μm in diameter. Cells are of the order of

5–10 μm in diameter. The three levels of microscopic-CT can image the entire animal/organ,

BFU, or cell as a single volume image, respectively [43].

Fig. 2.18 3D reconstruction of individual osteocyte lacunae in adult mouse calvaria by using

nano-computed tomography scans. (A) Longitudinal view, showing the thickness of individual

lacunae (arrow heads) and showing the alignment of long axes of osteocyte lacunae in different

directions, in a section of adult mouse calvaria. Bar 15 μm. (B) Transverse view, showing the

alignment of individual lacunae (arrow heads) in different directions. Scale bar, 15 μm [79].
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The nano-CT instrument allows clear visualization of structures on the level of

cells, provided that X-ray contrast is present (Fig. 2.17).

Other applications are the internal ultrastructure of bone trabeculae. For example,

the internal ultrastructure of bone trabeculae, including calcification inhomogeneities

and osteocyte distribution. Vatsa et al. have published a study where they use nano-CT

to examine the 3D morphology of osteocyte lacunae [79] (Fig. 2.18). The high reso-

lution of the nano-CT equipment allows to obtain a detailed and precise reconstruction

of the osteocyte lacunae, and this could be exploited in the study of disease involving

bone remodeling mechanism.

Phil Salmon writes in a recent book chapter that “Nano-CT occupies what was

hitherto a significant gap in imaging technology, for a tomographic modality with
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resolution in the range of hundreds of nanometers and sample sizes of the order of a

millimetre. Due to the requirement of very small samples by nano-CT, the application

of high-resolution CT imaging for the largest range of biomedical and bone research

samples remains the province of ‘conventional’ desktop micro-CT scanners.” [80].

The use of nano-CT is actually very limited, in particular for 3D porous structure

characterization. The main limitations of its use are the cost of the equipment and,

most of all, the very long time required for the analysis that is related to the high

resolution achievable.
2.7.4 Comparison of micro-CT with other techniques

Submicron structural details of a biomaterial play a major role not only for the

prediction of mechanical properties but also for biodegradation rate and cells

behavior [81]. Considering the example of a biomaterial, optimum porosity and

material-related particularities (e.g., presence and distribution of loading or additive,

surface roughness) must be established, while reproducibility is a key factor. In this

regard, micro-CT represents a potent technique, which can provide exact information

to support further functionality and behavior of the structures. Accurate 3D analysis

and visualization of the pore structural parameters rely on applying a correct threshold

on the binarized micro-CT dataset, to separate the scaffold volume from the surround-

ing phases. As the thresholding is typically performed by visual and histographical

estimation, the threshold selection is somewhat user dependent and may result in

inaccurate structural characterization. When particularly debating on low density

3D polymeric fibrous or porous (i.e., spongious or with foam-like architectures) scaf-

folds, high-resolution micro-CT analysis is still a great challenge to be solved. It is not

only the low densities and lack of high atomic number elements that limit the contrast,

but also the structural features with fibers or pore walls that are too thin to sufficiently

attenuate X-ray beam and be “visible” at the detector [82]. In addition, the

thresholding can result difficult when the scaffold is composed of multiple materials

whose thresholding ranges overlap (i.e., composite materials composed by matrix and

loading with similar attenuation coefficients), as the digital separation of these

materials is a very complicated task. Besides this, as polychromatic X-ray beams

are used in micro-CT, the lower energy rays would be readily attenuated by the sample

resulting in a high exposure at the center of the scaffold. This effect is known as beam

hardening, and as a result thresholding is no longer dependent only on radiodensity but

also on specimen size [83]. Due to the low density difference within the low density

materials, micro-CT characterization has been proved difficult [84,85].

Micro-CT analysis can result difficult also with metal-containing materials, as the

X-rays are heavily attenuated by these materials. The presence of metals can result in

dark and bright grainy artifacts which can obscure important details in the scan

images.

On the one hand, scanning electron microscopy is reserved to 2D analysis, while

alternative techniques such as capillary flow porometry and mercury porosimetry are

as well difficult for polymeric porous materials, due to their elastic and soft structure

[86,87]. Gas permeation techniques can enter the porous structure independently of
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mechanical strength, however is limited to only open pores and additionally has

disadvantage in large standard deviations. Thus there is a need for systematical exam-

ination on solution to enhance the resolution of low density polymeric composites in

micro-CT investigations. On the other hand, choosing a suitable contrast agent is

another delicate issue due to the physical-chemical nature of most biopolymers.

Nonetheless, the micro-CT scanning and subsequent image processing can be very

time consuming and requires large amount of computational power, particularly if

high image resolutions are desired. The efficacy of micro-CT in describing the

scaffold architecture is also dependent on the capacity of the used analysis software

to provide the calculation of the desired quantitative parameters, as well as on

the capability of the quantification algorithms to perform accurate estimations of true

material volume in the scaffold structure.

Considering the cell-material interactions, the quantitative assessment of in vivo

tissue formation within a scaffold is conventionally performed ex vivo by histology

on microscopic images. In this domain, compared to histomorphometry, X-ray micro-

CT has shown its efficiency in providing nondestructive and rapid 3D images and

model-independent measurements on bone microstructure. The use of micro-CT

for the characterization of soft tissues is still often limited by the lowX-ray attenuation

coefficient of these tissues if compared to the bone value.

Despite the previously mentioned drawbacks of micro-CT, with respect to the other

methods that can be used for morphological characterization of porous structures, it is

a powerful tool, in particular being nondestructive, quite easy and fast, quite reproduc-

ible, and most of all allowing to calculate a wide range of parameters. In this last

aspect relies the main advantage of micro-CT, as with a single technique a compre-

hensive set of data can be obtained.
2.8 Conclusions

A complete quantification of morphological features of porous materials to be applied

in the biomedical field appears to be essential, both to improve scaffold design

processes and to control biological and mechanical performances. Nondestructive

3D imaging techniques, such as micro-CT, are increasingly providing a powerful

set of quantitative tools to aid in development and assessment of porous biomaterials.

X-ray micro-CT was first used in the field of bone tissue engineering about fifteen

years ago, and the number of research papers employing this technique is exponen-

tially growing. By this, it can be extrapolated that it should become soon a standard

analysis technique in the same way it has revolutionized the analysis of trabecular

bone microarchitecture.
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