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Abstract 

Background: Collagen-based scaffolds provide a promising option for the treat-
ment of bone defects. One of the key parameters of such scaffolds consists of porosity, 
including pore size. However, to date, no agreement has been found with respect to 
the methodology for pore size evaluation. Since the determination of the exact pore 
size value is not possible, the comparison of the various methods applied is compli-
cated. Hence, this study focuses on the comparison of two widely-used methods for 
the characterization of porosity—scanning electron microscopy (SEM) and micro-com-
puted tomography (micro-CT).

Methods: 7 types of collagen-based composite scaffold models were prepared by 
means of lyophilization and collagen cross-linking. Micro-CT analysis was performed 
in 3D and in 2D (pore size parameters were: major diameter, mean thickness, biggest 
inner circle diameter and area-equivalent circle diameter). Afterwards, pore sizes were 
analyzed in the same specimens by an image analysis of SEM microphotographs. The 
results were statistically evaluated. The comparison of the various approaches to the 
evaluation of pore size was based on coefficients of variance and the semi-quantitative 
assessment of selected qualities (e.g. the potential for direct 3D analysis, whole speci-
men analysis, non-destructivity).

Results: The pore size values differed significantly with respect to the parameters 
applied. Median values of pore size values were ranging from 20 to 490 µm. The SEM 
values were approximately 3 times higher than micro-CT 3D values for each specimen. 
The Mean thickness was the most advantageous micro-CT 2D approach. Coefficient of 
variance revealed no differences among pore size parameters (except major diam-
eter). The semi-quantitative comparison approach presented pore size parameters in 
descending order with regard to the advantages thereof as follows: (1) micro-CT 3D, 
(2) mean thickness and SEM, (3) biggest inner circle diameter, major diameter and area 
equivalent circle diameter.

Conclusion: The results indicated that micro-CT 3D evaluation provides the most 
beneficial overall approach. Micro-CT 2D analysis (mean thickness) is advantageous in 
terms of its time efficacy. SEM is still considered as gold standard for its widespread use 
and high resolution. However, exact comparison of pore size analysis in scaffold materi-
als remains a challenge.
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Background
The rapidly developing field of bone tissue regeneration aims to provide for the safe and 
predictable treatment of bone defects resulting from a range of conditions (e.g. trauma, 
tumor, inflammation). In this respect, the application of biomaterials in the form of scaf-
folds which provide a temporary template for new bone formation and suitable con-
ditions for tissue healing offers a promising solution [1–3]. Such scaffolds present the 
appropriate chemical, biological and mechanical cues for the promotion of normal cel-
lular behavior and function [4]. Ideally, such scaffolds should be capable of performing 
their intended function without eliciting any undesirable local or systemic effects in the 
host over the long term. There are various methods for scaffold fabrication (e.g. freeze-
drying, solvent casting, electrospinning, rapid prototyping) leading to different 3D struc-
ture [5, 6].

Porosity, permeability and the mechanical properties of the scaffold represent crucial 
parameters in terms of cell ingrowth, cell growth and migration, and scaffold coloniza-
tion. Scaffold porosity is determined by closed and open pores of varying size, shape, 
spatial distribution and mutual interconnection. Open porosity, particularly, has a 
substantial influence on scaffold–tissue interaction, cell migration, vascularization, 
mechanical properties, diffusion and fluid permeability. According to many studies 
[7–10] the prevalence of open porosity, a high degree of interconnection and pore sizes 
ranging from 100 to 300 µm is associated with a positive effect on bone tissue forma-
tion. Pores usually consist of interconnected channels rather than isolated homogeneous 
void spheres, which presents a major challenge with respect to pore analysis, particu-
larly with concern to pore size. Indeed, the situation is considerably more complicated 
than it may at first seem as determined by 2D specimen sections showing isolated pores 
with circular or elliptical shapes; thus, it is advisable that pores should be evaluated with 
respect to their 3-dimensional structure.

Various approaches exist for the determination of scaffold porosity. For example, total 
porosity can be assessed using gravimetry (based on weighing the scaffold specimen and 
scaffold material density). Open porosity can be measured by means of liquid displace-
ment and mercury intrusion, which is also able to provide an estimation of pore sizes 
[10, 11]. However, the application of these methods is inappropriate for collagen-based 
scaffolds since the pressure arising from mercury intrusion may alter the structure of 
the scaffold, or may be influenced by the swelling of the scaffold in the testing liquid. A 
further approach consists of SEM or optical microscopy image analysis, which allows for 
the direct measurement of a range of parameters (e.g. pore diameter, area and shape) in 
a number of 2D sections. The main advantages of this approach consist of both precise 
visualization at very high resolutions (in the case of SEM) and availability [12, 13]. How-
ever, the results of this 2D approach have several drawbacks, e.g. due to its being based 
on 2D sections, analysis is orientation-dependent, which may bias the results, especially 
with respect to anisotropic structures. The assessment of 3D architecture from 2D data 
must be subjected to a stereological approach which relies on 3D structure assump-
tions. Moreover, sectioning or measurement in a vacuum may result in the alteration of 
specimen.

A relatively novel approach for scaffold structure evaluation is micro-computed 
tomography (micro-CT, µCT, micro-tomography; [8, 10, 11, 14]), an X-ray-based 
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imaging method which offers non-destructive 2D and 3D analysis in terms of struc-
ture visualization and quantification [15, 16]. Scaffolds are usually evaluated in dry 
state even though they are hydrated by implantation process. Hydrated scaffolds were 
subjected to micro-CT analysis only in a few studies [17, 18]. Modern micro-CT 
devices enable scanning at isotropic voxel sizes of below 1  µm. Micro-CT scanning 
results in a dataset of 2D projection images which are reconstructed to form cross-
section image datasets. Grayscale images must be binarized prior to analysis so as to 
differentiate the subject from the background. This procedure is crucial and may sig-
nificantly influence the results. Binarization is frequently complicated by image noise, 
scaffold composition (different materials with overlapping X-ray attenuation values), 
beam hardening and the partial volume effect, which particularly influences thin 
structures, resulting in their apparently lower X-ray density. Such factors may lead 
either to defects in the structure of the specimens analyzed (e.g. in the pore walls) or 
increased noise in the micro-CT images [19, 20].

This study focused on a comprehensive comparison of micro-CT and SEM anal-
ysis applied for the evaluation of the pore size of model composite collagen-based 
scaffolds fabricated by means of lyophilization and cross-linked under different con-
ditions aiming at preparation of scaffolds with different 3D structure. We expected 
differing results from each of the parameters applied. The aims were to determine 
convenient parameters for the description of pore size and, generally, to compare 
SEM and micro-CT values and discuss the benefits and drawbacks of each approach.

Methods
The composite scaffolds were prepared by lyophilization of a 4 wt% collagen disper-
sion in water (final content of collagen in scaffold was 50.5 wt%) with poly(dl-lactide) 
sub-micron fibers (PDLLA; 275–300  nm, 47  wt%), bovine bioapatite nanoparticles 
(bCaP; 2 wt%) and 0.5 wt% of sodium hyaluronate (HA) powder. The detailed prepa-
ration is described elsewhere [18, 21].

The collagen part of the composite scaffolds was cross-linked using a phosphate 
buffer saline solution (0.0027  M potassium chloride and 0.137  M sodium chloride, 
pH 7.4 at 25 °C) (PBS, Sigma Aldrich, Germany) at two different temperatures [room 
temperature, ~ 20  °C (“RT”) and 37  °C (“37”)] and by means of three different con-
centrations (maximum—“MAX”, medium—“MID”, minimum—“MIN”) of genipin 
(Sigma-Aldrich), namely MAX (0.67 g of genipin/1 g of collagen), MID (0.053 g/1 g) 
and MIN (0.026 g/1 g). The MID concentration was determined as a theoretical con-
centration sufficient for collagen cross-linking based on the determination of amino 
acid concentration in the collagen [22], namely that of lysine, hydroxylysine and 
arginin which are able to react with genipin by means of their free  NH2 groups. Fol-
lowing a reaction period of 24  h, all the scaffolds were washed in 0.1  M  Na2HPO4 
(2 × 45 min) and deionized water (30 min) then frozen at − 15 °C for 5 h and finally 
lyophilized. A non-cross-linked scaffold was used for control purposes (original—
“ORIG”). The specimens were described according to cross-linking parameters, i.e. 
genipin concentration and applied temperature and are presented in Table 1. 3 sam-
ples of each type were used in this study (N = 27).
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Characterization of the scaffolds by means of micro‑CT analysis

The scaffold specimens were scanned using a micro-CT SkyScan 1272 (Bruker micro-
CT, Kontich, Belgium) under the following parameters: pixel size 4.5 µm, source voltage 
60 kV, source current 166 µA, Al filter 0.25 mm, rotation step = 0.1°, frame averaging (5), 
rotation 360°. The composite scaffolds were scanned in the dry state in air and mounted 
on specimen holders. The scanning time was approximately 4 h for each specimen. Flat-
field correction was updated prior to each image acquisition.

Projection images were reconstructed to form cross-section images via NRecon soft-
ware (Bruker) using a modified Feldcamp algorithm. Software correction (misalignment, 
ring artifact and beam hardening) was performed in order to reduce the effect of com-
puted tomography artifacts. Visualizations were acquired using a DataViewer (2D cross-
section images; Bruker) and a CTVox (3D images; Bruker). Color-coded pore size values 
were based on 3D structure separation analysis. Prior to structure analysis, the datasets 
were binarized using an adaptive threshold and despeckle operations in 3D were applied 
to reduce image noise. These steps were optimized using TeiGen software [23]. The vol-
ume of interest (VOI) subjected to analysis was defined by the shrink-wrap procedure in 
3D. Scaffold structure analysis, including porosity analysis, was performed by means of 
a CTAn (Bruker). The analysis of pore size in the whole specimen was performed in 3D 
using a sphere-fitting algorithm. 2D sections of the scaffolds (transverse plane perpen-
dicular to the axis of the cylindrically-shaped specimens; 5 sections) were evaluated for 
pore size values employing the following parameters: major diameter (MD, major diam-
eter of analyzed pore), mean thickness (MT, based on circle-fitting algorithm similar to 
sphere-fitting procedure), biggest inner circle diameter (BICD, diameter of the biggest 
circle fitting analyzed pore) and area-equivalent circle diameter (AECD, diameter of cir-
cle of area equivalent to area of analyzed pore).

Characterization of the scaffolds by means of SEM image analysis

The same specimens which were analyzed via micro-CT were characterized by means 
of scanning electron microscopy (SEM; Quanta 450 Microscope, FEI, USA) in high vac-
uum mode. The scaffolds were cut into 2 mm-thick discs (perpendicular to the long axis 
of the cylinder) prior to SEM analysis. The resulting sections were coated with a thin 
layer of gold in an ion sputter (Emitech K550X, Quorum Technologies, UK). The pore 
size dimensions were measured by means of ImageJ software (Rasband, W.S., ImageJ, 

Table 1 Summary of the scaffold specimens with parameters of the cross-linking process

Parameters of the scaffolds cross‑linking

Temperature Genipin/collagen concentration Abbreviation

20 °C 0.67 g/1 g RT MAX

0.053 g/1 g RT MID

0.026 g/1 g RT MIN

37 °C 0.67 g/1 g 37 MAX

0.053 g/1 g 37 MID

0.026 g/1 g 37 MIN

Non-cross-linked ORIG
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US National Institutes of Health, Bethesda, Maryland, USA, http://image j.nih.gov/ij/, 
1997–2015). The manual mode of the ImageJ analyzer was used for the measurement 
of the average diameter of the pores. At least 40 pores were assessed at each of five SEM 
micrographs (mag. 100×) for each scaffold type. Randomly selected pores were analyzed 
for both long and short pore axis. All parameters of SEM and micro-CT methods are 
summarized in Table 2.

Statistical evaluation

The statistical analysis was performed using statistical software (STAT GRA PHICS 
Centurion XVII, StatPoint, USA). The normality of the data was verified primarily by 
means of the Shapiro–Wilk and Chi Squared tests; outliers were identified via either the 
Grubbs’ or Dixon’s tests. Homoscedasticity was verified using the Levene’s and Bart-
lett’s tests. Non-parametric analysis was employed since either the assumption of nor-
mality or homoscedasticity were violated and, consequently, the Kruskal–Wallis test for 
multiple comparisons with a subsequent post hoc test based on the Bonferroni proce-
dure. The Mann–Whitney W test was performed in the case of two-sample compari-
sons. Coefficient of variation was calculated as the ratio of the interquartile range to the 
median, hypothesizing that the lower the value of the coefficient of variation, the more 
accurate results the method gives. Statistical significance was accepted at p ≤ 0.05.

Semi‑quantitative comparison of different approaches of pore size analysis

Since exact value of pore size is not achievable, comparison of different methods based 
on their accuracy is complicated. For this reason, we used semi-quantitative assessment 
based on superiority to the other methods/parameters used in this study. Evaluated 
qualities were: non-destructivity, time efficacy, orientation independent direct 3D analy-
sis, whole specimen evaluation, high resolution, irregular pore assessment, low image 
processing bias and widespread use. Qualities were assessed as 2 (very advantageous), 1 
(advantageous) or 0 (no advantage). Total scores were assessed and compared (Table 3).

Results
Tissue engineering scaffolds visualization

The structure of the scaffolds was visualized (Fig.  1) by means of SEM images and 
micro-CT (2D and 3D). More visualizations are presented in the Additional file  1: 
Appendix S1 to the study. The inner structure of the scaffolds exhibits interconnected 

Table 2 Summary of methods and parameters applied in the evaluation of pore size

Characterization of the scaffolds

Method Parameter Abbreviation

SEM Average diameter of the pores SEM

μCT-2D Mean thickness MT

Major diameter MD

Biggest inner circle diameter BICD

Area-equivalent circle diameter AECD

μCT-3D Sphere-fitting algorithm 3D

http://imagej.nih.gov/ij/
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pore spaces of various shape, pore struts and walls. Moreover, bCaP nanoparticle 
agglomerates are clearly visible as X-ray-dense white spots in the micro-CT images. 
In micro-CT thin pore walls are disconnected in some areas, indicating communica-
tion between the pores. However, this may be artificial as the result of structure thick-
nesses below the spatial resolution and the partial volume effect. Compared to the 
micro-CT 2D sections, the SEM images are not strictly limited to one section plane; 
thus, the evaluation of pore wall thickness and disconnections is not as accurate as 
initially supposed. Pore spaces of minor size in SEM are unclear and can easily be 
missed. 3D visualizations enable the examination of the scaffold structure from dif-
ferent angles, and of the inner structure by means of virtual sectioning. It is possible 
to combine the visualization of the scaffold matrix with pore space imaging which 
can be presented in color-coded mode, thus providing a comprehensive approach 
for the presentation of structure thickness and separation. In color-coded visualiza-
tions, we have to consider 3D dimensional structure when evaluating these images 
since they may seem incorrect or be misunderstood. Peripheral section of large pore 
may be smaller compared to medium pore sectioned in its central area, so the colors 
may look inappropriate (see Figs.  2 and 3). Specimens with the greatest differences 
in terms of pore size values (RT MID, 37 MIN) and original specimen (ORIG) were 

Table 3 Semi-quantitative evaluation of pore-size parameters comparison to each other: 
2—very advantageous, 1—advantageous, 0—no advantage

Quality Pore size parameters

SEM 3D MT MD BICD AECD

Non-destructivity 0 2 2 2 2 2

Time-efficacy 0 1 2 2 2 2

Direct 3D analysis 0 2 0 0 0 0

Whole specimen evaluation 0 2 1 1 1 1

High resolution 2 0 0 0 0 0

Irregular pore assessment 0 2 1 0 0 0

Image processing bias 2 0 0 0 0 0

Widespread use 2 0 0 0 0 0

Total score 6 9 6 5 5 5

Fig. 1 Representative images of the composite scaffold (RT MID specimen): a micro-CT 2D section, b SEM 
(×100), c micro-CT 3D image; section area is presented in red color at one side. Scale bars = 400 µm
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visualized by means of a color-coded 3D model (Fig.  2, Additional file  2: Appendix 
S3). The effect of image noise in 3D pore size evaluation is presented as color-coded 
visualization in Fig. 3 (further in discussion).  

Porosity quantification

Pore sizes were evaluated in 7 model specimens using 6 different parameters (SEM, 
3D, MT, MD, BICD, AECD) presenting significant differences between their values. 
The median, lower and upper quartile values were used for scaffold characterization 
purposes (Additional file 3: Appendix S2). The results are presented in Figs. 4 and 5. 
Median values ranged from 20 µm (MT) to 490 µm (AECD). The mean median val-
ues for each method were, in descending order: AECD (378.6 µm), SEM (235.6 µm), 
3D (78.4 µm), MD (75.3 µm), BICD (31.9 µm), and MT (27.9 µm). The interquartile 

Fig. 2 Micro-CT 3D visualization of selected specimens: a RT MID, b ORIG, c 37 MIN. The right halves depict 
the scaffold matrix, the left halves combine the scaffold matrix with color-coded pore size values. Scale bar 
(white) = 3 mm, the color-coded scale bar is shown on the right. The 3D dimensional structure must be 
considered when evaluating these images. In the ORIG (b) specimen red pores seem to be much smaller 
than red pores and even green pores in RT MID and 37 MIN. This is caused by the sectioning of the marginal 
part of a larger pore and can easily be misunderstood

Fig. 3 Sphere-fitting algorithm in 3D pore size evaluation and the effect of noise voxels inside a pore. a 2D 
image presenting a section through the fitted spheres inside the pores (the color is dependent on sphere 
diameter; the pore walls can be seen in black), b color-coded 3D pore size visualization of a segmented pore 
in 3D combined with a scaffold matrix visualization (white), c artificially added noise pixels are shown by the 
red arrow; changes in calculated pore size are apparent. The white scale bar = 500 µm; the color-coded scale 
bar for b and c is shown on the right; the color-coded scale bar for a is not shown
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Fig. 4 Structural porosity of differently cross-linked scaffolds expressed by means of differing 2D and 3D 
parameters. Open circle denotes pairs without statistically significant differences (Kruskal–Wallis, Bonferroni 
procedure, 0.05)

Fig. 5 Structural porosity of differently cross-linked scaffolds expressed by means of differing 2D and 
3D parameters. Statistically significant differences are evident between each of the 6 different porosity 
parameters of each scaffold before and after the differing cross-linking procedures except for those pairs 
denoted by open circle (Kruskal–Wallis, Bonferroni procedure, 0.05)

Fig. 6 Illustration of varying results provided by micro-CT 2D pore size analysis. Pores (in gray) of 3 differing 
shapes (a, b, c) were evaluated by means of 4 micro-CT 2D parameters (MT—mean thickness, MD—major 
diameter, BICD—biggest inner circle diameter, AECD—area-equivalent circle diameter) and their values are 
presented in panels below the images (in mm). The results tend to differ with increasing shape irregularity. 
Scale bar = 0.2 mm
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range was in descending order: AECD, SEM, MD, 3D, BICD and MT. The differences 
between the methods and parameters were statistically significant (p ≤ 0.05) with the 
exceptions presented in Figs. 4 and 5. Illustration of influence of pore shape in micro-
CT 2D analysis is presented in Fig. 6.  

Comparison of different approaches of pore size analysis

Coefficient of variation is a parameter widely used for expressing the repeatability 
or precision of methods in various fields, hypothesizing that the lower the value of 
the coefficient of variation, the more precise the measuring method or device is. The 
coefficient of variation is simple the ratio of the interquartile range to the median, or 
in other cases (e.g. in normally distributed data) the ratio of standard deviation to 
the mean value. Because of non-homogeneous scaffold 3D structure, pore size values 
present high data variance, which results to similar values of coefficient of variation in 
all parameters except MD (Fig. 7). Application of this approach to compare different 
methods is in this case limited, which is discussed below.

Semi-quantitative comparison of the parameters for pore size evaluation regarding 
their relative benefits is summarized in Table 3. Eight selected qualities (non-destruc-
tivity, time efficacy, orientation independent direct 3D analysis, whole specimen 
evaluation, high resolution, irregular pore assessment, low image processing bias and 
widespread use) were evaluated based on their relative advantage among the others. 
Total score for each parameter was calculated. Results are as follows: non-destructiv-
ity is major advantage of micro-CT; time efficacy is benefit of micro-CT, especially of 
2D parameters; direct 3D analysis and whole specimen analysis is benefit of micro-
CT 3D analysis (whole specimen evaluation by micro-CT 2D analysis is possible, 
but results require enormous further data processing); high resolution is the major 
advantage of SEM; evaluation of irregularly shaped pores is in principle beneficial 
using parameters based on averaging of fitted spheres/circles (3D, MT); possibility of 
important influence of image processing bias (e.g. binarization) is generally the major 
disadvantage of micro-CT analysis; widespread use of SEM is still superior to micro-
CT to date. The highest score in descending order presents: 3D (9), MT (6), SEM (6), 
MD (5), BICD (5), AECD (5).

Fig. 7 Coefficient of variation for applied method of pore size analysis. * Denotes statistically significant 
differences (p ≤ 0.05)
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Discussion
Specimens, methods and parameters applied in our study

Our study focused on evaluation and comparison of pore size analysis using 2 meth-
ods (SEM and micro-CT) leading to 6 different parameters of pore size. Porosity of 
tissue engineering scaffolds is considered to be key structural characteristic by many 
authors [7, 8, 11, 24, 25]. However, there is not consent in methodology of pore size 
evaluation. Since 3D structure of these materials is very complex, we are generally 
unable to identify the exact values of its structure including porosity, which compli-
cates comparison of different methods of pore size assessment.

To compare different pore size analysis methods, we prepared seven types of model 
specimens (collagen-based scaffolds intended for bone surgery application). Since 
3D structure may influence the accuracy of measurement of selected parameters, we 
aimed at producing various 3D structure. For this reason specimens were prepared 
under different conditions (Table  1) which are leading to structural differences. We 
selected two methods (SEM and micro-CT) to evaluate pore size in our specimens. 
SEM was selected as a “gold standard”, micro-CT as an emerging non-destructive 
imaging method. With micro-CT, we evaluated pore size in 3D, which we expected 
to be in principle the most accurate approach. Then we selected 4 different micro-CT 
2D parameters (major diameter, mean thickness, biggest inner circle diameter, area-
equivalent circle diameter) in order to test whether these simple and time efficient 
(compared to SEM and micro-CT 3D) parameters are suitable for pore size charac-
terization. Both positive and negative aspects of each method are further discussed 
below.

SEM in pore size evaluation

SEM 2D image analysis is considered to be the “gold standard” due to its widespread use 
and its wide availability. The major benefit is high spatial resolution (compared to micro-
CT) so thin pore walls may be better detected (see Fig.  1a, b). There are many disad-
vantages in comparison to micro-CT. The major disadvantage is the inability to directly 
assess 3D structure and limitation of the analysis to limited number of sections. Since 
bone-like scaffolds are not strictly isotropic, the results are dependent on the orienta-
tion of the section. SEM is based on the mechanical sectioning and special treatment 
of the specimen, which may result in structure alterations. This procedure is time con-
suming and laborious. Since SEM analysis is usually based on manual measurements, 
we can assume that the pores analyzed are not chosen randomly, i.e. small pores (e.g. 
10–50 µm in diameter) tend to be neglected by observer, even though they may signifi-
cantly contribute to the total pore area of the analyzed section. This is supported by our 
results (Figs. 4, 5) for SEM generally presented higher values of pore size than micro-CT 
(except AECD); these results may be also influenced by image noise in micro-CT analy-
sis (more in “Micro-CT in pore size evaluation”). The exact assessment of both the pore 
margin and interconnection using SEM images is often difficult. The number of pores 
analyzed usually ranges from tens to hundreds, which is substantially less than the num-
ber achievable via automated micro-CT analysis. SEM presented the highest number of 
non-significant differences in pore size values in various scaffold types (Figs. 4, 5).
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Micro‑CT in pore size evaluation

Micro-CT is an emerging non-destructive imaging method. There are many benefits of 
micro-CT application, e.g. direct 3D analysis (i.e. no orientation dependency), whole 
specimen evaluation and high data utilization rate, time efficacy, non-destructivity, no 
special treatment of specimen, easy automatization of analysis process.

However, there are many drawbacks. Analyzed virtual object based on micro-CT scans 
is not exactly identical to the real specimen. The partial volume effect, the structure 
below resolution limits and low X-ray density may result in the loss of the virtual struc-
ture. This may result in reduction of volume, changes in surfaces and higher degree of 
interconnection between the pores and increase in pore size [19]. Effect of binarization 
procedure on micro-CT results were evaluated e.g. for bone tissue [26, 27], but in col-
lagen-based scaffolds its effect is not sufficiently described, even though is expected to 
be substantial. Micro-CT images are also influenced by computed-tomography artifacts, 
which may reduce signal to noise ratio [28]. Image noise largely influences the calcula-
tion of certain parameters of pore size based on sphere/circle fitting (in our study 3D, 
BICD, MT), i.e. it leads to a significant reduction in size with regard to the noise pixel 
3D position inside the pore space (Fig. 3). Sensitivity to image noise differs among the 
parameters used in pore size description. Therefore, maximum noise reduction must be 
applied accompanied by the preservation of the scaffold structure. The result, therefore, 
is always a compromise between the presence of noise (which reduces pore size) and 
structure preservation (which in case of reduction leads to the creation of false inter-
connections between the pores). Micro-CT 2D and 3D analysis is in principle objective. 
However, we have to consider that the binarization process and data processing prior to 
image analysis may be substantially influenced by subjectivity.

Micro-CT 3D pore size evaluation is based on sphere fitting algorithm and in principle 
should be the most precise parameter (direct 3D analysis, whole specimen evaluation, 
no subjectivity in assessment). 3D analysis of one specimen in high-resolution image 
datasets took approximately 3  h [Dell Precision T7910, Intel(R) Xeon (R), 3.10  GHz, 
3.09  GHz (2 processors), 128  GB RAM], which is substantially more than 2D param-
eters calculation in 5 slices (~ 10 min). 3D values were approximately 3 times lower than 
SEM values (“gold standard”), which is important for comparison of studies using SEM 
or micro-CT analysis.

In order to find convenient simple and time efficient parameter of pore size, we tested 
4 parameters based on micro-CT 2D analysis. Major drawbacks are high dependency 
on pore shape (Fig. 6), image noise and influence of artificial structure defects (e.g. as 
a result of binarization). Whole specimen evaluation is possible, but is very demand-
ing for further data processing, since 2D evaluation is section-based. There are usually 
a few thousands slices in each dataset, so usual approach is to limit analysis on certain 
number of selected slices. Generally, 2D parameters are orientation dependent. Regular 
circular pores can be easily and time efficiently characterized by these parameters. How-
ever, with increasing irregularities, we found important over/underestimations (AECD, 
MD). Since tissue engineering scaffolds structure is rather complex and irregular, these 
parameters (AECD, MD) failed in evaluation of pore sizes. Otherwise, the benefits are as 
mentioned above for micro-CT.
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The mean thickness (MT) in 2D is based on circle-fitting and is calculated as an aver-
age of all the inscribed circle diameter values (in principle similar to micro-CT 3D), for it 
is considered to be the most accurate of the micro-CT 2D parameters. MT is sensitive to 
the presence of noise pixels in pore spaces. The major diameter (MD) considers the fur-
thest distance between two points which can be connected by a straight line within the 
pore. Higher pore size values can be expected in comparison with the other parameters 
(Figs. 4, 5). MD is more resistant to image noise (compared to circle-fitting parameters). 
In the case of non-circular pores (e.g. narrow or lobulated pores), the results generally 
overestimate the average pore size and may lead to the occurrence of outlier values, as 
supported by our results. Biggest inner circle diameter (BICD) provides an evaluation 
of each pore according to the biggest circle which is able to fit the pore. In evaluation 
of irregularly-shaped pores (e.g. pore with thin prominences), BICD may overestimate 
pore size. Image noise may significantly reduce BICD values. The BICD and MT pore 
sizes parameters presented similar values in our study. Area-equivalent circle diam-
eter (AECD) creates a virtual circle of the same area as the pore subjected to analysis 
and provides an evaluation of the diameter; however, this method leads to substantially 
higher values in the case of high pore interconnection and artificial structural defects 
(e.g. due to the partial volume effect and binarization).

Comparison of different approaches of pore size evaluation

The exact value of pore size is unknown, so all values present some level of uncertainty. 
For this reason, comparison of different methods based on its accuracy in structural 
characterization is not achievable. We intended to use coefficient of variation for this 
purposes, because is a parameter widely used for expressing the repeatability or preci-
sion of methods. In our study, comparison of different methods for pore size analysis is 
problematical because of the nature of these data itself. In general, porosity data evinces 
high range of scatter. Since we do not compare different approaches of porosity analy-
sis on scaffolds prepared with defined porosity, we are not able to simply explain the 
variance in data by lower accuracy of applied method. In other words, we are not able 
to simply conclude whether the method is inaccurate or whether the real porosity truly 
ranges from units to hundreds of micrometers. Therefore we are not able to quantify 
the differences between applied methods simply by quantifying the coefficient of vari-
ance (Fig. 7). The high variance in data sets of individual methods also invalidate most of 
the standard statistical tests for the quantification of correlation between each method. 
Therefore, only qualitative or semi-quantitative evaluation can be performed.

For this reason we decided to use semi-quantitative comparison pore size parameters 
of relative benefits of eight selected qualities: non-destructivity, time efficacy, orienta-
tion independent direct 3D analysis, whole specimen evaluation, high resolution, irregu-
lar pore assessment, low image processing bias and widespread use of certain method 
(described in results in 3.3). We evaluated these qualities in comparison to the other 
evaluated parameters (Table 2) using following values: 2 (very advantageous), 1 (advan-
tageous), 0 (no advantage). Based on total score calculation, micro-CT 3D analysis was 
found to be the most convenient method for pore size analysis. Mean thickness param-
eter was the most convenient in micro-CT 2D analysis and presented the same score as 
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SEM. Other parameters reached lower score. Limitation of this approach is in selection 
of evaluated qualities and in subjectivity in the assessment.

Conclusion
Porosity of tissue engineering scaffolds is considered to be their key characteristic. There 
is no consent on pore size evaluation, which may be obtained using different methods. 
Since there is no possibility to know the exact pore sizes, comparison of these methods is 
complicated. In this paper, we focused on comparison SEM (“gold standard”) and micro-
CT (emerging imaging method) in pore size evaluation. 6 different pore size parameters 
(SEM, micro-CT 3D analysis, micro-CT 2D analysis: mean thickness, major diameter, 
biggest inner circle diameter, area equivalent circle diameter) were applied for the char-
acterization of the pore sizes. Seven model specimens with various 3D structures were 
prepared and analyzed. Results of pore sizes significantly differed between parameters 
with median values ranging from 20 to 490 µm. SEM values were approximately three 
times higher than micro-CT 3D values. Each method and pore size parameter was dis-
cussed with its benefits and drawbacks and compared to each other. Comparison of 
different methods was no applicable using coefficient of variance, so semi-quantitative 
assessment was applied considering: non-destructivity, time efficacy, orientation inde-
pendent direct 3D analysis, whole specimen evaluation, high resolution, irregular pore 
assessment, low image processing bias and widespread use of certain method. We found 
micro-CT 3D evaluation based on sphere fitting to be the most effective parameter for 
pore size evaluation. Mean thickness was the most effective micro-CT 2D parameter and 
may be considered e.g. in evaluation of large sample number evaluation regarding higher 
time efficacy. Other micro-CT 2D parameters were found to over/underestimate pore 
size in irregularly shaped pores, which are very frequent in collagen-based scaffolds. 
SEM is still regarded as gold standard due to its widespread use and high resolution. 
Comparison and ratio of micro-CT 3D and SEM values is important for understanding 
studies which are using one or the other approach.

Additional files

Additional file 1: Appendix S1. Cross-section grayscale images of all model specimens: A) 37 MAX B) 37 MID C) 
37 MIN D) ORIG E) RT MAX F) RT MID G) RT MIN. Differences in inner structure as a result of different collagen cross-
linking procedure is apparent. Scale bar = 500 µm.

Additional file 2: Appendix S3. Movie is presenting inner structure of collagen-based scaffold (RT MID specimen). 
Sphere fitting algorithm is presented as a method applied for pore size evaluation in 3D. Color-coded scale bar is 
shown on the right.

Additional file 3: Appendix S2. Table is presenting pore size values (median, lower and upper quartile; mean and 
standard deviation; µm) for each specimen and pore size parameter.
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Abstract
Quantification of the structure and composition of biomaterials using micro-CT requires image

segmentation due to the low contrast and overlapping radioopacity of biological materials. The

amount of bias introduced by segmentation procedures is generally unknown. We aim to

develop software that generates three-dimensional models of fibrous and porous structures

with known volumes, surfaces, lengths, and object counts in fibrous materials and to provide a

software tool that calibrates quantitative micro-CT assessments. Virtual image stacks were gen-

erated using the newly developed software TeIGen, enabling the simulation of micro-CT scans

of unconnected tubes, connected tubes, and porosities. A realistic noise generator was incorpo-

rated. Forty image stacks were evaluated using micro-CT, and the error between the true

known and estimated data was quantified. Starting with geometric primitives, the error of the

numerical estimation of surfaces and volumes was eliminated, thereby enabling the quantifica-

tion of volumes and surfaces of colliding objects. Analysis of the sensitivity of the thresholding

upon parameters of generated testing image sets revealed the effects of decreasing resolution

and increasing noise on the accuracy of the micro-CT quantification. The size of the error

increased with decreasing resolution when the voxel size exceeded 1/10 of the typical object

size, which simulated the effect of the smallest details that could still be reliably quantified.

Open-source software for calibrating quantitative micro-CT assessments by producing and sav-

ing virtually generated image data sets with known morphometric data was made freely

available to researchers involved in morphometry of three-dimensional fibrillar and porous

structures in micro-CT scans.
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1 | INTRODUCTION

1.1 | Assessment of the three-dimensional structure

of fibrous and porous biomaterials using micro-CT:

Present state and methodological problems

High-resolution quantitative X-ray microtomography (micro-CT) has

become a method of choice for three-dimensional and quantitative

(Schladitz, 2011) characterization of tissue-engineered scaffolds (Ho &

Hutmacher, 2006) used, e.g., to support the healing of organs.

Newly manufactured biomaterials, such as electrospun nanofibrous

scaffolds (Szentivanyi, Chakradeo, Zernetsch, & Glasmacher, 2011;

Zhong, Zhang, & Lim, 2012) or fiber-polymer composite foams (Shen,

Nutt, & Hull, 2004) undergo morphometric assessments before being

used in vitro or in vivo. A good correlation between micro-CT and his-

tology was found in bone research (Particelli et al., 2012). Software

supplied by manufacturers of micro-CT facilities supports a plethora of

morphometric parameters characterizing volume fractions, outer and

inner surfaces (Pyka, Kerckhofs, Schrooten, & Wevers, 2014), porosities

in bone and dental research (De Souza et al., 2013; Draenert et al.,

2012; Karageorgiou & Kaplan, 2005; Tonar, Khadang, Fiala, Nedorost,

& Kochov�a, 2011), pore size and distribution in bone scaffolds (Montu-

far, Vojtova, Celko, & Ginebra, 2017) and synthetic bone model foams

(G�omez, Vlad, L�opez, Navarro, & Fern�andez, 2013) and the topology of

multiple phases of tissue scaffolds in user-defined regions of interest

(ROIs). The three-dimensional and quantitative nature of the micro-CT

makes it a tool of choice for estimating shrinkage of materials (Burey

et al., 2018) and propagation of material fractures and cavitation

(Neves, Coutinho, Alves, & de Assis, 2015). Some of the estimates are

based on or fully compatible with stereological principles and spatial

statistics (Baddeley & Jensen, 2004; Mouton, 2002; Stoyan, Kendall, &

Mecke, 1995) and may be assessed automatically, provided the image

data have a sufficient contrast (Ji�rík et al., 2016; Mouton et al., 2017).

However, surfaces are especially potentially sensitive to the settings of

the micro-CT scanning and further image postprocessing, such as reso-

lution, noise, preferential spatial arrangement (anisotropy), filtration,

and thresholding during binarization of grayscale images. The amount

of potential bias introduced by these variables is generally unknown.

The sensitivity of micro-CT to steps performed during thresholding

might become an issue, especially in biomaterials combining multiple

phases with similar or overlapping radiological opacity, such as partially

mineralized collagen scaffolds combined with other substances, such as

glycosaminoglycans. To the best of our knowledge, there are currently

no published guidelines or fixed routines for thresholding biological

samples, which is understandable due to the growing number of newly

manufactured biomaterials and rapidly developing methodology of

micro-CT. However, the entire measurement is as weak as its weakest

link. Moreover, a precise knowledge of the morphometry of tissue-

engineered materials would be necessary to test the consistency of

their production and biodegradation once implanted. The motivation of

the work presented in this article is the absence of a freely accessible

and reliable source of calibration tools for use as realistic phantoms

that simulate the micro-CT image stacks. As far as we know, the manu-

facturers of micro-CT facilities do not provide users with such soft-

ware, which could be used by micro-CT operators to (i) calculate the

bias and error during the processing of micro-CT scanned stacks using

phantom image series with known volumes, surfaces, lengths, and num-

bers of objects and (ii) demonstrate the impact of changes to the

thresholding routines on the results of quantitative micro-CT.

1.2 | Preprocessing and segmentation of micro-CT

images of biomaterials

Before quantification of the structure and composition of biomaterials,

the micro-CT images undergo segmentation. This is not a straightfor-

ward and routinely standardized procedure due to the low contrast and

overlapping radioopacity of biological materials. Although sophisticated

approaches are now available for noise suppression or removal (Maia

et al., 2015; Rau, W€urfel, Lenarz, & Majdani, 2013), in micro-CT, the

noise might overlap with the smallest nanofibers and microfibers of the

tissue scaffolds. Currently used micro-CT devices (in our study, Bruker

micro-CT, Belgium) are usually provided with a software package that

is applicable for acquisition of projection images, their reconstruction

into cross-section images, visualization of datasets (both in 2D and 3D),

resizing, and production of a region or volume of interest (ROI, VOI),

and finally, imageameters are commonly available (e.g., Bruker). Cur-

rently, employment of operations for image processing is usually very

convenient and user-friendly since the typical micro-CT user is neither

an information-technology scientist nor a biomathematician. This has

to be considered along with subjectivity in the assessment of many

procedural parameters in image processing and binarization because

exact evaluation of these processes and their calibration is not achieva-

ble to date. Manuals and detailed descriptions of both two-dimensional

parameters (evaluation of each separate cross-section image in a data-

set) and three-dimensional analysis (evaluation of the entire dataset)

require image binarization (i.e., conversion of a grayscale image into a

black and white image, where white pixels represent objects and black

pixels represent the background), e.g., (Burghardt et al., 2007; Zhang,

Yan, Chui, & Ong, 2010). This step is crucial, with substantial effect on

image analysis results; its sensitivity is dependent on object properties

(e.g., size, shape, density, and connections) that we would like to exam-

ine in our study. Two basic approaches can be differentiated: subjective

threshold values assessment (especially in life sciences) and automatic

threshold assessment leading to higher reproducibility (in material or

technical sciences) (Stock, 2009).

2 | JI�R�IK ET AL.



Influences of threshold variations were assessed in several studies

mostly focused on bone micro-CT 3D morphometry (Hara, Tanck,

Homminga, & Huiskes, 2002; Jones et al., 2007; Parkinson, Badiei, &

Fazzalari, 2008; Yan, Qi, Qiu, Teo, & Lei, 2012). We should consider

progressive development of micro-CT devices (Landis & Keane, 2010),

resulting in better spatial resolution and lower noise level, thus reduc-

ing (not eliminating) the dependency of result variations on threshold

values. Possibilities of image binarization in CTAn software (Bruker

Corporation, 2017) are as follows: global-threshold, adaptive threshold

(mean, median, mean of minimal and maximal values), and Otsu thresh-

old (automatic and automatic multi-level) (Otsu, 1979).

Usually, the signal to noise ratio has to be enhanced. This can be

performed by, e.g., using filtering procedures—sharpening or smoothing

in 2D or 3D (e.g., Gaussian blur, median, uniform, Kuwahara, unsharp

mask). These are usually applied in grayscale images, but binary images

can be filtered as well. After binarization, despeckle operations in 2D or

3D are used to remove white “noise” pixels (e.g., remove white/black

speckles less than X pixels/voxels, remove pores, sweep—remove all

object except the largest one). Many other procedures are offered by

CTAn, e.g., morphological operations (dilatation, erosion, opening, and

closing procedures), bitwise and arithmetical operations and geometri-

cal transformations. Demonstration of image processing prior to micro-

CT analysis is available in, e.g., (Buie, Campbell, Klinck, MacNeil, &

Boyd, 2007). Eventually, we decided to perform image processing and

binarization in the simplest manner (filtering, automatic thresholding,

and despeckle) to minimize the number of variable processes influenc-

ing the results and enhance the time efficacy.

To summarize the main problem of quantitative imaging of bioma-

terials, the combination of various steps using mathematical mor-

phology can affect the morphometric results in an significant but

unpredictable manner. A good visual representation of the thresholded

structures in micro CT scans does not always guarantee accuracy and

precision in a quantitative sense. A solution to this problem would be

generating virtual (phantom) data mimicking the real micro-CT exami-

nation and comparing the results of the thresholding routines to the a

priori known results.

1.3 | Options in calibrating quantitative micro-CT

Micro-CT analysis results in 2D and 3D structural parameters values.

However, verification of these values is generally not possible or hardly

achievable in complex structures. Micro-CT results are very often pre-

sented as precise values even though they may be inaccurate or biased.

Phantom models available for common micro-CT users with known

parameters would allow calibration of micro-CT analysis procedure and

assessment of its accuracy. To date such phantoms are lacking, since it

is not possible to produce these phantoms (especially in case of com-

plex interconnected structures and material porosity) at micrometer-

scale with adequate level of confidence in its structural parameters.

Calibration phantoms exist for material X-ray density assessment (Bone

Mineral Density based on X-ray attenuation coefficient calibration)

applicable e.g., in bone biology.

Using test images for calibration is a commonly used practice in

imaging techniques. One of the most known test image is the

Shepp-Logan phantom (Shepp & Logan, 1974). The discrete version

of this image can also be generated using the SheppLogan plugin of

the public domain ImageJ software (Schneider, Rasband, & Eliceiri,

2012). Several other ImageJ plugins are available for generating test

images, such as Random Ovals, Fractal Generator, and RandomJ plu-

gins. However, these algorithms generate two-dimensional images

only and do not allow for modeling different object shapes. This pre-

vents these plugins from being suitable for calibration of three-

dimensional micro-CT. Spatial test objects can be generated using

the freely available Gensei software (Cimrman, 2010; Tonar,

Kochova, Cimrman, Witter, Janacek & Rohan, 2011). However, Gen-

sei is limited to ellipsoids only.

1.4 | Aims of the study

The commercially available software packages supplied with most of

the micro-CT facilities are notably efficient in thresholding the struc-

tures of interest, creating visual reconstructions, and quantitatively

describing their geometry and composition. These software packages

do provide the operator with sufficient feedback on how the final

quantitative data might be affected by numerous combinations of pro-

cedures involving filtration, operations of mathematical morphology,

and thresholding. Therefore, the aims of our study are as follows:

� To develop open-source software that generates three-dimensional

models of fibrous and porous structures with known volumes, surfa-

ces, lengths, and object counts in fibrous materials and to provide a

software tool for calibrating quantitative micro-CT assessments.

� To identify combinations of object and image stack properties, which

may easily lead to biased results using thresholding procedures of

fibrous biomaterials in microCT.

� To provide practical recommendations on how to avoid potential pit-

falls during segmentation in quantitative X-ray microtomography of

fibrous and porous biomaterials.

� To help users of micro-CT understand where errors can occur,

ensuring that micro-CT segmentation procedures can be proved to

be valid and correct.

2 | MATERIALS AND METHODS

2.1 | Parameters used for spatial statistics

of generated objects

The choice of the basic parameters to be quantified by our software

generator was based on studies with real micro-CT (Ji�rík et al., 2016).

This includes volume, surface, length, and number of objects, which are

often expressed as relative densities calculated per ROI. The defini-

tions, abbreviations, and possible biological interpretations in the con-

text of biomaterials are summarized in Table 1. The simulation of

biomaterials was inspired by real tissue scaffolds, namely: (i)
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electrospun polyesters (polycaprolactone) or polypropylene meshes

used for manufacturing artificial vascular prostheses or reinforcement

of scars (Horakova et al., 2018; Plencner et al., 2014) and consisting of

fibers with diameters of 1–6 mm, occupying 25–70% of the volume

fraction; and (ii) composite porous scaffolds (G�omez, Vlad, L�opez, &

Fern�andez, 2016; Proseck�a et al., 2015; Such�y et al., 2015) manufac-

tured for healing of bone defects and consisting of collagen, polyDL-

lactide sub-micron fibers, and sodium hyaluronate, containing typically

70%–80% porosities.

2.2 | Generating virtual objects and image stacks:

Algorithm and software development

The program was written in the Python programming language. The

software runs under Linux, Windows or Mac OS operating systems.

The TeIGen application is designed to generate structures ranging in

shape from very elongated fibers to spheres. The output is an image

stack that mimics the data obtained using micro-CT and metadata

describing the parameters of the generated 3D structure. The applica-

tion can be used through a graphical user interface, noninteractively

from the command line, or directly from the Python environment.

The graphical user interface is created using the pyqt module, the

numpy, scipy and scikit modules are used for the calculations, 3D mod-

eling is performed using the VTK package, and the pandas and seaborn

packages are used for data processing. Loading and storing data is

mediated by our io3d package, which uses SimpleITK and pydicom. 3D

noise was generated by the ndnoise package created for this purpose.

The basic concept of the algorithm (Table 2) includes the definition

of objects to generate, the generation of the framework of the fiber

structure, the surface representation, the quantitative description, the

volume representation, and finally the file storage.

The basic element used in this task is a tube. It is a cylindrical body

that ends with hemispheres. The user can set parameters for object

length, object radius, and parameters that affect the direction and iso-

tropy of objects. The concept and implementation of quantitative

measured isotropy was done according to Kochov�a, Cimrman, Jan�aček,

Witter, and Tonar (2011). The fibrous structure is created by repeat-

edly inserting these objects into the sample area and can be affected

by allowing the overlay of the objects. The collision detection algorithm

is based on minimum distance computation, and it is preprocessed by a

bounding box collision detection algorithm (Jim�enez, Thomas, & Torras,

2001; Moore & Wilhelms, 1988). This process ends when the object

number, volume density, or maximum number of iterations defined by

the user is reached.

To determine the geometrical properties of the generated objects,

a triangulated model of the surface of each tube is created using the

VTK package (Schroeder, Avila, & Hoffman, 2000; Schroeder, Martin, &

Lorensen, 1998). The measurement_resolution parameter affects the

number of triangulation points and hence the accuracy of the measure-

ment and the computation time. By using the vtkBooleanOperation

PolyDataFilter function, a connection of two objects is made in the

case of a contact. The vtkMassProperties functions are used to deter-

mine the numeric volume and numeric body surface.

The intensities of the volume representation are controlled by the

background_intensity parameters and the intensity_profile function,

which defines the intensity depending on the relative distance from

the center of the tube to its edge. The volume representation process

begins by creating a 3D array with a homogeneous intensity corre-

sponding to the selected background intensity. Tube-shaped objects

are placed in this array in the first iteration. The radius and intensity of

an object correspond to the intensity profile (Supporting Information

S4A) with the highest relative radius. The second iteration places the

same objects with different radius and intensity that correspond to the

second largest relative radius of the intensity profile. The entire process

is repeated until all the intensity profile values are used. Then, intensity

filtering by a Gaussian filter with user-defined parameters is performed.

The next step is to add noise. For this purpose, the ndnoise mod-

ule was created. The noise parameters are the minimum and maximum

noise wavelengths in millimeters and the exponent that controls the

ratio of the individual components to the wavelength.

Volumetric data are stored using the imtools package. Data can be

stored in a single DICOM or RAW file or as a file series in JPG, PNG,

TIFF, DICOM, etc. format. Together with volumetric data, the surface

model in VTK and metadata are stored. Metadata contain information

about the configuration and quantitative data for all object segments.

They are exported in the open and human-readable YAML format or as

TABLE 1 Stereological parameters used for spatial statistics of artificially generated objects simulating biomaterials for in-vivo implantation

Parameter Abbreviation Unit Definition
Possible biological interpretation
in biomaterials

Volume density (fraction) VV (2) Volume of objects per
Reference volume

measure of the in-vivo degradation
of the total mass of a biomaterial

Surface density SV (mm21) Surface of objects per
Reference volume

relative surface area available for the
release of substances;
thrombogenicity

Length density LV (mm22) Length of objects per
Reference volume

fragmentation of fibers into shorter
fragments as a measure of in-vivo
material degradation

Numerical density NV (mm23) Number of objects per
Reference volume

showing the degree of branching and
connectivity of the biomaterial or
its remnants after some period of
in-vivo degradation
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CSV files. These are either readable by spreadsheet applications or

processed by data scripts.

The computation time depends mainly on the dimensions of the

requested volumetric representation and the measurement_resolution.

To process a stack from our dataset consisting of 500 3 500 3 500

voxels with a measurement_resolution of 35 and element_number

using a computer with an 8x Intel(R) Core(TM) i5–2520M CPU at

2.50 GHz, 8 GB RAM, and an NVIDIA GF119M NVS 4200M graphical

adapter, the computation time is approximately 4 min. The minimum

and maximum time on this dataset is 1 and 34 min, respectively.

2.3 | Evaluating numerical estimates of volume and

surface vs. values calculated using analytic geometry

The parameters evaluated in the objects of our measurements are the

surface, volume, length of cylindrical part l and radius of the spherical

surfaces and cylindrical part r. From the specified length and radius, the

analytical expression of surface Sanalytic and volume Vanalytic is given by

the following equations.

Sanalytic5 2prlð Þ1 4p r2
� �� �

(1)

Vanalytic5
4
3
pr31pr2l (2)

One of our goals is also the modeling of connected objects. Analyt-

ical expressions of surfaces and volumes of such bodies are generally

difficult and often do not have a definitive solution. For this reason, we

use a numerical solution to this problem, which is based on the triangu-

lation of the tube object. The base of the cylindrical part consists of a

regular polygon. The number of its sides is given by the measure_reso-

lution parameter. The hemispheres are replaced by triangles with trian-

gulation points located at the intersections of imaginary meridians and

parallels. The triangulated tube is inscribed in the original object. Its sur-

face and volume asymptotically approximate the analytically measured

values with increasing measurement_resolution. This method of trian-

gulation is further referred to as “inscribed.”

To increase the accuracy, we perform some compensation. The

radius of the regular inscribed polygon that is the base of the cylindrical

model is chosen so that the body on it has the same surface (volume,

respectively) as the model cylinder. The compensated surface and vol-

ume radii are not the same. The hemisphere parts are unchanged. This

method of triangulation with the compensation of the cylindrical part is

referred to as “surface” and “volume.” The calculation is given by the

following equation, where r is the radius of the model tube, n is the

measurement_resolution, reqsurf is the radius of the surface compen-

sated polygon, and r_eqvol is the radius of the polygon for volume

compensation:

TABLE 2 Outline of the steps of the algorithm of the TeIGen software

Input: Parameters defined by the user

1. Type of the generator: Objects or Porosities (Figure 2 and Supporting Information S4)

2. Definition of the objects to be generated

2.1. Properties of objects
2.1.1 Separate objects or Intersecting objects
2.1.2 Number of objects and volume fraction
2.1.3 Distribution of radii and lengths of cylinders and spheres
2.1.4 Isotropy of the objects
2.1.5 Intensity profiles of the objects on virtual micro-CT sections

2.2. Properties of generated virtual micro-CT stacks
2.2.1 Resolution and size in three dimensions (X 3 Y3Z)
2.2.2 Gaussian blur of the objects (optional)
2.2.3 Generating noise (parametric settings, optional)
2.2.4 Number of iterations for calculation of the numerical estimates of spatial statistics
2.2.5 Setting connected component seed (optional)

2.3 Saving all the parameters listed in steps 1.1-1.2 to a configuration file (YAML)

3. Generating the skeleton and envelopes of the objects (repeat step 2 until the desired values are reached)

3.1. Defining the empty sample area
3.2 Inserting a tube into the sample area according to the defined parameters
3.3. Quantitative analysis of the objects
3.3.1. Calculating analytical lengths, radii, volumes, surfaces
3.3.2. Numeric lengths, radii, volumes and surfaces calculation
3.3.3 Preview of the values for the user

4. Generating and saving virtual micro-CT stacks (volumetric data) (repeat step 2 until all intensity profile values are used)

4.1. Creating the initial volumetric array with the defined background intensity
4.2. Inserting tubes with intensity and radius according to the intensity profile from a high relative radius to a zero radius
4.3 Gaussian filtering
4.4. Inserting the noise
4.5. Image saving to a defined file format

Output: Three-dimensional volumetric data with a known voxel size and known values of quantitative parameters (volume fractions, surface densities,
length densities, numerical densities). Export of the 3D model into VTK format. Export of the image stacks (DICOM, JPEG). Export of the
morphometric results (CSV file).
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reqVol5
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Compensation of the spherical part is performed by experimental

measurement using the equation for calculating the radius of the spher-

ical part with knowledge of the surface or volume. rc is the compen-

sated factor, and r0 is the model radius. These compensation methods

are further referred to as “surface1 sphere error” and “volume1 -

sphere error.”

r0rc5
1
2

ffiffiffi
S
p

r
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r0rc5
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3V
4p

3

r
(6)

Similarly, experimental measurements were made to estimate the

compensation factor for the error compensation from the connection

of the cylindrical and spherical parts. This is referred to as “volume1

sphere error1 joint error” and “volume1 sphere error1 joint error.”

However, these corrections did not increase the precision of either vol-

ume or surface estimates and therefore were not included.

2.4 | Evaluating morphometric values using image

processing on a micro-CT console

CTAn software (Skyscan CT analyzer (21)) was applied for image proc-

essing and subsequent 3D analysis using a “custom processing” mode.

A universal procedure (a “standard” procedure) of image processing

leading to acceptable and reproducible outcomes was found for data-

sets with the following variable parameters: count, isotropy, noise, and

resolution. However, noise and resolution datasets required modifica-

tion of the procedure based on the value of the variable parameter.

Standard procedure was based on filtering using Gaussian blur in

3D (with a radius of 2 voxels). Binarization was performed by an auto-

matic Otsu threshold method to eliminate subjectivity in assessment of

the threshold value. Noise reduction was achieved by a despeckle func-

tion (remove white speckles less than 12 voxels in 3D). Resolution vari-

able datasets were filtered using Gaussian blur in 3D with reduction of

the value of the radius (from 2 voxels to one voxel; for a pixel size of

80 mm and higher, this operation was not performed). Binarization was

achieved by an automatic Otsu threshold method in 3D. Despeckle

was performed with decreasing value of the defined volume limit for

object elimination (12 voxels and less; for a pixel size of 80 mm and

higher, this operation was not performed).

Image processing in datasets with a noise variable was based on

Gaussian blur in 3D with a gradual increase in the radius value (from 2

to 5 voxels). The generated noise intensity was set to zero, but the

standard deviation of the noise intensity gradually increased. Binariza-

tion was performed by a global threshold with an increase in the lower

gray threshold value from 87 to 135 as noise was intensified. A des-

peckle operation was performed with an increase of the defined vol-

ume (remove white speckles less than: from 12 to 250 mm. According

to preliminary results, noise reduction was preferred over object vol-

ume preservation, resulting in noise being binarized as an object.

Procedures in noise and resolution variables were modified regard-

ing object count and subjective assessment (more in 4.1). 3D analysis

of the entire dataset and 3D analysis of all individual objects in the

dataset were performed in each dataset after the described image

processing. The following parameters were evaluated based on analy-

sis: object count, mean and total object length, mean and total object

volume, mean and total object surface, surface density (total object sur-

face/dataset volume), and mean object diameter. Objects and volumes

are calculated via the marching cubes method (Lorensen & Harvey,

1987). Object length was defined as the furthest distance between two

points within the analyzed object volume. Mean diameter was calcu-

lated as structure thickness, which is based on object medial axis com-

putation and a subsequent sphere-fitting algorithm. Because these

spheres finally have known diameters, it can be used for structure

thickness evaluation (Bruker Corporation, 2017; Hildebrand & Rueg-

segger, 2003; Remy & Thiel, 2002). Typical time costs for performing

the despeckle operation using a computer recommended for micro-CT

SkyScan1272 (Bruker) application (Intel(R) Xeon (R) CPU E5–2687W

3.1GHz (2 processors), 128 GB RAM, NVIDIA Quadro1Tesla graphical

adapter) were approximately 1–2 min (depending on number of selec-

ted parameters in analysis results).

3 | RESULTS

3.1 | Open-source software for generation

of three-dimensional objects and virtual micro-CT

image stacks

The source code of our software named TeIGen, which was written in

the Python programming language, all of the files necessary for its launch,

the calculation of the results, and the production of all graph types have

been made openly available to the scientific community (Ji�rík, 2017). The

source data and configurations for generation of the following results

and all the data sets described in this article can be downloaded as Sup-

porting Information S1–S3. The documentation can be downloaded as

well (Ji�rík & Tonar, 2018). The basic concept of the algorithm (Figure 1,

Table 2) is to gather the required parameters of the phantom data from

the user; generate, visualize and measure the data; receive approval from

the user; and then save image stacks with all configuration files and

quantitative results to disc. The software allows for the generation of

noncolliding tubes, colliding tubes (for simulating of branching fibers and

a greater volume fraction of the material), and isolated or connected

(overlapping) porosities (Figure 2). Most of the application functions can

be performed noninteractively using command line parameters.

3.2 | Comparing the numerical estimates of volume

and surface with known true values calculated using

analytic geometry

After implementing the corrections described above, there was very

good agreement between the surfaces and volumes of tubes precisely
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calculated using analytic geometry and the measurement done by the

TeIGen software (Figure 3 with source data provided as Supporting

Information S1).

3.3 | Analysis of the sensitivity of surface error

and volume error on the numbers of generated

objects and measurement resolution

Based on these results and the computational time, the accuracy of

surface and volume measurement was strongly dependent on the mea-

surement resolution parameter and the radius compensation method.

Compared to uncompensated methods (inscribed), methods using

radius compensation provide improvement, especially for low values of

measure_resolution. The lowest relative surface errors, expressed as

1003(true value-numerical estimate), were achieved by implementing

the cylinder surface1 sphere error corrections. When combined with

increasing resolution, the surface error was gradually reduced to values

below 0.1 (Figure 4a–d). The volume error was successfully minimized

by using the cylinder volume compensation or cylinder volume1 -

sphere error compensation (Figure 4e–h), converging to an error below

0.1 even at lower resolutions than the surface (Figure 4h vs. Figure 4d).

Based on these experiments and the time costs of the computations,

we recommend using the “cylinder surface” method for surface

measurement. For volume measurement, we recommend the “cylinder

volume1 sphere error” method.

3.4 | Evaluating known morphometric values

with analysis based on thresholding

on the micro-CT console

For testing the sensitivity of the segmentation procedures using the

SkyScan Bruker console micro-CT software, 40 image stacks were gen-

erated, representing low to high numbers of objects (Figure 5a), iso-

tropy of objects (Figure 5b), resolution of stacks (Figure 5c), and noise

(Figure 5d). After processing these phantom stacks (see Figure 6 for

the main steps), situations leading to possible bias were identified (Fig-

ure 7). This included thresholding of the gradual transition of grayscale

values between the objects and their background (Figure 7a), reduction

of object count caused by peripheral sections of objects (Figure 7b),

occasionally colliding objects (Figure 7c), and fragmentation due to

binarization (Figure 7d).

There was on overall good agreement between the known surface

and volume densities of generated objects and the results obtained on

the micro-CT console within most of the range of values typical for bio-

materials (Figure 8a,b). As shown in the Bland-Altman plots (Figure 8c,

d), the disagreement between both measures gradually increased with

increasing values of the densities.

FIGURE 1 Main steps during the setting, generation, and processing of the fibrillar and porous three-dimensional objects and correspond-
ing virtual micro-CT stacks. The user sets the required input parameters (see Table 2 for details) either manually or from a previously saved
YAML configuration text file. The skeleton of the objects is generated together with a quantitative description of the objects (volumes,
surfaces, and lengths), and the data can be visually checked by the user in the form of three-dimensional skeletons. Once the data meets
the required settings, full volumetric data are generated and saved to disk as image sequences mimicking micro-CT stacks together with a
three-dimensional model (VTK format) and tables containing all the morphometric results (CSV files). The resulting virtual micro-CT stacks
can be loaded into any type of software supporting DICOM or JPEG image stacks [Color figure can be viewed at wileyonlinelibrary.com]
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A detailed analysis of sensitivity of the thresholding upon various

values of parameters of generated testing image sets revealed that the

changes in object count and the value of isotropy did not affect the

accuracy of the micro-CT quantification (Figure 9a,b). The number of

objects was underestimated by the micro-CT, and the volumes, surfa-

ces, and length densities had a tendency toward being overestimated.

The size of the error significantly increased with decreasing resolution

when the voxel size exceeded 1/10 of the typical object size (Figure

9c), which simulated the effect of the smallest details that could still be

reliably quantified. Similarly, the results became unreliable when the

standard deviation of the noise intensity (mean50) exceeded 37 arbi-

trary units, and more filtering and higher threshold values were neces-

sary (see Methods).

3.5 | Examples of practical applications

Verification of micro-CT analysis results of specimen microstructure is

hard to achieve or even not possible as was mentioned in 1.3. TeIGen

software enables evaluation of micro-CT analysis accuracy, image proc-

essing effect and bias quantification. Despite the fact, that 3D struc-

tures generated by TeIGen are simplification of studied specimen, it

provides important and unique information, which may improve deci-

sion making in image processing and analyzes understanding. The ben-

efit of using the TeIGen software will be illustrated in three examples.

3.5.1 | Evaluation of global thresholding effect

A fundamental approach in image thresholding is the use of Global

threshold. Separating objects from their background requires a manual

selection of grayscale value, which is usually based on operator’s sub-

jective assessment. Since there is a gradual transition between object

and background, this decision often lacks accuracy and repeatability

(typical situations are shown in Figure 10a,b). A solution is as follows:

First, TeIGen software is employed for generating a dataset with a

known structure similar to the specimen under study. Second, a series

of different global thresholding values are applied for binarization using

the micro-CT analysis. Third, the results of the micro-CT analysis are

compared with known structural parameters generated in the first step.

Four, the most accurate settings are used for further specimen analysis

and bias introduced by micro-CT analysis is quantified (e.g., discrepancy

between objects volume and surface accuracy). An example of such a

simple analysis which required approximately 20 min of work is shown

in Table 3.

3.5.2 | Effect of image noise quantification

Image noise is found in all micro-CT scans. However, the effect of

image noise on results is usually not considered. TeIGen software is

used for generating dataset of structures similar to studied specimen

with similar level of image noise (Figure 6, see also section 4.1.4). By

analyzing the same dataset with and without applying noise reduction

algorithms, any bias introduced by noise and micro-CT analysis is quan-

tified, because the impact of noise reduction and filtering is compared

with the known structural parameters generated by the TeiGen

software.

3.5.3 | Image 2D binarization did introduce bias

into quantification of object number in isotropic

tubular structures

Tissue engineering scaffold based on microfibers is subjected to micro-

CT 3D analysis. 2D or 3D threshold is considered. Assessment of

thresholding effect based on subjective visual evaluation is usually

FIGURE 2 Graphical user interface of the four types of
generators in the TeIGen software. (a) Generating unconnected
tubes, in this example with a highly anisotropic orientation. (b)
Generating connected (colliding) tubes, in this example within a
wide range of diameters. (c) Generating unconnected porosities,
which may have shape of spheres or tubes. (d) Generating

connected (overlapping) porosities, overview of morphometric data
on length, radius, surface, and volume distribution in the preview
window [Color figure can be viewed at wileyonlinelibrary.com]
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insufficient and inaccurate. To improve analysis, TeIGen software is

applied to generate dataset of tubular structures with known parame-

ters. For example, a two-dimensional thresholding resulted in a signifi-

cant overestimation of number of objects (Figure 7d, see also section

4.1.2) as well as inaccurate surface and volume estimates. In this case,

using a three-dimensional thresholding was justified despite its compu-

tational time costs, as it provided more accurate results.

4 | DISCUSSION

4.1 | Image processing prior to micro-CT 3D analysis

4.1.1 | Image processing optimization: Aims and basics

Image processing optimization was based on many preliminary ana-

lyzes. We aimed to find a simple process (low number of variables

FIGURE 3 Comparing known volumes and surfaces with numerically estimated values. The source data for the graphs are available as
Supporting Information S1. (a) Correlation scatter plot displaying the numerically estimated surfaces (Y-axis) against the precisely known surfaces
(X-axis) of testing objects. (b) Correlation scatter plot displaying the numerically estimated volumes (Y-axis) against the precisely known volumes
(X-axis) of testing objects. (c) Bland-Altman plot displaying the agreement between the numerically estimated surfaces and known surfaces of test-
ing objects. The difference between both values (Y-axis) is plotted against their average (X-axis). The mean difference is shown as a blue line
accompanied by a61.96 standard deviation of the difference. (d) Bland-Altman plot (Altman and Bland, 1983) displaying the agreement between
the numerically estimated volumes and known volumes of testing objects. The difference between both values (Y-axis) is plotted against their
average (X-axis). The mean difference is shown as a blue line accompanied by a61.96 standard deviation of the difference. (e) Box plot showing
the impact of three methods used for compensation of the surface errors. (f) Box plot showing the impact of three methods used for compensation
of the volume errors. In E and F, the relative error was calculated as 1003(value-numerical estimate)/value. The box spans the lower limits of the
2nd quartile (Q2) and the upper limits of the 3rd quartile (Q3), and the whiskers span the Q1-1.53(Q3-Q1) and Q311.53(Q3-Q1) values (Q1 is
the 1st quartile) [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 4 Analysis of the sensitivity of surface errors (a–d) and volume errors (e–h) to the number of generated objects (element number,
a–c, e–g) and resolution at which the numerical estimates of the surface and volume were performed (d, h). The relative error plotted on
the Y-axis was calculated as 1003(true value-numerical estimate)/value. The results are displayed without compensation (a,e) and for sev-
eral methods of error compensation described in the Methods, namely: a,e—surface and volume error when no compensation is used (the
colored lines show various resolutions), b,d—cylinder surface and sphere errors are compensated, c,g—cylinder volume and sphere errors are
compensated. d,h—surface and volume measurement errors depending on the measurement resolution [Color figure can be viewed at
wileyonlinelibrary.com]
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influencing outcomes and convenient time efficacy) with satisfactory

and reproducible results in all variable parameters of tested datasets.

Datasets with the variable count were generally uncomplicated com-

pared to isotropy, noise, and resolution, where we encountered more

complications that had to be managed.

Image processing modifications by CTAn software were often per-

formed based on subjective assessment by an experienced micro-CT

user. This approach is very common in micro-CT analysis (especially in

life sciences applications), and therefore it has been chosen for our

study. However, this is considered one of the major drawbacks of

micro-CT analysis. Reduction of subjectivity was reached by an auto-

mated threshold procedure and object count evaluation, which will be

described further. This was achievable when assessing various values

of object count, isotropy datasets, whereas noise and resolution dataset

evaluation was more influenced by subjectivity because individualiza-

tion of the image processing approach was needed.

Object number count was important in process optimization. A

user performing micro-CT analysis would not be aware of dataset

parameters generated by TeIGen software. Therefore, the object num-

ber count is the only parameter where differences between analysis

results and dataset 3D visualization (CTVox, Bruker) are noticeable.

There is no option for the evaluation of the other parameters (e.g., vol-

ume, surface, length) from this point of view.

The following procedures were used in the image processing opti-

mization process. A universally accurate procedure (“standard” proce-

dure) was found for count and isotropy. For resolution and noise

variables, an individual approach had to be employed. Standard proce-

dure was based of image filtering (Gaussian blur in 3D, radius52

FIGURE 5 Examples of structures generated with various settings of parameters. For every parameter, ten sets of images were generated

with values increasing from relatively low to relatively high, namely: (a) number of objects, (b) isotropy of objects, (c) resolution of image
stacks, and (d) amount of noise added to the image data. In a-b, both two-dimensional sections and three-dimensional views are presented
[Color figure can be viewed at wileyonlinelibrary.com]
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voxels), because some datasets had a gray pixel pattern on the back-

ground, and in some cases, they were evaluated as the objects using

automatic binarization (Figure 7b). This pattern can imitate image noise

in real micro-CT data. An automatic Otsu threshold in 3D was used for

image binarization to reduce the influence of subjectivity. A despeckle

operation in 3D was performed (remove white speckles less than 12

voxels—more in 4.1.2).

4.1.2 | Number of objects and its variability

Object number count was the only dataset parameter that could be

employed in image processing optimization. Reduction of the object

count number was observed in many cases, but usually less than 10%

of the expected object count. Two causes were identified and explored.

First, many datasets presented few relatively small objects, which were

presented within a volume of interest only by their edge, so their gray-

scale values were not sufficient for recognition as an object. We have

to consider that the transition from an object to the background is

gradual, as we can see in the profile line (Figure 7a,b). In such objects,

Gaussian filtering can even reduce their grayscale value, thus increasing

the probability of being eliminated by binarization. Second, collision

between objects was occasionally observed (Figure 7c), so two former

objects were recognized as one. TeIGen should prevent these situa-

tions; however, regarding Figure 7a, we can estimate that two objects

can be connected just by a gradual transition from object to back-

ground, even though their “core” structures are separate. In addition,

Gaussian blur can enhance object collisions by creating a connection

between the transition areas of two objects.

In contrast, the object count number increase was usually more

substantial, i.e., from tens to hundreds of percent of the expected

object count. Several causes were identified. In preliminary evaluation

of an isotropy dataset, we found that objects with relatively small diam-

eter that are almost parallel to the transversal plane were fragmented

by the binarization process in 2D (tested for better time efficacy) into

many smaller objects (Figure 7d). These objects could be roughly

divided into two groups: small objects with volumes of a few voxels

and large objects of higher volume but still much smaller than gener-

ated objects. These isolated voxels may be connected to the original

object by a side or vertex; however, this is not sufficient to be recog-

nized as one object since object voxels are, in CTAn, considered to be

connected only when they are in contact via their faces. We decided

to employ automatic Otsu thresholding in 3D, which led to significant

improvement. However, the object count number was still much higher

FIGURE 6 Main steps during the image processing of the virtual CT image stacks prior to analysis using the SkyScan 1272 (Bruker)
console software. (a) Grayscale cross-section image (NOISE dataset). (b) Application of Gaussian blur in 3D. (c) Image after the binarization
procedure (Global threshold). There are white speckles in the upper left corner as a result of image noise. We can observe irregular shapes
of all objects as a result of noise and object interaction. (d) Image after performing a despeckle operation in 3D (remove white speckles of
less than 50 voxels)
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than expected. Individual Object Analysis was performed in 3D, and

object volume distribution was achieved and examined. We found that

a great number of objects are below 12 voxels in volume, and thus

they were considered to be noise and removed by a despeckle opera-

tion in 3D (remove white speckles of less than 12 voxels). Modification

of these two processes led to accurate dataset analysis regarding

object number count.

4.1.3 | Resolution parameter and image processing

In resolution variable datasets (pixel size from 10 mm to 500 mm in a 10

3 10 3 10-mm3 volume), we observed an increase of the object num-

ber count with an increase of pixel size. Substantial changes resulted

from a shift from 100 mm to 200 mm for pixel size. Objects with defined

parameters are generated by TeIGen software and subsequently voxel-

ized. In lower resolution, objects can be fragmented as mentioned

above (4.1.2). We did not succeed in finding a solution for image proc-

essing using CTAn for a pixel size of 200 mm or more for 10 3 10 3

10-mm3 dataset volumes. An optimization process regarding object

count evidently led to unacceptable changes in object volume and vice

versa. The pixel size value had to be considered for the parameter of

filtering and despeckle operations in means of reduction of its value;

for a pixel size of 80 mm or more, these operations were not applied.

4.1.4 | Noise parameter and image processing

Noise datasets (Figure 6a) needed higher individualization (and thus a

more subjective approach) since these presented (together with resolu-

tion datasets) the most variable image data. Because of this, compari-

son with datasets processed by the “standard” approach is less

applicable. The main problem was the gradual decrease of the signal to

noise ratio in image data, so the outcome is always a compromise

between noise reduction and object number and volume preservation.

Filtration was achieved by Gaussian blur in 3D and was used with a

gradual increase of the radius from 2 to 5 voxels (Figure 6b). An auto-

matic Otsu threshold in 3D failed to provide reliable binarization

because, in some datasets, noise was recognized as an object. A global

threshold had to be employed with a progressive increase in the lower

threshold value from 87 to 135 as the noise was intensified (Figure 6c).

Interaction between noise and generated objects can lead to an

FIGURE 7 Illustration of situations leading to bias in analysis during the image processing. (a) Profile line (red line) presenting the image
grayscale value (0–255). A gradual transition is apparent, which is similar to real micro-CT data. This phenomenon is a fundamental problem
in image binarization. (b) Object count reduction caused by the peripheral section of an object (yellow arrow), where the grayscale value is
not sufficient to be evaluated as an object by the automatic threshold. A pattern of gray pixels is visible in the background; in some data-

sets, they were recognized as an object, and thus they have to be eliminated by a filtering procedure. (c) Object count reduction caused by
the collision of two objects (orange arrow). These are connected by their transition areas even though their core structures are separate. (d)
Object count reduction caused by object fragmentation by the binarization process (especially in 2D). The upper object presents a grayscale
3D model (CTVox), and the lower object is the same object after automatic image binarization in 2D; three areas are enlarged to depict
fragmentation. According to Individual Object Analysis, there are 37 objects (!) from the original one [Color figure can be viewed at wileyon-
linelibrary.com]
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alteration of volume, surface and object shape, which is noticeable in

Figure 6c. A higher threshold value resulted in a reduction in object

number count and object volume. A despeckle operation was per-

formed with an increase of defined volume (removing white speckles

less than: from 12 to 250 mm; Figure 6d).

4.2 | Novelty of the present approach

When compared to the ImageJ plugins mentioned in 1.3., the TeIGen

software allows for generating 3D objects as test images. When com-

pared with the Gensei software (Cimrman, 2010), TeIGen provides col-

liding and noncolliding fibrous structures, the geometric characteristics

of which can be set by the user. Moreover, TeIGen generates also

porosities and allows for modeling various types of realistic noise. The

application includes both graphical user interface with 3D visualization

which facilitates data preparation, as well as batch processing option.

It is recommended that the user performs a real object analysis

first, using a micro-CT or scanning electron microscopy, thus estimating

the typical range of the quantitative characteristics (i.e., total volumes,

surfaces, lengths, and number of objects inside ROI). However, the

error between the true and estimated data is unknown. In the second

step, the data are used as input data of the TeIGen software defining

the objects to be generated. In this second step, phantom objects with

geometrical properties statistically similar to the real material are gener-

ated, but this time, the geometrical characteristics are precisely known.

In the third step, the measurement of these phantom data is repeated

and the error between the true known and estimated data is quantified.

This can be used for calibration of the whole measurement and for

identifying any major sources of bias.

In general, using traceable standard reference materials has always

belonged to good laboratory practice. The TeIGen software offers a

solution by generating virtual standard reference materials. These

might either mimic the real materials or be generated according to the

best qualified estimates currently available.

4.3 | Further development of the TeIGen software

and its relevance to manufacturing and

characterization of biomaterials

Further development of the TeIGen software incorporates improve-

ments in the highest values of filling the space with unconnected

objects of increasing volume fraction. This task has theoretical limits

that cannot be exceeded (Zidek et al., 2016), but the present algorithm

starts to require unacceptable computational time costs when reaching

the value of approx. 30% volume fraction. Should more space be filled

with the tubes, collisions have to be allowed in the settings.

FIGURE 8 Comparing known surface and volume densities of generated objects with the results obtained after thresholding on the micro-
CT console. The source data for the graphs are provided as Supporting Information S2. Data sets with known surface and volume densities
were processed by the micro-CT software as described above. (a,b) correlation scatter plots displaying the values from micro-CT (Y-axis)
against the precisely known surface and volume densities (X-axis) of testing objects. (c,d) Bland-Altman plots displaying the agreement
between the surface and volume densities estimated on micro-CT and known values of the same testing objects. The difference between
both values (Y-axis) is plotted against their average (X-axis). The mean difference is shown as a blue line accompanied by a 61.96 standard
deviation of the difference [Color figure can be viewed at wileyonlinelibrary.com]
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Another challenge for the future would be using the sections of

generating objects to simulate the optimum sampling of numbers of

image sections and their thicknesses. The TeIGen software can become

a useful tool for planning of the sampling design of studies in micros-

copy, including manual and interactive measurements of objects with

known size, where the research aim is to find the number and thickness

of sections that are necessary for reliable measurements of numbers,

surfaces, and volumes of tubular or spherical objects in studies using

stereological counting rules (Mouton et al., 2017).

We greatly acknowledge the wide use of the ImageJ software

(Schneider et al., 2012) and its contribution to the scientific community

worldwide. Although ImageJ currently supports Python scripting, it

FIGURE 9 Analysis of the sensitivity of the thresholding to various values of parameters in generated image sets. Data sets with known
numbers of objects, length densities, surface densities, and volume densities were processed by the micro-CT software as described above.
After the morphometry on the micro-CT console was done, the relative errors (Y-axis) were calculated as 1003(true value-numerical esti-
mate)/value and plotted against gradually changing values of the number of objects (a), isotropy (b), image resolution (c), and noise value (d).
(a) Various object counts did not affect the size of the relative error. While the numbers of objects were underestimated by the microCT,
the volumes, lengths and surfaces were slightly overestimated. (b) The value of isotropy did not affect the size of the error. (c) The size of
the error dramatically increased when the voxel size exceeded 0.1 mm (arrow) in virtual stacks of 10 3 10 3 10 mm containing objects
with a mean diameter of 1 mm. (d) The size of the error increased when the noise value exceeded 37 (arrow) [Color figure can be viewed at
wileyonlinelibrary.com]

FIGURE 10 Illustration of global thresholding effect. (a) Profile line cutting tubular structures with grayscale value. (b) Different global
threshold values (50 and 100; values were chosen to provide apparent differences in this figure) combined with original grayscale image
(GSC). Binarized structures appear larger or smaller based on threshold value used [Color figure can be viewed at wileyonlinelibrary.com]
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currently does not allow for using libraries that are not part of the lan-

guage kernel (for example, scipy, numpy, scikit-image librares, and sev-

eral others). Should the ImageJ support these libraries in the future, the

TeiGen software can be incorporated as an ImageJ plugin, thus benefit-

ing from the ImageJ interface and a plethora of other functions. At

present TeIGen can cooperate with ImageJ by reading and saving

image data from/into the commonly supported file formats.

5 | CONCLUSION

Open-source software for the generation of three-dimensional models

of fibrous and porous structures with known volumes, surfaces, lengths

and object counts was developed and made freely available to the sci-

entific community. This study provides a software tool for calibrating

quantitative micro-CT assessments by producing and saving virtually

generated image datasets with known morphometric data on noncollid-

ing tubes, colliding tubes, or material porosities. This tool is useful for

identifying combinations of object and image stack properties, which

may easily lead to biased results using thresholding procedures of

fibrous biomaterials in microCT. Some of these situations were exten-

sively tested in the present article to help users of micro-CT under-

stand where errors can occur, ensuring that micro-CT segmentation

procedures can be proved to be valid and correct. We identified combi-

nations of object and image stack properties that may easily lead to

biased results using thresholding procedures in microCT. A solution to

this problem could be more frequent application of design-based ster-

eological methods during micro-CT analyzes. This method is openly

available to researchers involved in morphometry of three-dimensional

fibrillar and porous structures in micro-CT scans.
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a  b  s  t  r  a  c  t

The  aim  of this  study  was  to compare  data  on  the  volume  fraction  of  bone  and  the  thickness  of  the cortical
compact  bone  acquired  during  microcomputed  tomography  (micro-CT)  analysis  with  data  acquired  from
identical samples  using  stereological  analysis  of  either  decalcified  paraffin  sections  or  ground  sections.
Additionally,  we  aimed  to  compare  adjacent  tissue  samples  taken  from  the  major  trochanter  of  the porcine
femur to  map  the  basic  biological  variability  of trabecular  bone.

Fifteen  pairs  of  adjacent  tissue  blocks  were  removed  from  the major  trochanter  of  the  proximal  epi-
physes  of  porcine  femurs  (female  pigs  aged  24–39  months,  weight  = 59.16  ±  8.15  kg).  In  each  sample,  the
volume  of  the  cortical  compact  bone,  the  volume  of  the trabecular  bone,  and  the  thickness  of  the  cortical
compact  bone  was assessed  using  micro-CT.  Afterwards,  half of  the  samples  were  decalcified  and  pro-
cessed  using  paraffin  histological  sections.  Another  half  was  processed  into  ground  sections.  The  volume
and thickness  of  bone  was  assessed  in histological  sections  using  stereological  techniques.

There  were  no  significant  differences  in the  bone  volumes  and  thicknesses  measured  by  micro-CT  and
the  corresponding  values  quantified  in decalcified  sections.  Similarly,  there  were  no  differences  between
the  results  from  micro-CT  and  the analysis  of the corresponding  ground  sections.

Histomorphometric  studies  based  on relatively  low  numbers  of  undecalcified  ground  sections  or  dem-
ineralized  paraffin  sections  of  bone  yield  data  on  bone  volume  and  the  thickness  of  cortical  compact
bone  that  is comparable  with  three-dimensional  micro-CT  examination.  The  pilot data  on  the  variability
of  cortical  compact  bone  and  trabecular  bone  volumes  in the  porcine  major  trochanter  provided  in this
study  aim  for  planning  experiments  in  the  field  of  bone  healing  and implantology.

© 2018  Elsevier  GmbH.  All  rights  reserved.

1. Introduction

Histomorphometry is one of the most commonly used methods
to quantify bone, and histomorphometry also enables a qualitative
evaluation of tissue responses and remodeling. In general, there
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are three approaches available for processing and morphometry
of bone samples: (i) histological sectioning of demineralized bone
samples, (ii) grinding sections processed from bone samples with-
out prior demineralization, and (iii) microcomputed tomography
(X-ray microtomography, micro-CT) analysis of bone samples with-
out sectioning (cf. Bancroft and Gamble, 2008; Mulisch and Welsch,
2015; Liu et al., 2016). Each of these techniques has its pros and
cons. For example, decalcified sections provide an easy and inex-
pensive approach unless the evaluation of the integration of titan
implants is needed (Gredes et al., 2015). Cells, non-mineralized
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Fig. 1. Sampling scheme illustrated in the left porcine femur, lateral view. Redrawn
according to Červený et al. (1999). Cuboids with dimensions 20 × 10 × 10 mm (black
rectangle) were cut laterally from trochanter major, pars caudalis of porcine femurs.
Each cuboid was  cut to two adjacent halves, proximal part (sample A) and dis-
tal  part (sample B). 1—Caput ossis femoris; 2—trochanter major, pars cranialis;
3—trochanter major, pars caudalis.

osteoid and soft tissue can be differentiated by means of staining
or immunohistochemistry. Undecalcified hard tissue ground sec-
tions embedded in resin (Mohammadi et al., 2000) or methacrylate
(Botzenhart et al., 2015; Kunert-Keil et al., 2015) preserve the min-
eral bone and are methods of choice whenever metallic (e.g., titan)
implants are part of the sample (Bissinger et al., 2017). The major
disadvantage of both demineralized and undemineralized histo-
logical processing is that the methods rely on two-dimensional
sections, while the third dimension has to be evaluated from a
number of sections.

Compared to histology, microcomputed tomography provides
an intrinsically three-dimensional approach without destroying
the tissue sample. Therefore, it is an important method for the
quantification of bone tissue in the study of bone functional adap-
tation (Hoechel et al., 2015) and bone metabolic disease (Wen
et al., 2015), in experiments researching the possible use of tis-
sue scaffolds (Hadzik et al., 2016) and stem cells to affect bone
defects and in the implantology field (Friedmann et al., 2014).
Micro-CT is a technique that enables visualization and quantifi-
cation of three-dimensional structures, such as cortical compact
bone and trabecular bone. Other advantages of micro-CT are its
non-destructiveness, reduced need for sample preparation and,
therefore, a shorter time for evaluation. The major disadvantages
of micro-CT are a lower resolution than optical microscopy and
image artifacts occurring from the presence of computed tomogra-
phy artifacts (Boas and Fleischmann, 2012).

In the present implantology research, all three methods
(demineralized sections, ground sections, micro-CT) are often com-
bined when evaluating osseointegration and the healing of bone
implants, both in human patients or in experimental animal mod-
els. The most common bones for implantation are the maxilla
(Aparicio et al., 2011; Bissinger et al., 2017; Botzenhart et al., 2015;
Saulacic et al., 2014; Stadlinger et al., 2012) and femur in pigs (Buser
et al., 1991; Endres et al., 2005; Howashi et al., 2016; Isoda et al.,
2012; Kulkova et al., 2014; Schwarz et al., 2009). Choosing a suit-

Fig. 2. Determination of the region of interest (ROI). A — Three regions of interest
were set — whole specimen (blue line), cortical compact bone (red line) and trabec-
ular  bone (green line). Only cortical compact bone between its outer surface and
area of bone with porosity approximately less than 25% was  considered B — The
trabecular bone ROI was  reduced by approx. 1 mm from each border (green line) to
exclude tissue damaged by specimen preparation (red arrows). C — In case of two
cortical compact plates in one specimen, the larger one was analyzed. Scale bars
2000 �m (A, C) and 100 �m (B) (for interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article).

able animal model that mimics human bone is vital for the validity
of experiments that study osseointegration of implants, because
of different local ratios between the compact and trabecular bone
(Babuska et al., 2016). Different proximal vs. distal segments of
long bones, such as the femur, tibia or humerus may vary in the
proportions between the compact and trabecular type of bone tis-
sue. In contrast with a more compact mandible (Tonar et al., 2011),
the maxilla has a substantially greater proportion of very thick
trabecular bone. Localization of implantation during in vivo test-
ing of implants should correspond with the intended place of use
in human patients. Therefore, a reliable way to assess the ratio
between the compact and spongy bone is necessary.

In our study, we  focused on the epiphysis of the porcine
femur, which is an important animal model used in implan-
tology and bone healing research (Pithon et al., 2013; Kulkova
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Fig. 3. Sequence of all steps performed during processing of micro-CT scans preceding quantification. A — Original grayscale image. B — Filtering procedure reducing image
noise.  C — Global threshold binarization. D — Despeckle operations (remove white and black speckles of ≤10 voxels in 3D). E — Closing procedure. F — Remove closed pores.
Uniform magnification, scale bar 1000 �m (A–F).

Fig. 4. Scans of histological sections. A — Ground sections of porcine femur; stained with 20% Giemsa’s azur eosin methylene blue solution. B — Decalcified sections of porcine
femur,  stained with hematoxylin eosin. Scale 2000 �m.

et al., 2014). Recently, several papers found good agreement
between morphometric data based on undecalcified ground his-
tological sections and micro-CT, namely Gabler et al. (2015) in
rat tibia, Liu et al. (2016) in rat mandible and tibia, and Bissinger
et al. (2017) in maxilla of minipigs. However, to our best knowl-
edge, we did not find a direct comparison of histomorphometric
measurements of bone tissue using decalcified sections, ground
sections, and micro-CT at the same time in large animal mod-
els. Therefore, the aim of the study was to compare data on the
volume fraction of bone and thickness of the cortical compact
bone acquired during micro-CT analysis with data acquired from
identical samples using stereological analysis of either decalci-

fied paraffin sections or ground sections. Additionally, we  aimed
to compare adjacent tissue samples from the major trochanter of
porcine femur to map  the basic biological variability of trabecular
bone.

The following null hypothesis was formulated and tested:

H0. There is no difference when comparing data on the volume
and cortical bone thickness using micro-CT vs. stereological anal-
ysis of identical bone samples processed as decalcified paraffin
sections or ground sections.
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Fig. 5. Case profiles comparing the paired data acquired with micro-CT vs. decalcified sections. A — Volume fraction of trabecular bone in the specimens. B — Volume fraction
of  cortical compact bone in the specimens. C — Volume fraction of whole bone in the specimens. D — Thickness of cortical bone. No significant differences were found between
the  methods.

2. Materials and methods

2.1. Animals and specimens

Healthy female swine (24–39 months old, 59.16 ± 8.15 kg
weight) were used for this experiment. Samples were collected
post-mortem from animals sacrificed in other experiments not
related to bone or bone metabolism. The animals received humane
care in compliance with the European Convention on Animal Care
and these experiments were carried out under the Czech regula-
tions and guidelines for animal welfare and with the approval of the
Czech Academy of Sciences, protocols No. 27/2016 and 83/2016.

Cuboids with dimensions 20 × 10 × 10 mm were cut from the
major trochanter of the proximal epiphysis of the left and right
porcine femurs (n = 15) of eight animals. Each cuboid was cut into
two adjacent halves, the proximal part (sample A) and the dis-
tal part (sample B) (Fig. 1). The samples were cut by means of
low speed cutting machine (IsoMet LS, Buehler, Germany) and dia-
mond wafering blade (Series 20LC Diamond, Buehler, Germany)
using deionized water as cutting fluid. The samples were fixed in
formaldehyde for two days, and then they were put in 70% alcohol.

2.2. Micro-CT

Micro-CT scans of all specimens were acquired using the ex-
vivo micro-CT SkyScan 1272 (Bruker, Belgium). Each specimen was
placed on a microstage in a plastic tube immersed in 70% ethanol

and scanned using one FOV (field of view) with the following scan-
ning parameters: pixel size 5 �m;  source voltage 100 kV; source
current 100 �A; filter 0.11 mm Cu; frame averaging 2; rotation step
0.1◦, rotation 180◦; scanning time approximately 4 h. The flat-field
correction was updated before each acquisition.

Cross-section images were reconstructed from projection
images by NRecon software (Bruker, Belgium) using a modified
Feldkamp algorithm with the adequate setting of correction param-
eters (misalignment, ring artifact and beam hardening) to reduce
the effect of computed tomography artifacts.

Visualizations were acquired by DataViewer (2D cross-section
images) and CTVox (3D images, Bruker, Belgium). Analyses were
performed using CTAn software (Bruker, Belgium).

Prior to 3D structure analysis, datasets were resized to 10 �m
pixel size in order to significantly reduce computation time. Com-
parative analysis of 10 volumes of interest (VOI) at the original and
resized resolution (5 and 10 �m pixel size) was performed and the
results were subject to statistical analysis. No significant differences
between these results were found.

Three regions of interest (ROI) were set for each specimen,
namely: whole specimen, cortical compact bone, and trabecular
bone (Fig. 2a). The trabecular bone ROI was  hand-drawn, covering
the area of trabecular bone, reduced by approx. 1 mm  from each
border (Fig. 2a) to exclude tissue damaged by specimen preparation
(drilling, see Fig. 2b) and to eliminate the effect of the proximity of
cortical compact bone. In cases with the presence of a growth plate,
this area was  excluded from selection.
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Fig. 6. Bland–Altman plots showing the agreement between data from micro-CT and decalcified sections. A — Agreement of measurements of the volume fraction of trabecular
bone  in the specimens. B — Agreement of measurements of the volume fraction of cortical compact bone in the specimens. C — Agreement of measurements of the volume
fraction of whole bone in the specimens. D — Agreement of measurements of the volume fraction of trabecular bone in the specimens. y-axes show the difference (micro-CT
—  decalcified sections) in volume fraction of bone/thickness of cortical bone (mm);  x-axes show the mean of measurements. Mean difference (solid line) describing the bias
between the methods. Dashed lines indicate limits of agreement (mean of the differences ± 1.96 × SD of the differences).

The cortical compact bone ROI was hand-drawn and restricted
to the cortical compact bone. In case of two cortical compact plates
in one specimen (which happened in 24 from 30 specimens), only
the larger one was analyzed (Fig. 2d). Cortical compact bone grad-
ually transforms into trabecular bone, so delineating the border
between cortical compact bone and dense trabecular bone is very
often complicated. Micro-CT images were evaluated in cooperation
with a histologist. Only cortical compact bone between its outer
surface and area of bone with porosity approximately less than 25%
was considered to prevent selection overestimation (Fig. 2c). The
whole specimen ROI was hand-drawn, surrounding the whole spec-
imen in order to analyze the total specimen volume and relative
bone volume.

3D-structure analysis was performed for selected VOI based
on different ROI (whole specimen, cortical compact bone and tra-
becular bone). Prior to analysis, image noise was reduced by a
filtering procedure (Gaussian blur rd = 1px in 3D). Binarization was
performed by applying a global threshold. Despeckle operations
(remove white and black speckles of ≤10 voxels in 3D) were per-
formed. Prior to cortical bone analysis porosity inside cortical bone
had to be removed (both open and closed pores) to enable unbiased
3D-structure thickness measurement using sphere-fitting algo-
rithm. “Closing procedure” (to transform open pores, e.g. vascular
canals of small size, to closed pores) and “remove closed pores”

operation in 3D was  performed. The entire workflow is presented
in Fig. 3.

2.3. Decalcified sections

After micro-CT analysis, each sample A was  added to the most
commonly used decalcifying solution (Bondarenko et al., 2014;
Elgali et al., 2016; Cheng et al., 2014), the 12.5% neutral ethylenedi-
aminetetraacetic acid (EDTA) (Komplexon III, Penta, Prague, Czech
Republic) for 9 weeks. Then, the samples were dehydrated in
ascending grades of alcohol — 70%, 80%, 96% (two hours was
required for each grade of alcohol) and embedded in paraffin. The
samples were cut perpendicular to the long bone axis to the depth
of the bone by a rotary microtome (RM2255, Leica Biosystems, Wet-
zlar, Germany). The 5 �m-thick consecutive sections were stained
by hematoxylin–eosin. Three histological sections were prepared
from each sample A. The sections were scanned using an Eclipse
Ti2-E microscope (Nikon, Tokyo, Japan) with a 2× objective (Fig. 4b)
and motorized XY stage.

2.4. Ground sections

After micro-CT analysis, each sample B was dehydrated in
ascending grades of alcohol — 70%, 80%, 96%, 100% (two days
required for each grade of alcohol). From the 100% alcohol solution,
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Fig. 7. Case profiles comparing the paired data acquired with micro-CT vs. ground sections. A — Volume fraction of trabecular bone in the specimens. B — Volume fraction of
cortical  compact bone in the specimens. C — Volume fraction of whole bone in the specimens. D — Thickness of cortical bone. No significant differences were found between
the  methods.

the samples were transferred to a 1:1 mixture of acetone-alcohol
for approximately 12 h for better permeabilization of the tissue,
and then they were put back into 100% alcohol. The samples were
added to methylmethacrylate (MMA)  (Merck Millipore, Darm-
stadt, Germany) without an initiator of polymerization, for two
days. Then, the samples were added to a mold with resin and the
polymerization of resin was started by benzoyl peroxide (Merck
Millipore, Darmstadt, Germany). The samples were cut perpen-
dicular to the long bone axis to the depth of the bone by using
a diamond disc (Isomet 1000, Struers, Ballerup, Hovedstaden,
Denmark) (Babuska et al., 2016). The cutting area was  grinded by
P1200 grit sandpaper until all the tissue segments were exposed
to the surface for observing. After grinding, the cutting area was
polished by P4000 grit sandpaper. A clean slide was  glued to
the polished side. The second incision was made approximately
200–400 �m from the slide and simultaneously parallel with the
slide. The slide with the section was grinded using a sequence of
abrasive papers (P320, P1200 and P2500 grit) and polished using
P4000 grit sandpaper under water irrigation to a final thickness
approximately 90–70 �m (Botzenhart et al., 2015). A paper coated
with a textile fine cloth and 3 �m diamond paste was  used for the
last polishing of the surface. The papers for grinding and polishing
are on the rotation desk and the samples are pressed toward the
desk (EcoMetTM 250, Struers, Ballerup, Hovedstaden, Denmark).
The sections were stained with 20% Giemsa’s azur eosin methy-
lene blue solution (Merck Millipore, Darmstadt, Germany) (Roldán

et al., 2010). Two  ground sections were prepared from each sample
B. The images of ground sections were taken as a preview using
a slide scanner (Axio Scan.Z1, Carl Zeiss Microscopy GmbH, Jena,
Germany) (Fig. 4a).

2.5. Morphometry of bone in decalcified and ground sections

The volume fraction of cortical compact and trabecular bone in
each ROI was  evaluated using a stereological grid point (Mouton,
2002; Tonar et al., 2011; Tonar et al., 2015). All quantitative
estimates were calculated using well established stereological
methods (Mouton, 2002) and Ellipse software (ViDiTo, Košice, Slo-
vakia). Another parameter was the thickness of the cortical compact
bone, measured by connecting the surface of the bone to border
with trabecular bone. The line tool in the Ellipse software was
used, four times in each section, and the average of these mea-
surements was  used for analysis. The morphometric parameters
are summarized in Table 1.

2.6. Statistics

Mean values calculated from three decalcified histological slides
were compared with mean values calculated from two  ground
sections and also with the volume data from the entire scanned
specimen from micro-CT. The data based on the micro-CT were
compared in samples taken from the proximal part (labeled A)
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Fig. 8. Bland–Altman plots showing the agreement between data from micro-CT and ground sections. A — Agreement of measurements of the volume fraction of trabecular
bone  in the specimens. B — Agreement of measurements of the volume fraction of cortical compact bone in the specimens. C — Agreement of measurements of the volume
fraction of whole bone in the specimens. D — Agreement of measurements of the volume fraction of trabecular bone in the specimen. y-axes show the difference (micro-CT
—  ground sections) in volume fraction of bone/thickness of cortical bone (mm);  x-axes show the mean of measurements. Mean difference (solid line) describing the bias
between the methods. Dashed lines indicate limits of agreement (mean of the differences ± 1.96 × SD of the differences).

Table 1
Measured morphometric parameters, their abbreviation and units.

Name of parameter Abbreviation Unit

Volume fraction of
trabecular bone in
specimen

VV (trabecular bone/specimen) (–)

Volume fraction of
cortical compact bone
in  specimen

VV (cortical bone/specimen) (–)

Volume fraction of
whole bone in
specimen

VV (whole bone/specimen) (–)

Thickness of cortical
compact bone

Thickness of cortical bone (mm)

vs. samples taken from the distal part (labeled B). The data were
processed using Wilcoxon matched pairs tests and Spearman cor-
relation tests in Statistica Base 10 (StatSoft, Inc., Tulsa, OK, USA).
Bland–Altman plots showing the difference of the measurements
versus the mean of the measurements are shown, including a line
for the mean difference and 95% limits of agreement (LoA) to assess
the agreement of the modalities (Bland and Altman, 1986). A sig-
nificance level of 5% was used.

3. Results

3.1. Decalcified sections vs. micro-CT

There were no significant differences in bone volumes or
thicknesses measured by micro-CT and the corresponding values
quantified in decalcified sections. Fig. 5 shows case profile plots for
the comparison of micro-CT with decalcified sections. Examples of
samples from the comparison of micro-CT and decalcified sections
are shown in Fig. 11a.

The morphometric data assessed in the decalcified sections
were well correlated with the data from the micro-CT of the same
sample. The Spearman correlation coefficients were as follows:
R = 0.67 for Vv (trabecular bone/specimen), R = 0.53 for Vv (cortical
bone/specimen), and R = 0.82 for thickness of cortical bone. Fig. 6
shows the agreements between micro-CT and decalcified sections.

3.2. Ground sections vs. micro-CT

No significant difference between the results from micro-CT
and the analysis of corresponding decalcified sections. Fig. 7 shows
interaction plots for comparison of micro-CT with ground sections.
Examples of samples from the comparison of micro-CT and ground
sections are shown in Fig. 11b.
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Fig. 9. Case profile plots for comparison ground with decalcifed sections. A — Volume fraction of trabecular bone in the specimens. B — Volume fraction of cortical compact
bone  was greater in ground sections than in decalcified sections (p < 0.05). C — Volume fraction of whole bone was greater in ground sections than in decalcified sections
(p  < 0.05). D — Thickness of cortical bone.

The morphometric data assessed in ground sections were well
correlated with the data from the micro-CT of the same sample. The
Spearman correlation coefficients were as follows: R = 0.98 for Vv
(trabecular bone/specimen), R = 0.86 for Vv (cortical bone/specimen),
R = 0.88 for VV (whole bone/specimen), and R = 0.97 for the thickness
of cortical bone. Fig. 8 shows the agreements between micro-CT and
ground sections.

3.3. Ground sections vs. decalcified sections

The histomorphometric values from paired adjacent samples A
vs B were compared. Each pair consisted of tissue probes approx-
imately 20 mm apart. The data based on micro-CT revealed, that
the VV (trabecular bone/specimen) was greater in samples A than
in adjacent samples B (Wilcoxon matched pairs test p < 0.05) and
thickness of cortical bone was greater in samples B than in samples
A (p < 0.01).

Examples of samples from the comparison of ground and decal-
cified section are shown in Fig. 11c. There were no significant
differences between the results of VV (trabecular bone/specimen),
thickness of cortical bone from the analysis of decalcified sections
and ground sections. There were significant differences between
the results of VV (cortical bone/specimen) (p = 0.041) and the results
of VV (whole bone/specimen) (p = 0.041) from the analysis of decal-
cified sections and ground sections.

Fig. 9 shows interaction plots for the comparison of ground sec-
tions with decalcified sections. There were no correlations between
the results from the analysis of decalcified sections and ground sec-
tions. Fig. 10 shows the agreements between ground sections and
decalcified sections.

The mean values and standard deviation in all methods are sum-
marized in Table 2.

4. Discussion

Morphometric data on bone volume and the thickness of the
cortical bone from micro-CT was in good agreement with the his-
tomorphometric data based on two ground sections processed from
the same tissue blocks. The data from both methods were well
correlated. Comparison between micro-CT and histomorphometry
was evaluated in previous studies (Chappard et al., 2005; Gielkens
et al., 2008; Müller et al., 1998) with certain limitations (e.g. low
image resolution, low volume of interest, 2D measurements of tra-
becular thickness). However, improvement in both micro-CT and
IT technology which enables more demanding computation pro-
cesses should be considered, thus reevaluation of application of this
method is appropriate. Recent studies e.g. by Gabler et al. (2015)
and Bissinger et al. (2017) compared results from micro-CT and
ground sections; however, they evaluated bone implant contact
but not the morphometry of cortical compact and trabecular bone.
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Fig. 10. Bland–Altman plots showing the agreement between data from ground and decalcified sections. A — Agreement of measurements of volume fraction of trabecular
bone  in the specimens. B — Agreement of measurements of the volume fraction of cortical compact bone in the specimens. C — Agreement of measurements of the volume
fraction of whole bone in the specimens. D — Agreement of measurements of the volume fraction of trabecular bone in the specimens. y-axes show the difference (ground
sections — decalcified section) in volume fraction of bone/thickness of cortical bone (mm);  x-axes show the mean of measurements. Mean difference (solid line) describing
the  bias between the methods. Dashed lines indicate limits of agreement (mean of the differences ± 1.96 × SD of the differences).

Table 2
Results of the pilot study mapping the basic variability among tissue samples of porcine trochanter major.

Parameter (unit) Micro-CT Decalcified sections Ground sections

VV (trabecular
bone/specimen) × 100 (%)

Mean 17.0 18.0 16.5
SD  4.65 3.6 3.4

VV (cortical bone/specimen) × 100
(%)

Mean 14.5 17.0 20.7
SD  7.1 7.6 8.5

VV (whole bone/specimen) × 100 (%) Mean 32.5 34.2 36.9
SD  8.70 7.2 11.0

Thickness of cortical bone (–) Mean 1.45 1.20 1.46
SD  0.47 0.50 0.43

Similarly, the analysis of three decalcified sections also yielded
data fully comparable statistically with the micro-CT assessment of
bone volume and thickness. These results demonstrate that micro-
CT results are comparable with those obtained by histology as in a
study by Balto et al. (2000).

Quite surprisingly, the histomorphometric study based on 2–3
sections yielded similar data on bone volume and thickness as
the much more detailed micro-CT examination. Our comparison
between decalcified vs. ground sections cannot be used for drawing
unambiguous conclusions on the question whether both meth-
ods yield entirely comparable results. The reason is that micro-CT
proved pre-existing differences between samples A (used for decal-
cified sections) vs. samples B (processed in ground sections). This
illustrated that even samples of normal and healthy porcine femurs

exhibit microstructural inhomogeneities on the scale of approx.
20 mm.  Moreover, it might be expected that in less homogeneous
samples, such as in healing bones with defects (Prosecká et al.,
2014), the error caused by selecting only 2–3 histological sections
for quantification might be much greater than in the present study.
This could be easily solved by sampling more decalcified sections.
However, increasing the number of ground sections significantly
would most likely not be possible because processing ground sec-
tions includes sawing approx. 1 mm-thick plates of bone and losing
part of the material during cutting and grinding.

At the level of quantification of bone trabeculae or compact
bone, the resolution of the micro-CT is entirely sufficient. Moreover,
micro-CT enables visualization and quantification of many more
three-dimensional parameters, such as bone surface and closed and
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Fig. 11. Microphotographs of corresponding samples processed with different methods. A — Microphotographs from comparison of micro-CT (left) and decalcified section
(right) samples. Although the cortical bone appears to be thicker on the right, part of the apparent thickness is due to the adjacent soft tissues (periosteum and tendons). B —
Microphotographs from comparison micro-CT and ground section samples. C — Microphotographs from comparison ground and decalcified section samples. Scale 2000 �m.

open porosities. This method is non-destructive and the reduced
preparation time leads to a reduced total time for evaluation. Micro-
CT is based on absorption, and this technique is particularly well
adapted for tissues such as bone but lacks sensitivity to image soft
tissues (Peyrin, 2011). However, the ability of micro-CT to differ-
entiate between fully mineralized and partially mineralized bone
tissue is still limited and histological sections should be used for
this purpose instead.

The pilot data summarized in Table 2 could facilitate the power
analysis for sample size calculation (Chow et al., 2008) needed to
detect any expected increase or decrease in the bone volume in
experiments using the porcine major trochanter using this local-
ization in future experiments on bone healing. However, using the
same tissue processing and data acquisition methods consistently
is advisable.

Despite the similarities between the histological morphome-
try and micro-CT assessment of bone, the histological methods
are still necessary. Histology is destructive and incompatible with
mechanical analysis. However, analysis of decalcified sections is an

inexpensive method for evaluating bone if no metallic implants are
present. Serial sections may be produced using the classical paraffin
technique, which is compatible with a plethora of staining methods
for differentiation of tissue components. On the other hand, arti-
facts may  arise during the sectioning of decalcified bone samples,
such as microcracks, folds, separation and moving trabeculae. Even
if histomorphometry from the analysis of ground sections provides
excellent resolution and image contrast, this method is restricted
by the loss of material that occurs during the sawing and grind-
ing process (Bissinger et al., 2017). Unlike decalcified specimens,
undecalcified specimens can be processed with various materials,
including metals, and it is possible to clearly distinguish between
mature and immature bone. On the other hand, using decalcified
section enables for applying routine staining protocols for specific
visualization of bone tissue components, such as type I collagen
(Rampichová et al. 2018) or osteocalcin in osteoblasts and newly
formed bone matrix (Lukasova et al., 2018) demonstrating various

There were several limitations to the present study. Some of
the parameters (such as wall thickness) may  have been affected
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by minor differences in sample orientation during embedding. Pic-
tures from the micro-CT were evaluated by a different observer
than the one who evaluated the pictures of histological sections.
Therefore, the borders of regions of interest could differ to some
extent, even though their assessment was thoroughly discussed
with histologists, as mentioned above.

5. Conclusion

Histomorphometric studies based on relatively low numbers of
undecalcified ground sections or demineralized paraffin sections
of bone yield data on bone volume and the thickness of cortical
compact bone that is comparable with three-dimensional micro-CT
examination. The biggest advantages of micro-CT in bone research
are that it is non-destructive, provides detailed three-dimensional
information, and easily quantifies surfaces and bone porosities. The
pilot data on the variability of cortical compact bone and trabecu-
lar bone volumes in the porcine major trochanter provided in this
study aim for planning experiments in the field of bone healing and
implantology.
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Abstract

Background: The primary objective of Tissue engineering is a regeneration or replacement of tissues or organs
damaged by disease, injury, or congenital anomalies. At present, Tissue engineering repairs damaged tissues and
organs with artificial supporting structures called scaffolds. These are used for attachment and subsequent growth
of appropriate cells. During the cell growth gradual biodegradation of the scaffold occurs and the final product is a
new tissue with the desired shape and properties.
In recent years, research workplaces are focused on developing scaffold by bio-fabrication techniques to achieve
fast, precise and cheap automatic manufacturing of these structures. Most promising techniques seem to be Rapid
prototyping due to its high level of precision and controlling. However, this technique is still to solve various issues
before it is easily used for scaffold fabrication.
In this article we tested printing of clinically applicable scaffolds with use of commercially available devices and
materials. Research presented in this article is in general focused on “scaffolding” on a field of bone tissue replacement.

Results: Commercially available 3D printer and Polylactic acid were used to create originally designed and possibly
suitable scaffold structures for bone tissue engineering. We tested printing of scaffolds with different geometrical
structures. Based on the osteosarcoma cells proliferation experiment and mechanical testing of designed scaffold
samples, it will be stated that it is likely not necessary to keep the recommended porosity of the scaffold for bone
tissue replacement at about 90%, and it will also be clarified why this fact eliminates mechanical properties issue.
Moreover, it is demonstrated that the size of an individual pore could be double the size of the recommended range
between 0.2–0.35 mm without affecting the cell proliferation.

Conclusion: Rapid prototyping technique based on Fused deposition modelling was used for the fabrication of
designed scaffold structures. All the experiments were performed in order to show how to possibly solve certain
limitations and issues that are currently reported by research workplaces on the field of scaffold bio-fabrication.
These results should provide new valuable knowledge for further research.

Keywords: Tissue engineering, Scaffold, Bio-fabrication, 3D printing, Rapid prototyping, Polylactic acid, Fused
deposition modelling, Rebel II

* Correspondence: alesgregor@seznam.cz
1Department of Instrumentation and Control Engineering, Faculty of
Mechanical Engineering, Czech Technical University in Prague, Technická 4,
166 07 Prague 6, Czechia
Full list of author information is available at the end of the article

© The Author(s). 2017 Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to
the Creative Commons license, and indicate if changes were made. The Creative Commons Public Domain Dedication waiver
(http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.

Gregor et al. Journal of Biological Engineering  (2017) 11:31 
DOI 10.1186/s13036-017-0074-3

http://crossmark.crossref.org/dialog/?doi=10.1186/s13036-017-0074-3&domain=pdf
http://orcid.org/0000-0002-7739-2044
mailto:alesgregor@seznam.cz
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/


Background
To repair damaged tissues and organs, tissue engineer-
ing currently utilizes artificial supporting structures
called “scaffolds”, which serve as carriers of cell cultures
and control their growth. Scaffolds are fabricated as por-
ous structures of pre-defined shapes. Their structure
properties include external geometry, porosity, porous
interconnectivity, individual pore size, and surface area
[1]. Scaffolds are used in particular as carriers for growing
bone tissue, cartilage, ligaments, skin, blood vessels,
nerves and muscles [2]. They are also used as carriers for
the controlled delivery of drugs and proteins. Scaffolds are
prepared using biodegradable materials, allowing the ma-
terial gradually disintegrates (degrades) after the formation
of a new tissue or organ. Scaffolds are seeded with suitable
cells (depending on the type of tissue) in vitro and then
implemented in vivo into the place of damage. There,
through the porous structure of the scaffold a cell prolifer-
ation occurs, which enables the formation of a new tissue.
Materials currently used for scaffold manufacturing are
split into several types; entirely synthetic materials, natural
materials, ceramics, and their combinations. Natural fibres
used in scaffolding include collagen, the protein that cre-
ates the majority of extracellular matrix; alginate, a plant
polymer derived from algae; chitosan, derived from chitin
found in insects and fibrin gel [3]. Synthetic materials
allow for a better control of chemical, physical and mech-
anical properties, as well as degradation rate. In addition,
fabrication methods can process synthetic materials into
scaffolds of desired porosity, morphologies, and anisot-
ropies with improved cell attachment and migration. The
disadvantages of synthetic scaffolds are possible toxicity
and undesired inflammatory responses. The synthetic ma-
terials that scaffolds are usually made of are polymeric.
The most popular polymers are linear aliphatic polyesters.
This group includes polyglycolic acid (PGA), polylactic
acid (PLA), and their co-polymers polylactic co-glycolic
acid (PLGA). The degradation of PLA, PGA and PLA/
PGA copolymers generally involves random hydrolysis of
their ester bonds. PLA degrades to form lactic acid which
is normally present in the body [4]. Scaffolds can be also
created by combining synthetic and natural materials [5].
Ceramic materials are usually used in combination with
polymers to substitute tissue with an expectancy of
high resilience [6]. In recent years, technological devel-
opment of scaffolds uses several approaches so-called
bio-fabrication. However, many of those fabrication
techniques have not yet achieved adequate results to be
applied in current clinical practice. Most of the tech-
niques currently used for scaffold fabrication provide
low quality as for the pores sizes and their interconnec-
tivity within the scaffold structure. One of the most
promising techniques for an “ideal” scaffold structure
fabrication is Rapid prototyping due to its excellent

control over the geometry of the created sample [7].
While industrial 3D printers have reached extremely
high resolution in the past few years, the advancements
in machine capability have not transferred to the use with
biomaterials. These systems unfortunately are not opti-
mized for biomaterials of interest for in vitro and in vivo
studies [8]. Clinical application is limited due to high ma-
chine cost, design and fabrication time involved. High
processing temperatures in certain techniques limit their
ability to process temperature-sensitive polymers with bio-
active component. Another limitation of a high
temperature is possibility to affects the mechanical
strength [9]. One of the most promising ways of auto-
mated bio-fabrication appears especially in the principle
of the Fused Deposition Modelling (FDM) [10], which is
mainly used in cases of synthetic polymers applications.
Regular inner and outer structure of the scaffold is an-

other important property. Sufficient and regular porosity
is required for uniform cell proliferation both in the
space of scaffolds and in time. The speed of cell prolifer-
ation and degradation of the material should ideally be
uniform. Current studies report that ideal scaffold
porosity should be around or more than 90% (especially
for bone tissue engineering) and pores should provide
good interconnectivity to ensure good proliferation of
cells [11]. Unfortunately, porosity reduces mechanical
properties such as compressive strength, and increases
the complexity for reproducible scaffold manufacturing.
Mechanical properties constitute another important
feature of the scaffold. This importance has multiple rea-
sons; growing cells may exert force, and certain cell
types such as fibroblasts generate substantial force, a
mechanically weak scaffold might be broken down under
the load of these forces and change the shape of the final
tissue structure [12].
Important for growing tissue is the control of the pro-

liferation and the nutrient transfer characteristics within
the scaffold structure [13]. One of the future challenges
in bone tissue engineering is to design and to manufac-
ture biodegradable scaffolds with a homogeneous growth
rate over their entire volume, using pore size gradients
or specific distributions of embedded growth factors.
This requires manufacturing processes with higher reso-
lution and bio-fabrication capabilities [14]. Öchsner et al.
suggested in their review how to overcome current limita-
tions and move the current scaffold fabrication by Rapid
prototyping to the next frontier. First step is the con-
tinuous improvement of Rapid prototyping machines to
produce mass production with cost effective precise
scaffolds through enhancing machines resolution, ac-
curacy, trapped liquid or loose powder removal tech-
niques and developing methods for direct placements
of bioactive components such as cells and proteins
within the 3D structures. Finally, further improvements
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in a scaffold’s internal and external architecture in
addition to the incorporation of material heterogeneity
within the scaffold structure are needed to obtain the
optimal scaffold design [15]. Based on current issues
described above it may be stated that the topic is very
much in the focus and appears to be frequently investi-
gated by research workplaces that are focused on scaf-
folding in tissue engineering.

Scope of the research
This research deals with the hypothesis, whether it
would be possible to overcome the aforementioned
technical limitations and fabricate, or rather print func-
tional and clinically applicable scaffolds using current,
cheap and commercially available devices and materials.
Experiments described in this article are focused on
fabrication of scaffolds that might be eventually used
on field of bone tissue replacement. The basic premise
was the use of ordinary and commercially available 3D
printer and cheap pure PLA material, which is usually
used as a filament for such 3D printers. PLA is a bio-
degradable material and is normally used in tissue engin-
eering for bone tissue replacement purposes. Current,
commercially available and cheap (300–1000€) 3D
printers could reach good quality resolution of printing
around 0.3 mm. This could provide the possibility to use
them at least for bone tissue engineering, where the rec-
ommended pore size of the scaffold is 0.2–0.35 mm [16].
Such a 3D printer could produce precise layer by layer
structures that provide good and regular interconnectivity
between pores and also have good mechanical properties.
Another advantage of these printers is that there are bio-
degradable materials as a printing “feed” already in use
and their price is low. One of them is PLA. The reported
foam scaffolds with proper cell ingrowth and nutrition dif-
fusion had porosity around 90% [11]. We would like to
test 3D printed scaffolds with lower porosity and structure
for their potential in tissue engineering. Moreover, we
want to test the impact of different porosity on the mech-
anical properties of the scaffolds as we logically expect the
worse mechanical properties in case of the higher porosity
level. Young′s modulus of printed scaffolds will be deter-
mined and compared with scaffolds made from the same
material by different or by similar approaches for the same
purpose, the bone tissue replacement. In order to con-
firm/reject proposed hypotheses and to obtain adequate
results, two types of scaffold structure were designed and
printed, osteosarcoma cells proliferation through both
scaffold structures were investigated and basic mechanical
tests were performed.
There exist previous studies employing 3D printer for

scaffold design [17–19]. Our research novelty is focused
on assessment of newly designed scaffold structures that
have not yet been used. We reached successful results of

equal proliferation and osteoconduction in the scaffold
with only 30% porosity compared to scaffold with 50%
porosity (recommended porosity is 90% [11]). This may
eliminates mechanical properties issues reported in case
of scaffolds with high porosity. We also proved success-
ful cell proliferation and osteoconduction in the scaffold
type with two time larger pores than recommended for
bone tissue engineering scaffolds [16].

Methods
Scaffold structures
Important parameters which scaffold should meet for a
proper cell proliferation is sufficient and regular porosity,
and imitation of the original architecture of tissue or
organ that needs to be regenerated. According to these
conditions 2 types of scaffold structures for bone tissue re-
generation were designed and printed. The reasons of dif-
ferent inner structures of both scaffolds are as follows:

Scaffold ST1 – Presumption that the scaffold will be
seeded by cells from the top. Therefore individual fibres
need to overlap each other vertically in each second
layer to prevent the cells “fall” down through the
scaffold structure (see - scaffold in Fig. 1).

Scaffold ST2 – Porosity is cca 50–60% higher then in
case of ST1 in order to determine whether the cells
attach individual fibres even if there are vertical gaps
between layers (see - scaffold in Fig. 2).

3D printing method
Freeware Repetier Host (http://www.repetier.com/down
load/) was used for generation of G-code. The printing
process is not designed for such a small objects such as
the scaffolds. The generated G-code was therefore not
entirely correct and was not usable directly for printing.
It had to be manually modified. Only the first two layers
of the generated G-code were taken for scaffold ST1
and the first three layers for scaffold ST2. The code was
cleaned by removing any unwanted movements so that
one fiber is printed without any interruption. The print-
ing speed was hand optimized to a feedrate of
1080 mm/min for both ST1 and ST2. The non-printing
moves were set to 7800 mm/min. The layer height was
set to 0.2 mm. The first two or three layers respectively
were then recopied to a different height until the desired
scaffold height was reached. The filament flow rate was
also manually adjusted to 130% of the nominal value. Fi-
nally the code for one scaffold was multiplied to print
multiple scaffolds at a time. The printing time for a
batch of 4 scaffolds was about 15 min.

Gregor et al. Journal of Biological Engineering  (2017) 11:31 Page 3 of 21

http://www.repetier.com/download
http://www.repetier.com/download


Basic technical parameters of the device (according to the
manufacturer)
Printing space: 190x190x180 mm; Filament Diam-
eter: 1.75 mm; Inner nozzle diameter: 0.2 mm; Accuracy:
X and Y resolution (theoretical) 6.25 μm. Z axis reso-
lution (theoretical) 0.156 μm.

Scaffolds structure measurement
We checked printed scaffold porosity with two inde-
pendent methods – based on known density of used
PLA (1.25 g/cm3) and its volume and using X-ray micro-
tomography. At the first we calculated the theoretical
weight of each particular scaffold without any pores. The
real weight of each scaffold was then proportionaly com-
pared to the calculated weight (without pores) and thus
the porosity was determined. Furthermore, three ST1
samples (ST1a, ST1b and ST1c) and three ST2 samples
(ST2a, ST2b and ST2c) were scanned using X-ray micro-
tomography (Bruker SkyScan 1272, max. Resolution
0.5 μm). The scanning was performed to confirm the
method mentioned above and exclude the presence of
closed pores (air bubbles). Both standard porosity (%)
and closed porosity (%) were evaluated as ratio of
volume of all or closed pores and total volume. Another
evaluated parameters were: number of closed pores (1),
surface of the samples (mm2), surface to volume ratio
(mm−1), average thickness of the fibres (mm) and

distribution of the thickness in graph (mm to % of vol-
ume). All the results are available in results chapter of
this article.

Scanning electron microscopy (SEM)
PLA samples were glued on aliminium stubs and
sputter-coated with a platinum layer using a Quorum
Q150R (Quaorum Technologies Ltds). The samples were
examined in a Vega 3 SBU (Tescan) scanning electron
microscope in the secondary electron mode at 30 kV.
The mean fiber diameter was calculated by image ana-
lysis in the ImageJ program. A figure of scanned scaffold
is presented in the results chapter.

PLA properties measurement
Verification of processed PLA material properties were
performed with FTIR-IR analyzer, Surface zeta potential
measurement, Contact angle measurement and Molecu-
lar weight and polydispersity measurement. Results are
presented in the results chapter of the article.

FTIR-IR spectrum measurement
Chemical identity of the material was analysed using FTIR
(IRAffinity 1, Shimazu). Attenuated total reflactance
(ATR) method was used for analysis of PLA 3D printed
samples. The 3D printed scaffold was melted at 200 °C to
produce film on glass coverslip. The spectrum of thin film
was measured in range from 800 to 4000 cm-1 as 20

Fig. 1 Scaffold structure ST1. The porosity of ST1 scaffold was expected around 30% and intended diameter of the fibre is 0.35 mm and pore
size 0.35 mm

Fig. 2 Scaffold structure ST2. The porosity of ST2 scaffold was expected around 50% and intended diameter of the fibre is 0.35 mm and pore
size 0.7 mm
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independent measurements. The Happ Gazel appodiza-
tion was used for spectrum deconvolution.

Surface zeta potential measurement
Zeta potential was measured on Zetasizer ZS (Malvern
Instruments Ltd., UK) using surface-zeta potential cell.
Standard silicon particles with zeta potential of
−42.2 mV were used as a tracer material. The PLA sam-
ple was attached to the sample holder. The zeta poten-
tial was measured using standard protocol. The sample
was measured in 3 measurements with 15 runs in each
measurement. Temperature was set to 25 °C. The sur-
face zeta potential was calculated as change of particle
zeta potential as a function of displacement from the
surface. The surface zeta potential was calculated in 4
points with displacement of 250 μm. Surface zeta poten-
tial was measured from pure PLA plate or PLA plate in-
cubated with 1 mg/mL type I collagen (PLA Col) or
with 1 mg/mL hydroxyapatite suspension for 20 min at
room temperature (RT).

Contact angle measurement
Contact angle was evaluated using computer-based instru-
ment SEE Systems (Advex Instruments, Czech Republic).
From the distilled water droplet formed on a flat PLA
polymer was scanned using a camera, and the contact
angle was calculated from 7 independent measurements.

Molecular weight and polydispersity measurement
Number-average molecular weight (M n) and polydis-
persity index (M w/M n) of the PLA was determined
using gel permeation chromathography with multi-angle
light scattering method (GPC-MALS). An instrumental
setup included Agilent HPLC 1100 Series instrument
with degasser, pump, autosampler, set of two PLgel 5 μm
Mixed-C 300 × 7.5 mm columns (Agilent, USA)
thermostated to 25 °C and UV-VIS diode array detector
in connection with a DAWN HELEOS II multi-angle
laser light scattering detector, ViscoStar-II differential
viscometer and Optilab T-rEX refractive index detectors
(Wyatt Technology, Germany). Both MALS and RI de-
tectors operated at 658 nm. Tetrahydrofurane was used
as the mobile phase at a flow rate of 1 mL/min. Sample
in THF (concentration 1 mg/mL) was filtered with
0.22 μm filter and injected in the volume of 100 μL.
Astra 6.1 software was used for data collection and ana-
lysis and Agilent software was used to control the HPLC.
The specific refractive increment dn/dc equal to 0.049
for PLA was used for data processing. The specific re-
fractive index values of polylactide were confirmed by a
100% mass recovery.

Experiments with osteosarcoma cells
Typical methods/assays were used to determine whether
osteosarcoma cells are applicable and survive on our scaf-
fold and whether they provide with osteoconduction.

PLA cytotoxicity test
Before the seeding of MG-63 cells into the scaffolds, the
cytotoxicity test of PLA material was performed.
Dense PLA scaffolds were incubated in a Dulbecco’s

Modified Eagle’s medium (DMEM, GIBCO) medium
supplemented with 10% fetal bovine serum (FBS),
100 IU/ml penicillin and 100 μg/ml streptomycine for
4 days in the same PLA/medium ratio as the standard cell
culture (conditioned medium). The conditioned medium
was used for the cell cytotoxicity test. 3 T3 fibroblasts
were seeded on tissue culture polystyrene (TCP) at the
density of 2.5 × 103 cells/well in both the conditioned
medium and in the standard culture medium, and cul-
tured for 1, 3, and 5 days in the 96-well plates. The
metabolic activity was tested using an MTS test. For
the test, 20 μl MTS solution was added into 100 μl
medium for 2 h, and the absorbance of 100 μL solution
was measured at 490 nm (reference wavelength was
690 nm).

Cell seeding
Osteosarcoma cell line MG-63 was seeded on both PLA
scaffolds at the density 20 × 103 cells and cultured in
DMEM medium supplemented with penicillin, strepto-
mycin (100 IU/ml and 100 μg/ml, respectively), L-
glutamin and 10% fetal bovine serum in a CO2 incubator
with 5% CO2 at 37 °C for 21 days. Medium was changed
every 3–4 days. 4–5 scaffolds were seeded for cell meta-
bolic activity/DNA assay; cells seeded on tissue culture
polystyrene (TCP) were used as a control. 3 scaffolds
were used for DiOC6(3)/propidium iodide staining and
4 scaffolds for osteocalcin staining.

Metabolic activity assay
The MTS assay reflects metabolic activity of the cells
as well as the cytotoxicity of the scaffolds and is an
approved method for cytotoxicity evaluation (ISO
10993–5:2009). Cell metabolic activity is measured by
converting MTS by mitochondrial dehydrogenases.
On days 1, 3, 7 and 14 the cell metabolic activity was

evaluated using the MTS assay (CellTiter 96® AQueous
One Solution Cell Proliferation Assay; Promega). 20 μl
MTS solution was added to 100 μl medium with a scaf-
fold and incubated at 37 °C for 2 h. 100 μl solution was
transferred into new 96-well plate and the absorbance
was measured at 490 nm (reference wavelength was
690 nm).
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Cell proliferation assay
Cell proliferation was evaluated using Quant-iT™ dsDNA
Assay Kit (Life Technologies). This method is very sensi-
tive and is able to detect ds DNA amount in a range of
0.2–100 ng per sample and was used in previous experi-
ments (Samples were put into lysate buffer (0.2% v/v
Triton X-100, 10 mM Tris (pH 7.0) and 1 mM EDTA)
and were frozen at −80 °C 1, 3, 7, 14, and 21 days after
seeding. After collecting all the samples in 1000 ul lysate
buffer, three cycles of thawing, vortexing and freezing at
−80 °C were applied. After the third cycle was finished,
all samples were immediately measured at room
temperature (RT). The DNA standards were included in
the kit. All tested samples were processed at the same
time therefore no differences in DNA isolation are ex-
pected [20]. DNA was measured according producer in-
structions at RT. Briefly, 200 μl of Quant-1 T™ dsDNA
HS reagent, which was diluted with enclosed buffer, was
loaded in a 96-well plate. 10 μl DNA standards were
added in doublets into wells. Similarly, 10 μl samples, 4
per group each day were added in doublets into other
wells with the reagent and gently mixed. The amount of
DNA was evaluated from fluorescence measurement
using Multi-Detection Microplate Reader (Synergy HT,
λex = 485 nm, λem = 525 nm) and calculated from the
calibration curve. DNA was measured using 10 ul sam-
ple solution, which is in the range of assay sensitivity,
and then calculated to obtain total DNA amount in the
samples (total volume was 1000 ul), which was shown in
a graph.

Cell visualization on the scaffolds
Cells on the scaffolds were fixed by frozen methanol
(−20 °C) on days 1, 7, 14 after seeding. The scaffolds
were twice washed with phosphate-buffered saline, and
cell membranes were stained with 1 μg/mL of 3,3′-
dihexyloxacarbocyanine iodide (DiOC6(3) (Cat. No.
D273, Invitrogen) for 45 min and subsequently, cell nu-
clei were stained with propidium iodide. The cells were
visualized under a confocal microscope (Zeiss LSM 5
DUO) at λexc = 488 nm, λem = 505–550 nm for
DiOC6(3) and λexc = 560 nm, λem >575 nm for propi-
dium iodide.
Live/dead staining was performed by staining of viable

cells by BCECF-AM and propidium iodide. Viable cells
were able to retain BCECF-AM in their cytoplasm. On
contrary, dead cells were visualized by incorporation of
propidium iodide to free DNA from dead cells. The scaf-
folds were stained by 2′, 7′- Bis (2-carboxyethyl)-5(6)-
carboxyfluoresceinacetoxymethyl ester (BCECF-AM,
Sigma Aldrich) diluted 1:100 in medium) was added and
incubated for 35 min at 37 °C and 5% CO2 for live cells
detection. It was then rinsed with PBS (pH 7.4); propi-
dium iodide (5 μg/ml in PBS pH 7.4) was added for

6 min, rinsed with PBS (pH 7.4) The cells were visual-
ized under a confocal microscope (Zeiss LSM 5 DUO) at
λexc = 488 nm, λem = 505–550 nm for BCECF-AM and
λexc = 560 nm, λem >570 nm for propidium iodide.
PLA samples seeded with MG-63 on day 2 were

washed in PBS and fixed in 2.5% glutaraldehyde for 2 h
at 4 °C. The samples were after that dehydrated in ethanol
ranging from 35%–100%. Hexamethyldisilazane (Sigma-
Aldrich) was added to dry the scaffolds. Scaffolds were
analyzed using Vega 3 Tescan as described in chapter
“Scaffolds structure measurement”.

Production of osteogenic markers
Evaluation of osteogenic marker production was based
on the visualization of type I collagen and osteocalcin
which are markers of osteogenic differentiation. Immu-
nohistochemical staining was performed using mouse
monoclonal antibody against osteocalcin (overnight, 2–
8 °C, dilution 1:200, ab13420, Abcam) or mouse mono-
clonal antibody against type I collagen (concentrate,
overnight, 2–8 °C, dilution 1:20, clone M-38c was ob-
tained from the Developmental Studies Hybridoma
Bank, created by the NICHD of the NIH and maintained
at The University of Iowa, Department of Biology, Iowa
City, IA 52242) and subseaquently with secondary anti-
mouse antibody conjugated with AlexaFluor® 488
(45 min RT, dilution 1:300, A10667, Life Technologies).
Then the cell nuclei were stained with propidium iodide.
The cells were visualized under a confocal microscope
(Zeiss LSM 5 DUO), λex = 488 nm, λem = 515–535 nm
for osteocalcin or collagen and, λex = 560 nm, λem > 575 nm
for propidium iodide, obj. 20, zoom 2×.

Statistical evaluation of experiments with cells
Either One-way ANOVA and Student-Newman-Keuls
Method or t-test were used for statistical evaluation
of biological tests. The level of significance was set at
0.05.

Scaffolds mechanical properties testing
As mentioned in scope of the research, scaffold with
porosity 30% should provide better mechanical proper-
ties than scaffolds with higher porosity (50–90%). To
validate whether this assumption is correct, it was neces-
sary to perform the same mechanical testing for both of
the scaffolds under the same conditions and then com-
pare the results. The apparatus served as a mechanism
for scaffold’s compressing and also for recording of force
and displacement data. Individual parts which the appar-
atus consists of are described in Fig. 3.

Devices and tools
Stepper motor used for cantilever movement, Long
Travel Motorized Linear Stage 8MT295, Confocal probe
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Precitec CHRocodile M4, Force sensor RSCC – S-Type
Load Cell – HBL.

Measurement
Ten samples of each scaffold types (ST1, ST2) were
used. The vertical thickness of each sample was mea-
sured before and after the deformation (after the load
was applied and released – see Table 3). The load was
applied by the cantilever directly on the scaffold sample,
which was attached by oil adhesion to the force sensor –
see scheme in Fig. 3.
A deformation of the scaffold is measured by a dis-

placement of the cantilever immediately after it touches
the scaffold sample. Force applied in time on the scaffold
was measured by force sensor Force sensor RSCC – S-
Type Load Cell – HBL A whole measurement process
was recorded in time and transformed to a set of data
that was then evaluated.
We have taken into account also a distortion of the

measurement due to mechanical tolerance and compli-
ance of the whole apparatus. The final measurement was
performed without a scaffold sample and the displace-
ment of the cantilever was measured as a function of
force. This relation was then subtracted from the results
measured when the scaffolds were used. As a result was
obtained force-displacement relation of pure scaffold
samples. The initial cross-section area of both types of
scaffolds was similar. The accurate measurement of
cross-section area of the scaffold was performed by
ImageJ software.

Nominal instantaneous mechanical stress of samples
was calculated as instantaneous force recorded by force
sensor divided by initial cross-section area. Dimension-
less deformation (engineering strain) of samples during
loading was calculated as displacement divided by initial
height of the sample.
To determine reasonable Young′s modulus, evaluated

loading data range was 1.6–2 MPa which is close to
stress of femur bone during normal gait as reported in
discussion part related to this chapter. Moreover, in such
a small range the deformation curve has almost linear
behaviour, so the simple linear fit could be applied.
Young′s modulus results are available in Table 4.

Results
Printing of scaffolds
The diameter of the scaffold fibres was set to 0.35 mm
to meet the requirement for bone tissue regeneration.
The geometry and inner structure of the scaffold ST1
were regular. Fibres exhibited flow in the gaps of the
previous layer. Nevertheless, overall structure parame-
ters enabled the scaffold to be used in cell seeding
experiments.
For structure of ST2 the diameter of the fibre was set

at 0.35 mm as in the case of ST1. The geometry and
inner structure of the scaffold were regular. Fibres ex-
hibited the same properties as in the case ST1 - a flow
in the gaps of the previous layer. The overall structure
parameters enabled the scaffold to be used in cell seeding
experiments and for comparison of the results with ST1.

Fig. 3 Apparatus served as a mechanism for scaffold’s loading. (1) Mobile cantilever driven by a stepper motor, (2) Confocal probe measures the
cantilever displacement resp. scaffold deformation, (3) Force sensor, (4) Scaffold sample, (5) Stiff frame
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Further comments on ST1 and ST2 scaffold structures are
available in the descriptions of Fig. 4.

Material characterization of scaffolds
The 3D printed scaffold was prepared from PLA.
Surface properties of PLA ware analysed using contact

angle measurement and surface zeta potential. Contact
angle of PLA was 74.3 ± 11.0° which corresponds to
slightly hydrophilic surface. The wettability is essential
for interaction with aqueous surfaces and for proper cell
adhesion. In addition, the surface zeta potential plays
important role for adhesion of proteins and formation of
protein corona. Zeta potential on pure PLA surface was
−40.6 ± 3.78 mV. The negative zeta potential is associ-
ated with binding of distinct proteins. In order to evalu-
ate binding of proteins and molecules associated with

bone regeneration, the PLA sample was incubated with
type I collagen for 20 min. The analysis of surface zeta
potential showed increase to −7.86 ± 2.64 mV. The
change in surface zeta potential indicates that collagen
binds to the surface of PLA samples. Similarly, the incu-
bation with hydroxyapatite nanoparticles is associated
with increase of zeta potential (−4.94 ± 1.54 mV) indi-
cating the interaction with PLA surface. The both
coated PLA had statistically higher zeta potential com-
pared to uncoated PLA (p < 0.001). Determined mo-
lecular weight and polydispersity of used PLA were Mn
(PLA) = 61,000 g/mol and Mw/Mn = 1.47, respectively.

Scaffolds structure
The Table 1 below shows the calculated porosity of each
individual scaffold, mean, median and SD of the set of

Fig. 4 Structure description of printed ST1 and ST2. a Overall view of the scaffold ST1 from the top. b Detail of ST1 view from the top - Printed
samples showed satisfactory external and internal geometry. c Sectional view of ST1 fibres. It can be seen that there is no porous or any other
structural damages in an internal structure of the fibre. This is an important finding for the evaluation of mechanical properties of the overall
scaffold. d Overall view of the scaffold ST2 from the top. e Detail of the view from the top - Printed samples showed satisfactory external and
internal geometry. f Sectional view of the scaffold ST2. It can be seen that the precision of layering is of less quality than in the case of ST1 as the
gaps between fibres are wider. Bar = 0.5 mm
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values. T-test “Two-Sample Assuming Equal Variances”
(alfa = 0.05) confirmed significant difference between ST1
and ST2.
Three samples of each scaffold type were scanned by

micro computed tomography (microCT) device which
also allows for calculation porosity based on scanned 3D
picture (see Table 2). The results correlate with results
calculated from samples weight.
The average thickness of the fibres of both scaffolds

was evaluated as 0.37 mm which corresponds to set of
3D printer. This assuming the pore size around 0.35 mm
for ST1 and 0.7 mm for ST2. Nevertheless the thickness
is not absolutely constant. The cumulative distribution
of structure thickness corresponding to the vol-
ume which shows chart in Fig. 5.
In addition, topology of surface was analysed by SEM.

Higher magnification of samples shows that the surface
of 3D printed microfibers is made of smooth surface
with minimal roughness. However, the surface also con-
tains irregular defects in form of microparticles as de-
fects from 3D printing process (Fig. 6, c and d).
The chemical identity was analyzed using FTIR-ATR

(see Fig. 7). The spectra showed samples typical for
PLA. The CH3 group resonance was manifested as peak
at 2925 cm−1 and 1274 cm−1. The C = O group reson-
ance was observed at 1756 cm−1. In addition carboxyl
group was detected at 1090 cm−1. The filament was
made of PLA and does not contained significant
contaminants.

Experiments with osteosarcoma cells
The cell cytotoxicity test did not show significant differ-
ences between PLA conditioned medium and standard

culture medium used for cell culture experiments. There-
fore, PLA scaffold was considered not cytotoxic and was
subsequently used for other cell culture testing.
The metabolic activity was highest on TCP, which is

adjusted to optimum cell growth. ST1 scaffolds showed
higher absorbance than ST2 scaffolds 14 days after
seeding (Fig. 8). Fast cell growth was observed on both
scaffolds on day 3 (Fig. 9a, b). This observation was in
agreement with SEM method as on day 2 cells were
confluently spread on the scaffolds surface (Fig. 6e, f ).
On day 7, there are visible cells “bridging” the gaps
between individual fibres on ST1 scaffolds. Contrary,
on ST2 scaffolds, cells are rather grouped around the
cross joints of individual fibres. No bridging of gaps has
apparently started yet. However, fibres are confluently
covered by cells and the gaps between fibres are filled
by cells on both scaffolds on day 14 (Fig. 10). Type I
collagen is an early marker of bone differentiation. The
staining after a 7-day culture showed type I collagen
produced by cells on both scaffold. On the other hand,
MG-63 cells produced only traces of osteocalcin, late
marker of differentiation, on day 14 (Fig. 11). High cell
viability was found on both scaffolds (Fig. 12).

Results of mechanical tests
Following Tables 3 and 4 provide results of mechanical
testing. Table 3 present vertical deformation testing re-
sults where non reversible deformations of all ST1/ST2
samples were compared using t-test “Two-Sample As-
suming Equal Variances” (alfa = 0.05), and the result
says that there is a significant difference between ST1
and ST2 as for the deformation properties. Table 4
shows calculated Young′s modulus of both scaffold

Table 1 Determined porosity of both scaffold types

Scaffold no. 1 2 3 4 5 6 7 8 9 10 Mean Median SD

ST1 31% 32% 38% 27% 30% 33% 28% 35% 27% 34% 31% 31% 4%

ST2 52% 52% 46% 53% 44% 54% 54% 51% 53% 48% 51% 52% 3%

Table 2 Table presents the most relevant parameters gained from microCT

Parameter (dimension) ST1a ST1b ST1c ST2a ST2b ST2c

Total volume (mm3) 7.1 7.1 7.1 7.1 7.1 7.1

Solid volume (mm3) 5.1 2.4 1.8 3.3 7.6 8.7

All pores volume (mm3) 1.9 2.0 2.0 3.8 3.5 3.9

Closed pores volume (mm3) 0.0053 0.0063 0.0068 0.0002 0.0005 0.0001

Standard porosity (%) 27 28 28 53 50 55

Closed porosity (%) 0.075 0.090 0.096 0.003 0.008 0.001

Number of closed pores (1) 272 49 67 11 18 2

Surface of the sample (mm2) 49.3 43.8 44.5 37.3 38.8 38.7

Ratio of surface and volume (mm−1) 9.6 18.4 24.3 11.3 5.1 4.4

Average thickness of the fibres (mm) 0.36 0.41 0.39 0.36 0.36 0.36
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types. Again, tested were 10 samples for each scaffold
type and according to t-test “Two-Sample Assuming Equal
Variances” (alfa = 0.05), there is a significant difference be-
tween ST1 and ST2.

Discussion
Scaffold in tissue regeneration should be biocompatible
and its properties should be tailored according to the tis-
sue they regenerate. PLA is a biocompatible material
used alone or as copolymers with other polymers, e.g.
polyglycolic acid, poly- -caprolactone, mainly for bone
regeneration. The physical properties can be tailored by
different methods of scaffold preparation, or using
composite scaffolds. Besides this, modification with in-
organic compounds or proteins follow in order to tailor
physico-chemico properties and to improve cell growth
or differentiation [4, 17, 21, 22].
Bio-fabrication techniques allow achieving fast, precise

and cheap automatic manufacturing of 3D scaffolds.
Rapid prototyping is a promising technique due to its
high level of precision and controlling.
Based on the presented results of each particular experi-

ment it is clear that the suggested approaches have dem-
onstrated the ability to print biological scaffolds using the
technologies in question. Furthermore, it was shown that
designed PLA scaffolds allow proliferation and differenti-
ation of cells, in this case osteosarcoma cells.

Discussion related to printing of scaffolds
The reason for the oscillation of the fiber diameter along
its length is apparently as follows - at the point of touch
with the bottom fibre, the upper fibre is slightly flattened
and the diameter (from the top view) is wider. In con-
trast, at the point of flow between the gaps of the bot-
tom layer, the fibre is extended and the diameter is
slightly reduced.
However, in terms of regularity, precision and porosity,

the structure of both ST1 and ST2 scaffold is appropri-
ate enough for cell proliferation.

Material discussion
Many chemical parameters, e.g. chemical composition,
charge, surface free energy or wettability are important
for protein adsorption on the surface [17]. The adsorp-
tion of proteins present in culture medium, or blood is
important for cell growth and differentiation. Highly
hydrophilic materials did not support protein adsorption
on the material surfaces; therefore they did not support
cell adhesion which is mediated by adsorbed proteins
from the medium or blood. On the other hand, proteins
adsorb on highly hydrophobic surfaces in a rigid, dena-
tured state, in which they do not support cell adhesion
[23]. The evaluation of surface properties showed that
our PLA 3D printed scaffolds were slightly hydrophilic.
The result is in accordance with published literature

Fig. 5 Fibre thickness distribution of ST1 and ST2 measured by micro CT. The thickness of fibres is not absolutely constant. Outlied values are likely
residues of printing material (PLA), which is left on the sample when the printhead is moving from one side of the sample to another. A very thin fiber
of PLA might be still leaking from the printhead during this movement
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[24]. Oppositely, Kao et al. [25], measured highly hydro-
phobic contact angle of PLA scaffold - 131.2° which was
decreased to 51.9° by surface coating by poly (dopa-
mine). Similarly, the addition of polyethylene glycol
(PEG) or bioactive glass decreased the contact angle in
PLA scaffold [21, 26]. However, the cell adhesion was
showed to be optimal in samples with higher wettability.

Khang et al. [27] showed that fibroblasts optimally ad-
hered to modified PLGA sample with water contact
angle of 53–55°. Similar results were observed in other
studies [28, 29].
Zeta potential characterizes hydrophillicity of hydro-

phobicity of the material, and is influenced by chemical
composition, charge, and morphology of the material

Fig. 6 Scanning electron microscopy of ST1 (a, c, e) and ST2 (b, d, f) without and with cells. The surfaces of both scaffolds were smooth with
irregular microparticles on the surface. Magnification × 250 (a, b), and × 4000 (c, d). Scanning electron microscopy of ST1 (e) and ST2 (f) seeded
with osteosarcoma cells MG-63 after 2 days. MG-63 cells were spread on both scaffolds resembling oval to spindle-shaped morphology typical for
osteosarcoma cells and forming small membrane protrusions. Magnification × 2000
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Fig. 7 FTIR-IR spectrum of PLA. The CH3 group resonance was detected as peak at 2925 cm−1 and 1274 cm−1. The C = O group resonance was
observed at 1756 cm−1, and carboxyl group was observed at 1090 cm−1

Fig. 8 Metabolic activity and dsDNA. Metabolic activity and dsDNA amount are presented as mean of absorbance and standard deviation.
Statistical differences compared to ST1 (1) or ST2 (2) groups are shown in graphs above SD values. Metabolic activity was higher on tissue culture
polystyrene (TCP) compared to both scaffolds during 14 days; similar results were found for ST1 and ST2 scaffolds, except for higher absorbance
on ST1 scaffolds compared to ST2 on day 14. Contrary, higher dsDNA amount was found on ST2 scaffolds than on ST1 scaffold on day 14
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[22]. The analysis by surface zeta potential showed
highly negative values (−40 mV) of pure PLA surface.
However, the cell adhesion is controlled by protein inter-
action with material surface. Bone extracellular matrix is
predominantly composed of collagen I and hydroxyapa-
tite. Collagen I and hydroxyapatite binding was analysed
using surface zeta potential change. The surface zeta po-
tential was in both cases significantly altered indicating
binding to the surface of PLA. The results Hu et al. [30]
showed that collagen is adsorbing to the surface of PLA
film. The adsorbed collagen fibres are forming fi-
brous mesh on the surface of PLA. This may be import-
ant for optimal cell adhesion. The fibrous scaffold
showed minimal surface roughness of fibres. Adsorption

of collagen may improve adhesion of cells both in vitro
and in vivo [22]. Similarly, hydroxyapatite is a key min-
eral component of bone tissue. In bone, type I collagen
and other proteins or proteoglycans, e.g. osteocalcin,
osteopontin, osteonectin, bone sialoprotein etc., are as-
sociated with inorganic components of bone, e.g. hy-
droxyapatite, calcium phosphates [21]. Zhang et al. [31]
found that hydroxyapatite interacts with PLA with
higher binding energy than with polymers without
hydrophilic groups (carbonyl and carboxyl groups).
Therefore, the surface properties of PLA scaffolds have
potential for optimal osteoinduction. These properties
combined with biodegradation in time-span of bone re-
generation and customizable shape of implant predes-
tinate the use of scaffold in bone tissue engineering.

Discussion related to scaffold structure
Osteosarcoma cell line MG63 is often used to prove bio-
compatibility of the scaffolds as well as to test different
microstructure or modifications of the scaffolds in vitro
[32, 33]. They are usually used firstly in in vitro tests as
they proliferate and express extracellular proteins in a
standard way. On the other hand, mesenchymal stem
cells (MSCs) show higher plasticity, their growth and
ability to differentiate vary according to the cell origin and
they provide more complex model in vitro tests. MSCs are
often used for scaffolds of different composition or surface
modification which are expected to alter both cell growth
and mainly differentiation. The aim of the study was to
test different methodology of PLA preparation and differ-
ent architecture of the scaffold, which may have the big-
gest impact on the cell growth, diffusion of nutrition and
cell viability.
Cell proliferation and differentiation are also affected

by nanotopography, pore size, porosity, curvature of
pores, and the rate of degradation [23, 32, 34, 35]. Pore
size is an important parameter in 3D scaffolds. Mini-
mum pore size that support cell ingrowth is considered
to be 100 μm, although similar bone ingrowth was ob-
served even in 50, 75, 100, and 125-μm holes of titanium
triangle plate after its implantation into non-load bearing
part of distal rabbit femur [36]. The porous scaffolds from
poly (L-lactide-co-glycolide) with the same porosity but
higher pore diameter showed higher cell penetration
and cell proliferation after 1 week under static condi-
tions compared to scaffolds with lower pores [32].
However, 300-μm or bigger pores are recommended for
better vascularization and bone formation. On the other
hand, smaller pores support osteochondral differentiation
due to low vessel formation [37].
Cavo and Scaglione [38] performed computational

modelling in order to optimize geometric pattern of
3D PLA scaffolds for cell ingrowth, fluid flow kinetics
through the scaffolds. They found that pores of the

Fig. 9 Confocal microscopy of MG-63 cells seeded on ST1 and ST2 -
day 3 and day 7. Confocal microscopy of MG-63 cells seeded on ST1
(a, c, e) or ST2 (b, d, f) scaffolds from polylactic acid after a 3-day cul-
ture (a, b) or a 7-day culture (c-f). Cells were fixed and cell membranes
were stained using DiOC6 (3) (green), cell nuclei were stained with
propidium iodide (red). Both maximum projections (a-d) and color
coded projections (e, f), which display depth (d) distribution of
cells (d = 100 μm in E, d = 400 μm in F) showed fast growth of
MG-63 cells on both scaffolds and formation of bridges from cells
connecting fibres on ST1 scaffolds on day 7. Objective ×10, Magn.
×2, Bar = 100 μm
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diameter 600 μm and 300 μm interpore distances with
90° oriented interconnected pores formed scaffolds
with the porosity of 52% and maximum flow velocity
was found 1.1 cm/s which were the best among other
tested scaffolds, including no interconnection of pores
and 45°orientated interconnection. Further in vitro ex-
periments proved higher cell number of primary hu-
man meniscus cells on scaffolds with 600 μm pore size
compared to 900 μm pore size on day 3 and 5 after
seeding.
In our ST1 scaffolds, fibre distance was about 350 μm,

while in ST2 scaffolds the fibre distance was about
700 μm, which allowed higher cell growth after 14 days
compared to ST1.
Interpretation of scaffold porosity calculated from its

weight while density is known may be misleading, if ab-
solutely closed pores are present significantly. Under
such conditions scaffold seems to be highly porous, but
cells are not able to adhere to closed areas and these
areas stay unused. Because of this uncertainty, control
measurement with scaffold samples were performed
using high-accurate method microCT. The results

confirmed that the number and especially the volume of
closed pores are negligible in comparison to the volume
of standard open pores. So called close porosity varied
between negligible values 10−3% (ST2c) and about 10−1%
(ST1c). The absence of closed pores should be advantage
in the case of chemical sterilisation of the scaffold
(sterilization medium may wet all scaffold surface).
Ratio of surface to volume S/V was calculated as from
10 mm−1 to 24 mm−1 for ST1 and from 5 mm−1 to
11 mm−1 for ST2. For better imagination an endless cylin-
der with the diameter 0.35 mm has the ratio S/V
11.43 mm−1. S/V ratios of the samples are reduced due to
connections between fibres. Distribution of the thickness
of the scaffold structure may be interpreted as the most of
scaffold material is incorporated in fibres in the diameter
from 0.25 mm to 0.50 mm. Thus the structure is quite
uniform.
Pore geometry is another important parameter that influ-

ences osteogenic differentiation. Killian et al. [39] reported
that geometric features consistent with microenvironment
of the differentiated cells increase actomyosin contractility
and thus promote osteogenesis.

Fig. 10 Confocal microscopy of MG-63 cells seeded on ST1 and ST2 - day 14. Confocal microscopy of MG-63 cells seeded on ST1 (a, c) or ST2
(b, d) scaffolds from polylactic acid after a 14-day culture. Cells were fixed and cell membranes were stained using DiOC6 (3) (green), cell nuclei
were stained with propidium iodide (red). Both maximum projections (a-b) and color coded projections (c, d), which display depth (d) distribution
of cells (d = 180 μm in C, d = 200 μm in D) showed confluent layer of MG-63 cells and formation of bridges from cells connecting fibres on both
scaffolds. Objective ×10, magnification ×2, Bar = 50 μm
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Zeta potential is the potential measured on the bound-
ary of stationary and diffuse layer. Therefore it reflects
also partial charge on the material surface. PLA does not
have free charge in terms of having dissociated bonds,
but the surface groups are partially negatively charged
generating a negative zeta potential. The results are con-
sistent with measured values for PLA nanoparticles ie. in

Fischer et al. 2014 [40] notably, for PLA nanoparticles
prepared without a surfactant a zeta potential of
−49 mV was reported.
Surface macro- micro- or nano-roughness plays also

role in cell adhesion, growth and differentiation. Nano-
roughness of the surface supports cell adhesion and
growth. Micro-roughness (100 nm – 100 μm) was

Fig. 11 Confocal microscopy photomicrographs of ST1 and ST2 seeded with osteosarcoma cells. Confocal microscopy photomicrographs of ST1
(a, c) and ST2 (b, d) scaffolds from polylactic acid seeded with osteosarcoma cells MG-63 after a 7-day and 14-day culture. Immunohistochemical
staining using monoclonal antibody against either type I collagen (a, b) or osteocalcin (c, d), followed by secondary antibody conjugated with
Alexa Fluor 488® (green) and propidium iodide staining of cell nuclei (red) showed groups of cells producing type I collagen on both scaffolds
(a, b) after 7 days, but only rare osteocalcin staining in both scaffolds (c, d) after 14 days. Objective ×10×, magnification ×4, bar = 20 μm

Fig. 12 Live/dead staining of osteosarcoma cells seeded on ST1 and ST2 scaffolds. Confocal microscopy photomicrographs of live/dead staining
of osteosarcoma cells seeded on ST1 and ST2 scaffolds after a 4-day culture. Live/dead staining of MG-63 seeded scaffolds showed high cell
viability on both ST1(a) and ST2(b) scaffolds. Live cells (green), dead cells (red), objective ×10, magnification ×2, bar = 50 μm
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shown to improve osteogenic differentiation of the cells
[22, 35]. Jo et al. [41] fabricated polycaprolactone/pluro-
nic F127 (PCL/F127) scaffold using 3D bio-printing and
compared it with polycaprolactone scaffold. The PCL
scaffold exhibited no pores in its strands but the PCL/
F127 scaffold included nano- (∼200 nm) and micropores.
Although the PCL/F127 scaffold had a lower compres-
sive strength than the PCL scaffold, the surface of the
PCL/F127 scaffold was after experiment fully (better
than PCL) covered by cells due to its enhanced surface
properties. Surface modification of 3D polycaprolactone
by O2 plasma treatment led not only to increased
hydrophilicity as well as to increased micro/nanorough-
ness of the surface which further slightly decreased by
polymerization of acrylic acid on plasma-treated surface
and by collagen immobilization on the surface. All
treated surfaces increased metabolic activity of osteo-
blastic cell line in a MTT test [42]. Oxygen plasma and
also nano hydroxyapatite are apparently useful tech-
niques to improve the cell affinity. Roh et al. [43]
showed in their study that the nano HA and O2 plasma
surface treatment for PCL/nano HA composite 3D

scaffolds enhanced the cell seeding efficiency, prolifera-
tion, and differentiation of MC3T3-E1 cells.
In our scaffolds surface was covered by small portion

of microparticles originated from the preparation
process which positively influenced cell growth. Fur-
ther surface modification by collagen, fibrin, laminin,
fibronectin or other proteins may be applied on pre-
pared 3D scaffold; proteins form nanostructure con-
taining natural binding sites which improve cell
adhesion [38, 22]. Moreover, the addition of inorganic
materials improved its osteinductive properties of the
scaffolds [21].
Huang et al. [34] prepared composite poly-L-lactic acid

(PLLA) – nano hydroxyapatite (nanoHA) porous scaffolds
using low temperature rapid prototyping method. The
scaffolds structure resembled foams with high range of
pore diameter in the scaffolds. Interestingly, the pure
PLLA scaffolds possess similar porosity – 55% as our ST2
scaffold. However, the addition of nanoHA increased the
porosity up to 85% in 20% nanoHA scaffolds and after-
wards decreasing to 72% for 40% nanoHA PLLA. Similar
course was observed for pore diameter with the maximum
of 392 μm in 20% nanoHA PLLA. This may positively
have influenced the increased proliferation of rat osteo-
blasts on scaffold with 20% nanoHA PLLA along with
nanostructured HA. On the other hand, the increased
concentration of nanoHA from 10 to 40% significantly de-
creased tensile strength of the composite scaffolds. The
addition of porogen is useful to enhance pore size, how-
ever, Thanh et al. [44] reported significantly higher both
degradation of scaffold and acidification of simulated body
fluids solution in porous PLA scaffold enriched with 20%
nanospherical hydroxyapatite (HA) doped with magne-
sium and zinc and porogen compared to the scaffolds
without NH4HCO3 porogen. Moreover, the addition of
porogen was accompanied with decreased Young’ modu-
lus by 78% in samples with 50/50 scaffold/ porogen ratio.
These results show that the porosity of the scaffold shold
be tailored very carefully with regard to both biomechan-
ical and biological properties of the scaffolds. Simulated
body fluid was used for deposition of HA on the scaffolds

Table 3 Vertical deformation of both scaffold types

Scaffold no. 1 2 3 4 5 6 7 8 9 10 Mean Median SD

ST1

Height before vertical load h1 (mm) 1.34 1.45 1.54 1.28 1.31 1.47 1.43 1.54 1.20 1.45 1.40 1.44 0.11

Height after vertical load h2 (mm) 1.14 1.31 1.19 1.21 1.21 1.24 1.35 1.33 1.08 1.32 1.24 1.23 0.08

Non-reversible deformation Δ = (h2-h1)/h1 (%) 14.93 9.66 22.73 5.47 7.63 15.65 5.59 13.64 10.00 8.97 11.43 9.83 5.08

ST2

Height before vertical load h1 (mm) 1.22 1.25 1.10 1.24 1.16 1.27 1.13 1.10 1.30 1.16 1.19 1.19 0.07

Height after vertical load h2 (mm) 0.94 0.87 0.94 0.92 0.99 0.81 0.78 0.75 0.94 0.90 0.88 0.91 0.08

Non-reversible deformation Δ = (h2-h1)/h1 (%) 22.95 30.40 14.55 25.81 14.66 36.22 30.97 31.82 27.69 22.41 25.75 26.75 6.83

Table 4 Young’s modulus of both scaffold types

Scaffold no. ST1 (MPa) ST2 (MPa)

1 56.8 13.54

2 67.8 22.06

3 27.9 47

4 43.22 16.14

5 51.9 59.9

6 34.2 23.4

7 51.17 20.33

8 38.7 27.8

9 32.6 20.02

10 51.9 19.41

Mean 45.619 26.96

Median 47.195 21.195

SD 11.80765 14.03683
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[44, 45]. Park et al. reported positive effect of HA deposi-
ted on patterned polycaprolactone scaffold on osteogenic
differentiation of adiposed-derived stem cells [45]. Similar
positive effect on MSC osteogenic differentiation was ob-
served on decellularized tissue treated with HA-
supersaturated solution [46]. Promising approach how to
stimulate ostegenesis and support any new tissue forma-
tion as such may be an adsorption of plasmid DNA com-
plexes onto a scaffold [47].
Chou et al. [48] developed composite scaffold based on

PLA 3D–printed cage filled with corticocancellous bone.
His composite scaffolds led to lower number of breakage
of anterior cortical bone accompanied with leg shortening
and deformation and higher rabbit activity during first 1
week postoperatively compared to controlled defects filled
with chips of corticocancellous bone. Moreover, no over-
inflammatory reaction and good bone regeneration was
observed in all rabbits after 24 weeks.
Thermoplastic polymer PLA can be also combined with

hydrogels. Rogina et al. [49] prepared 3D PLA scaffold by
a fused deposition modelling system using a 3D Touch
Double Head printer. The diameter of the lamellae was
400 um and the pore size up to 1000 um and a porosity
about 60%. The composite chitosan-hydroxyapatite-PLA
scaffold was prepared by freeze gelation technique. The
composite chitosan-hydroxyapatite scaffold showed the
highest mechanical stiffness as well as human mesenchy-
mal stem cells (hMSC) proliferation, the slowest degrad-
ation compared to PLA and chitosan-PLA scaffolds.
Moreover, osteoblastic markers osteocalcin and bone sia-
loprotein showed significantly higher gene expression
compared to PLA scaffolds.
Dong Nyoung Heo et al. [18] 2017 reported 3D

printed PLA scaffold combined with gelatin hydrogel
which was functionalized with bioactive gold nanoparti-
cles conjugated with cyclic arginine-glycine-aspartate
(RGD). Non cytotoxic effect of the nanoparticles was ob-
served while addition of RGD stimulated cell viability,
proliferation and osteogenic differentiation of human
adipose-derived stem cells. The compressive modulus of
PLA scaffolds with 1.2 mm fiber spacing modified with
gel and gold nanoparticles was comparable with man-
dibular bone; however, gel present in PLA scaffold did
not improved compressive modulus.
Composite scaffolds from both synthetic and natural

polymers have been tested. The composite porous scaffold
prepared by modification of poly (3-hydroxybutyrate-
co-3-hydroxyvalerate) with chitin nanocrystals led into
scaffold with improved stiffness and attachment of
adiposed-tissue derived cells compared to unmodified
scaffold [50].
PLA is biocompatible material that is already used in

clinical praxis as bone filler [51, 52]. The metabolic ac-
tivity assay is influenced by both the number of cells and

metabolic activity of mitochondrial enzymes. Both ab-
sorbance in MTS test and DNA amount increased on
the scaffolds during culture more almost three times and
2.5-times, respectively, compared to the day 1. The cells
proliferated well on both PLA scaffolds, which proved
good biocompatibility of PLA scaffolds as we expected.
From day 7 areas with confluent cell layer on the PLA
surface were observed on both scaffolds. According to
images taken by SEM, MG-63 adhered and spread on
both PLA scaffolds with no observed differences on day 2.
The decrease of metabolic activity on ST1 and ST2

scaffolds on day 14 or 7, respectively, was related to full
occupation of free spaces and reaching of optimal con-
fluence. In additon, in occupied scaffolds the cells had
lower access to nutrients and oxygen resulting in their
decreased metabolic activity under static culturing con-
ditions. Moreover, we have observed some detached cells
from confluent cell layer on TCP samples during
medium exchange from day 10, while adjacent cells mi-
grated into free space and proliferated quickly.
Type I collagen is an early marker of differentiation while

osteocalcin, non-collagenous protein, which is present in
bone or dentin, is a late marker of differentiation [53, 54].
We have proved type I collagen formation of day 7 in both
scaffolds. However, the amount of osteocalcin was negative
on both ST1 and ST2 scaffolds on day 14.
According to the results it can be said that there was a

slight difference between both structures in terms of
cells proliferation, e.g. more porous ST2 scaffold sup-
ported better proliferation compared to ST1. Hypotheses
stated at the beginning of experiment were therefore
confirmed.

Mechanical testing of the scaffolds
The idea was to empirically analyse whether the scaffold
with lower porosity has lower deformation under the
same load as the scaffold with higher porosity. ST1 has
approximately 2 times lower range of vertical deform-
ation than ST2 under the same loading (Table 3). It con-
firms logical assumption that if there is more material
within the scaffold structure, the deformation is lower
than in the case of a scaffold with less material within its
structure. Another intention was to determine mechani-
cal properties of each scaffold type and compare it with
different scaffold types created for bone tissue replace-
ment by different approaches and from different mate-
rials. Various “more or less complicated” ways how to
describe and how to interpret mechanical properties of
scaffolds are currently in use. When material properties
and scaffold geometry are well known, finite element
method (FEM) is being used to determine macroscopic
relation between applied load and deformation response
of a scaffold or maximum values of stress in fibre con-
nections [55, 56]. The constitutive behaviour of scaffold
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material may be nonlinear and even time-dependent, es-
pecially in the case of polymers. Here we talk about
viscoelasticity and description of such material re-
quires more parameters. The golden standard of com-
munication between engineers and medical doctors is
a simple approach; scaffold structure is considered as
homogeneous bar and stress-strain relation of a scaffold in
the range of reversible deformation is interpreted as
Young’s elastic modulus (tensile or compression). This par-
ameter is nonlinear and depends on stress or strain level. If
only one figure, not a graph, is required, it makes sense to
consider the level of stress or strain corresponding to con-
dition of intended use of the scaffold. Scaffolds in this
study are intended to be used for bone tissue replacement.
If we simplify femur bone as a tube with internal and exter-
nal diameter 16 mm and 32 mm [57] and adopt value of
axial load from ISO standard [58] for knee testing, which
roughly simulates normal gait, the homogenized peek
stress within cortical bone vary around 2 MPa.
Determined values of Young’s modulus of ST1 scaffold

was 45.619 MPa and that of ST2 scaffold was
29.96 MPa. Presented values correspond with reported
values for similar scaffold structures created from PLA
material using 3D printing. Tiziano Serra et al. [17], in
their article described several scaffolds where the
Young′s modulus of the structures varies from 28 MPa
to 93 MPa depending on their architecture. In case of
different approaches of PLA scaffold fabrication, 3D
printing seems to be more advantageous compared to
e.g. freez-drying method as the 80% porous scaffold cre-
ated by this method had the compressive Young′s modulus
only 1.80 MPa [59]. Mentioned Young′s modulus ranges
of PLA scaffolds are much lower than elastic modulus of
bones; For example, cortical bone has a reported Young′s
modulus in the range 1–20 GPa and a strength range of
1–100 MPa [60], with the equivalent values for cancellous
(trabecular) bone of Young′s modulus 0.1–1.0 GPa and
strength 1–10 MPa [61]. Such levels of Young′s modulus
are reached rather by ceramics scaffolds fabricated by
stereolitography. Sabree et al. [62] used stereolitography to
fabricate scaffold with porosity at around 42% and Young′s
modulus 2.9 GPa. Appuhamillage et al. [63] have shown
how to overcome possible lack of adhesion at the interfila-
mentous junctions, resulting in non-uniform mechanical
strength and its loss within FDM printed scaffold by
blending PLA with a synthetic polymer containing
Diels-Alder functionality. 3D scaffolds prepared by
rapid prototyping can be properly functionalized with
iron-doped hydroxyapatite nanoparticles with increased
elastic modulus 650 MPa compared to 590 MPa of un-
modified polycaprolactone scaffold [64]. Moreover,
polycaprolactone scaffold with iron-doped hydroxyapa-
tite nanoparticles positively influences the adhesion and
growth of magnetically labeled MSCs compared to pure

scaffold. These effects were enhanced with magnetic
loading. On the other hand, the stress-strain diagram of
iron-doped hydroxyapatite nanoparticles/polycaprolac-
tone scaffold showed two platau-like regions that were
not seed in pure polycaprolactone scaffold, which may
be due to difference ductility of both scaffolds.
In this study, however, tested and reported are initial

mechanical properties of scaffolds before degradation
process and its further material processing in biological
environment. Following the material properties of PLA,
there are open questions which need to be investigated
further. One of the questions is whether the scaffold struc-
ture would be appropriate for actual clinical application in
bone regeneration engineering. The problem might be e.g.
the amount of PLA material in relation to the volume of
the scaffold. PLA naturally dissolves to lactic acid which is
naturally present in the body, but too much of it might
lead to pain and also local inflammatory responses during
recuperation period [65]. On the other hand, the amount
of the material must be sufficient to sustain supporting
mechanical properties before enough amount of new
tissue (bone) is created. Choon Peng Teng et al. [66]
have synthetized highly porous star-shaped POSS-
polycaprolactone-polyurethane (POSS-PCL-PU) as scaf-
fold biomaterial for tissue engineering. In vitro degrad-
ation if this material was monitored during 52 weeks
and exhibited slow initial weight loss of <1% during the
first 2 weeks, followed by rapid weight loss of about
18% in the following 28 weeks. The material has also
demonstrated excellent biocompatibility and rapid cell
proliferation. Together with mechanical integrity, the
degradation rate of such material can be controlled to
achieve a scaffold that degradates slowly during the ini-
tial period and rapidly at the later phase after the
growth of cells and desired tisse formation. Similar ap-
proach might be used also in the case of PLA. The tim-
ing of in vitro cultivation and in vivo implementation
should therefore be one of the important points to in-
vestigate. To answer all these questions completely, it is
clear that it would be necessary to perform a further
series of experiments including the implementation
into a living animal tissue, scaffold degradation testing
and measurement, physiologically-mechanical tests
during the degradation, etc. Such experiments outreach
the scope of reported research. The other possibility is
to use the scaffold for tissue cultivation in vitro only
and implement the tissue in vivo after its full formation
and after the full degradation of scaffold material. In such
case the mechanical properties in terms of in vivo natural
loading would not be important.

Conclusion
Experiments in Tissue engineering focused on bio-
fabrication of scaffolds were performed. We reported
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experiments focused on practical issues of bio-
fabrication of scaffolds for tissue engineering in order to
show how to possibly solve current technological limita-
tions and issues in relation to printing of scaffold for
bone tissue regeneration. Rapid prototyping technique
based on Fused deposition modelling technique was used
for fabrication of newly designed scaffold structures. Two
types of scaffolds of the defined shape and engineered
inner structure which provides regular and sufficient por-
osity have been successfully printed by ordinary commer-
cial 3D printer. The diameter of the fibre of about
0.35 mm was achieved by tuning of the printing param-
eters. Presented layer size/filament diameter is still not
the standard in current 3D printing, especially when
using an ordinary 3D printing devices. Scaffolds were
then seeded by osteosarcoma cells and our observations
and measurements were focused on the toxicity of
commercially available PLA used and its influence on
cells viability, the proliferation of the cells and finally
their ability to differentiate and provide osteoconduc-
tivity. The proliferation was satisfying and surprisingly
equal for both scaffold types, even if the porosity values
of the samples were 30% and 50% respectively, which
confirmed new finding that it is likely not necessary to
keep the recommended porosity of the scaffold for
bone tissue replacement at around 90%. This fact also
eliminates mechanical properties issues reported in case
of scaffolds with high porosity because scaffold pro-
vided sufficient proliferation of cells and at the same
time has more material within its structure, which en-
sures its better mechanical durability. Moreover, our scaf-
fold ST2 with pore size about 0.7 mm demonstrated that
the size of an individual pore could be almost double the
size of the recommended range of between 0.2–
0.35 mm without any effect on the proliferation.
These results should provide new valuable knowledge

for further research and development in the field of scaf-
fold bio-fabrication focused on bone tissue regeneration.
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Abstract
Collagen composite scaffolds have been used for a number of studies in tissue engineering. The hydration of such highly
porous and hydrophilic structures may influence mechanical behaviour and porosity due to swelling. The differences in
physical properties following hydration would represent a significant limiting factor for the seeding, growth and
differentiation of cells in vitro and the overall applicability of such hydrophilic materials in vivo. Scaffolds based on collagen
matrix, poly(DL-lactide) nanofibers, calcium phosphate particles and sodium hyaluronate with 8 different material
compositions were characterised in the dry and hydrated states using X-ray microcomputed tomography, compression tests,
hydraulic permeability measurement, degradation tests and infrared spectrometry. Hydration, simulating the conditions of
cell seeding and cultivation up to 48 h and 576 h, was found to exert a minor effect on the morphological parameters and
permeability. Conversely, hydration had a major statistically significant effect on the mechanical behaviour of all the tested
scaffolds. The elastic modulus and compressive strength of all the scaffolds decreased by ~95%. The quantitative results
provided confirm the importance of analysing scaffolds in the hydrated rather than the dry state since the former more
precisely simulates the real environment for which such materials are designed.
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Graphical abstract

1 Introduction

Bone-tissue engineering represents an appealing approach
to the treatment of bone defects arising from bone damage
associated with a range of diseases, trauma, inflammation,
tumour surgery and non-union bone repair following frac-
turing. Bone substitutes, generated via a tissue engineering
approach, allow the functioning of repair mechanisms by
providing a temporary porous scaffold that, in turn, pro-
vides mechanical support for cells up to the time that the
tissue has regenerated and remodelled itself naturally. These
scaffolds can be seeded with specific cells and coated with
signalling molecules in order to maximise both tissue
growth and the rate of degradation. Optimal bone replace-
ment materials imitate real bone composition and structure.
Such composite materials combine the advantages of syn-
thetic and natural biodegradable polymers, such as collagen,
and bioactive inorganic components. However, collagen-
based scaffolds exhibit relatively poor mechanical proper-
ties. Cell-seeded collagen scaffolds can be improved
through in vitro matrix production and mineralisation.
Jungreuthmayer et al. [1] employed numerical simulations
to demonstrate that relatively low values of fluid velocity
and wall shear stress are sufficient to initiate the in vitro
bone formation process in cell-seeded collagen-based scaf-
folds with a mean pore size of 96 μm.

Other crucial features of scaffolds for bone-tissue engi-
neering are the topological characteristics of the 3D struc-
ture: scaffold porosity, pore size, interconnectivity and
tortuosity. From a fluidic point of view, the effect of all
these parameters can be summarised in the scaffold per-
meability, which could be tailored by tuning properly the
scaffold topology. In the case of collagen—based compo-
site, the pore size and porosity features could be controlled
in final collagen concentration [2] and freezing rate [3]
foregoing the lyophilisation process. In addition, hydraulic
permeability affects nutrient/oxygen diffusion and waste
removal of cells within the scaffold and, more importantly,
plays a crucial role in promoting or inhibiting cell pro-
liferation and differentiation, and cell migration eventually
conditioning the tissue regeneration process.

Collagen- and gelatine-based scaffolds have been char-
acterised in various ways in both the dry and wet (hydrated)
states; naturally they are always hydrated in vivo. It is known
that both collagen and gelatine, as well as other natural
polymers, such as chitosan are hydrophilic as a result of their
polar groups and, thus, scaffolds are subject to swelling [4].
A larger swelling index may be ascribed to higher porosity
and greater average pore size, which facilitate the penetration
of water into the scaffolds [5]. Significant differences in
swelling index can also be ascribed to various degrees of
cross-linking [6]. A greater collagen concentration in the
precursor slurry causes an increase in both pore wall closure
and the thickness of the pore walls which, together, lead to
greater volume swelling on hydration. Conversely, the
penetration of water into a scaffold may cause the swelling of
the hydrophilic parts of the scaffold and, consequently, a
decrease in porosity in the hydrated state [7] and, in some
cases, even the closure of the pores [8]. Increasing pore wall
closure has been found to determine the time-dependent
nature of the hydrated scaffold response, with a decrease in
permeability [9]. Varley et al. [10] determined (by comparing
scaffolds in the dry and hydrated states) that hydration caused
an increase in pore structure diameter (~20%), while con-
nectivity decreased by around 40%.

The hydrated state can also strongly affect the mechan-
ical properties of scaffolds [11]. It is known that the
Young’s modulus of 3D scaffolds depends upon the relative
density of the sponge, the elastic modulus of the struts (the
solid material from which scaffolds are formed) and a
constant related to pore geometry. Gorczyca et al. [6]
proved that when scaffolds were in the swollen state, the
pores filled with water, and that pore size contributed more
to mechanical strength than did the effect of the cross-
linking reaction. Davidenko et al. [12] detected a significant
decrease in Young’s modulus of collagen-based scaffolds
(∼65%) following 10 days of incubation in water. Xingang
et al. [13] found that scaffolds based on hydrophilic mate-
rials, such as collagen and chitosan exhibited significantly
decreased mechanical strength than did scaffolds based on
hydrophobic materials such poly(L-lactide-co-glycolide). A
decrease in stiffness was observed following hydration by
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Varley et al. [10], probably caused by the weakening of
hydrogen bonds within the molecular structure of the col-
lagen, as illustrated by the Young’s modulus values
obtained (∼5–10 kPa for the dry and ∼0.5–1 kPa for the
hydrated forms). Kane et al. [14] determined a compressive
modulus of up to ∼1MPa following the hydroxyapatite
reinforcement of collagen scaffolds which were prepared by
means of compression moulding with paraffin microspheres
employed as the porogen. Moreover, the compressive
modulus was found to be at least one order of magnitude
greater than for comparable freeze-dried scaffolds.

In comparison to dry scaffolds, a major decrease in stress
and significantly extended stress–strain curve plateau zones
were registered with respect to the hydrated samples [5, 15].
The swollen scaffolds exhibited reduced compressive
strength while the ability to respond to compressive defor-
mation increased, which led to significant differences in the
stress–strain curves compared to those of the dry scaffolds.
Jose et al. [16] studied the effect of material composition on
the final properties of the scaffold. They proved that varying
the collagen concentration, while keeping all the other
parameters constant, resulted in an increase in the amount of
absorbed water in the scaffolds and, thereby, increased the
hydrophilicity of poly (lactide-co-glycolide) scaffolds. Uni-
axial tensile testing revealed a decrease in modulus with
increasing collagen content. It is evident that the content of
hydrophilic components in the composite is a further key
factor influencing the final properties of scaffolds [12, 17–20].
The hydrated state much better approximates to the in vivo
situation. However, the measurement of composite proper-
ties in this state, such as porosity and mechanical properties,
is frequently neglected [19, 21–25] and often not deter-
mined at all [26].

The study described herein concerns follow-up research
to a study previously published by Suchý et al. [27] which
described the development of a composite material based on
natural collagen, polylactide electrospun nano-fibres and
natural calcium phosphate nano-particles, and compared the
effect of different cross-linking conditions on the structural
and mechanical properties in the dry state, as well as the
swelling ratio and mass loss of cross-linked scaffolds; the
study also included an investigation of human mesenchymal
stem cells adhesion and proliferation within the scaffolds.
The aim of the present work, however, is to describe the
study of the influence of eight differing scaffold material
compositions, focusing on collagen content and their final
properties, such as internal structure, porosity and
mechanical properties in both the dry and hydrated states. It
was anticipated that the differences in physical properties
following hydration would represent a significant limiting
factor for the seeding, growth and differentiation of
mesenchymal stem cells and the overall applicability of
such hydrophilic materials.

2 Materials and methods

2.1 Materials

A collagen (type I, calf skin, VUP Medical, Czech
Republic) solution (5 wt%) was prepared by means of the
swelling of collagen in deionised water and homogenised
by means of a disintegrator (10,000 r.p.m., 10 min).

Poly DL-lactide (PURASORB PDL05, Purac, NE) sub-
micron fibre (diameter 275–300 nm, lower—upper quartile)
mats were prepared by means of electrospinning from a 10
wt% chloroform solution (Nanospider NS LAB 500,
Elmarco, Czech Republic). Prior to the preparation of the
scaffolds, PDLLA fibres were homogenised using a disin-
tegrator for 5 min at 14,000 rpm (DI 18, IKA) in distilled
water, frozen at −15 °C for 24 h and subsequently lyophi-
lised at −105 °C and at a pressure of ~1.3 Pa.

Bioapatite was obtained from chemically and thermally
treated bovine bone inspired by Murugan et al. [28]. The
cortical bovine bone was sliced into pieces of the required
size. Macroscopic soft tissue and marrow impurities were
removed by means of boiling with a 2% NaCl solution at
150 °C and a pressure of 0.2MPa in autoclave followed by
degreasing in an acetone–ether mixture (ratio 3:2) for 24 h.
The bone samples were then treated with 4% NaOH solu-
tion at 70 °C for 24 h. The product was washed with deio-
nised water until a neutral reaction was obtained. The
chemically treated bone samples were calcined overnight at
600 °C under atmospheric pressure and ambient humidity.
The product was finally washed in deionised water and
dried at 105 °C to constant weight.

2.2 Scaffold preparation

Composite scaffolds based on a collagen matrix (COL),
poly DL-lactide sub-micron fibres (PDLLA), bioapatite
(bCaP) and sodium hyaluronate (HYA) powder (HySilk,
Contipro, Czech Republic) were prepared in 8 material
variations (Fig. 1) employing the following procedure: an
aqueous collagen dispersion (up to 4 wt%) was prepared by
means of the swelling of collagen in deionised water,
homogenised using a disintegrator (10,000 r.p.m., 10 min)
and left for 60 min at a temperature of 20 °C. Water, acting
as the porogen, represented 90 wt.% of the scaffolds. Col-
lagen dispersion was further modified by means of PDLLA
fibres, bCaP particles and HA powder; final homogenisation
was performed using a disintegrator (6500 r.p.m., 10 min).
The resulting dispersion was placed in separate cylindrical
containers with an inner diameter of 10 mm, frozen at −70 °
C for 3 h and then lyophilised. The collagen part of the
scaffolds was cross-linked by EDC/NHS (N-(3-dimethyla-
mino propyl)-N′-ethylcarbodiimide hydrochloride/N-
hydroxysuccinimide) at a weight ratio of 4:1 in ethanol
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solution (95 wt.%). EDC and NHS (Sigma-Aldrich, Ger-
many) were used as received. Following a reaction period of
24 h at 37 °C, all the scaffolds were washed in 0.1 M
Na2HPO4 (2× 45 min), rinsed using deionised water (30
min), frozen at −30 °C for 5 h and lyophilised.

2.3 Scaffold characterisation in the dry and
hydrated states

The morphology of the scaffolds was investigated by means
of micro-CT analysis in both the dry and hydrated states.
Micro-CT scans were acquired using SkyScan 1272 (Bru-
ker, Belgium). All the specimens were scanned in air in the
dry state. The hydrated specimens were scanned (immersed
in deionised water in closed plastic tubes) at time intervals
of 4, 8, 24 and 48 h following initial hydration. Prior to
scanning in the hydrated state, the samples were X-ray
contrasted using Lugol’s solution (3.33 g/L iodine, 6.66 g/L
potassium iodide). The samples were inserted into silicon
tubes with an inner diameter of 6 mm, and 20 ml of Lugol’s
solution was applied using a linear pump in one direction
(20 ml/h) and repeated in the reverse direction after a 30-
min delay. Following contrasting, the samples were gently
washed with deionised water and inserted into sample
containers with deionised water. All the scans were con-
ducted under the following scanning parameters: 4 μm pixel
size, source voltage 60 kV, source current 166 μA, 0.25 mm
Al filter, frame averaging (2), 180° rotation. The scanning
time was ~1 h for each specimen. The flat-field correction
was updated prior to each acquisition. Cross-section images
were reconstructed from projection images taken with
NRecon software (Bruker, Belgium) and using a modified
Feldcamp algorithm with the adequate setting of the cor-
rection parameters (misalignment, ring artefact and beam
hardening) so as to reduce the effect of computed tomo-
graphy artefacts. Visualisations were acquired by means of
DataViewer (2D cross-section images) and CTVox (3D
images; Bruker, Belgium). Scaffold structure analysis,

including porosity analysis, was performed by means of
CTAn (Bruker) in 3D using a sphere fitting algorithm fol-
lowing image binarisation. The VOI (volume of interest)
subjected to analysis was set within the scaffold structure
and was cylindrical in shape (5 mm in height and 5 mm in
diameter) and excluded the superficial parts of the specimen
which might have been altered as a consequence of the
treatment of the specimen.

2.4 Mechanical behaviour in the dry and hydrated
states

In order to describe the mechanical behaviour of the scaf-
folds in the dry and hydrated states, compression tests were
performed by means of the adaptation of the
ISO13314 standard [29] which refers to the mechanical
testing of porous and cellular metals. The mechanical
properties of the scaffolds were measured on both dry
samples and samples hydrated in α MEM medium (Life
Technologies, USA) for 24 and 48 h. Six cylindrical sam-
ples with a diameter of 6.2 mm and a length of 8.5 mm were
tested in each group (i.e., a sample length to diameter ratio
of ~1:4). Plateau stress, elastic gradient and energy
absorption were determined using an MTS Mini Bionix
858.02 system (MTS, USA) equipped with 10 N and 100 N
load cells. The measurements were carried out at a constant
crosshead speed of 3.0 mmmin−1 (deformation rate ~5 10
−3 s−1, i.e., in the range of 10−3 and 10−2 s−1). The
stress–strain curves obtained were used to determine the
mechanical properties as follows: Plateau stress (σpl) was
defined as the arithmetical mean of the stresses between
20% and 30% compressive strain. The elastic gradient
(Eσ20–σ70) was calculated as the gradient of the elastic
straight lines determined by elastic loading and unloading
between stresses of 70% and 20% of the σpl. Energy
absorption (W) was calculated as the area under the
stress–strain curve up to 50% strain. Finally, energy
absorption efficiency (We) was calculated as energy
absorption divided by the product of the maximum com-
pressive stress within the strain range and the magnitude of
the strain range. Plateau stress and elastic gradient represent
the closest concepts to that of yield stress and Young’s
modulus respectively, which are employed for solid mate-
rials [30]. In order to simplify the comparison of our results
and the results of other studies, we assumed that plateau
stress represents compression strength and that elastic gra-
dient represents the modulus of elasticity under compres-
sion [30–32].

2.5 Hydraulic permeability measurement

Permeability at different time points was measured for each
type of scaffold (at least 6 specimens per group), applying a

Fig. 1 Composition of the scaffolds in relation to the dry basis
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constant flow rate (Q) and acquiring a pressure drop
throughout the thickness of the scaffold (ΔP). Cylindrical
specimens with a diameter of 5.5 mm and a thickness of 5
mm were used for testing purposes. The experimental lay-
out (adapted from a previous study [33], Supplement 1)
consisted of: (i) a perfusion chamber hosting a deformable
silicone-made cartridge (Sylgard 184 Dow Corning Cor-
poration) containing the scaffold and ensuring confined-
flow perfusion; (ii) a peristaltic pump (Ismatec IPC-N, Cole-
Parmer GmbH) for ensuring fluid flow through the scaffold;
and (iii) an I/O acquisition system (NIDAQcard-6036E and
LabViewTM, National Instruments) which was employed
for the real-time monitoring and acquisition of pressure
values. A Press-S-000 (PendoTECH, USA) pressure sensor
provided inflow pressure values, while outflow pressure
values were taken at atmospheric pressure in the adopted
set-up (Supplement 1).

Permeability measurements were performed in a water
bath at a constant temperature (37 °C), and deionised water
was used as the working fluid. Several flow rate values were
applied, increasing Q in the range 100–1000 µl/min (in steps
of 100 µl/min). The ΔP measurements were repeated three
times. The ΔP-Q data were registered after 5 min of
hydration, allowing the estimation of the permeability at the
starting point (K0) following 4 (K4), 8 (K8) and 24 h (K24)
from the starting point. A constant flow rate of 100 µl/min
was maintained across the scaffold between the two sub-
sequent measurement sessions. Permeability [m2], based on
Darcy’s Law, was calculated using the following equation:
K ¼ μ t

A m, where µ is the fluid viscosity, t is the mean scaf-
fold thickness, A is the cross-sectional area and m is the
slope of the linear interpolation of the ΔP-Q data acquired at
different Q-values for each specimen.

2.6 Scaffold degradation

The in vitro degradation of the scaffolds was evaluated by
means of the determination of mass loss and swelling ratio.
The experiment aimed to simulate in vitro test conditions—
the samples were immersed in a fully supplemented αMEM
medium and incubated in conical flasks at 37 °C and a 5%
CO2 atmosphere (DH CO2 incubator, Thermo Scientific) for
24 and 48 h and for 30 days. All the scaffolds were washed
with deionised water, frozen at −30 °C for 5 h and lyo-
philised. The extent of in vitro degradation was calculated
according to the following equation: D ¼ W0�Wt

W0
, where D is

the mass loss, Wo is the initial dried weight of the sample
and Wt is the dried weight of the sample following degra-
dation (n= 3). The swelling ratio (Esw) was calculated using
the following equation: Esw ¼ Wsw�W0

W0
, where Wo is the

initial dried weight of the sample and Wsw is the weight of
the swollen sample (n= 3). The weight of the swollen
samples was measured following the removal of each

sample from the medium and after a 1 min delay and the
removal of any excessive medium surrounding the sample.

Collagenase degradation tests were performed according
to [34]. Lyophilised scaffolds were immersed in 0.1 M Tris-
HCl containing 50 mM CaCl2 and incubated at 37 °C for
0.5 h. Subsequently, 0.1 M Tris-HCl containing 50 units of
collagenase from Clostridium histolyticum, Type I, (Sigma-
Aldrich) was added to the solution and the scaffolds were
immersed in the bath at 37 °C for 1 h. The reaction was
terminated by means of the addition of 0.25M EDTA and
cooling on ice. The samples were rinsed with deionised
water three times and then immersed in ethanol for 3 h.
They were then rinsed with deionised water, frozen at −30 °
C for 5 h and lyophilised. The mass loss was calculated
from the dry weight prior to and following enzyme diges-
tion (n= 3).

The structure of the scaffolds (n= 4) following col-
lagenase degradation was evaluated by means of attenuated
total reflection infrared spectrometry (ATR-FTIR) using a
Protégé 460 E.S.P. infrared spectrometer (Thermo Nicolet
Instruments, USA) equipped with an ATR device (Gla-
diATR, PIKE Technologies, USA) with a diamond crystal.
All the spectra were recorded in absorption mode at a
resolution of 4 cm−1 and 128 scans in a spectral region of
4000–400 cm−1. The areas of the bands (integral absor-
bencies) were determined using OMNIC 7 software.

2.7 Statistical analysis

The statistical analysis was performed using statistical
software (STATGRAPHICS Centurion XV, StatPoint,
USA). Normally distributed numerical data were expressed
as the arithmetical mean, SD (standard deviation). The
normality of the data was confirmed using the Shapiro-
Wilk and χ2-tests. Outliers were identified via the Grubbs
and Dixon tests. Non-normally distributed numerical data
were expressed as the median, IQR (interquartile range).
For normally distributed data, statistically significant dif-
ferences were checked by means of the parametric analysis
of variance (F-test); Student–Newman–Keuls (SNK) and
Fisher’s least significant difference (LSD) post hoc tests
were employed after confirming the following assump-
tions: (i) the distribution derived from each of the samples
was normal and (ii) the variances of the population of the
samples were equal to one another (assumption of
homoscedasticity). Homoscedasticity was controlled for
using the Levene, Bartlett and Cochran tests. Non-
parametric analysis was conducted when either of the
two above-mentioned assumptions were violated, fol-
lowed by the performance of the Kruskal–Wallis test for
multiple comparisons and the Mann–Whitney W-test as a
post hoc test. Statistical significance was accepted at
p ≤ 0.05.
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3 Results

3.1 Scaffold characterisation

Micro-CT analysis in the dry state was performed for each
type of scaffold (n= 8) (Fig. 2). The analysis was per-
formed in 3D using CTAn. The main structural parameters
consisted of open porosity volume (percent), closed por-
osity volume (percent) and pore size which was assessed in
3D based on the structure thickness distribution determined
via the sphere-fitting algorithm.

The morphology parameters obtained by means of
micro-CT analysis are presented in Fig. 3. Pore size in the
dry state varied for each type of scaffold, with concern to
which the respective types can be divided into 3 groups
with similar values: low-pore size (scaffolds 1, 2, 4 and 6),
medium pore size (scaffolds 5, 7 and 8) and large pore size
(scaffold 3). Open porosity values (OP= volume of the
open pores/total VOI volume) ranged from 82.3 to 87.81%.

Open pores were defined as spaces within the scaffold
structure which displayed a connection with the space
outside the object. All the scaffold types provided a high
degree of open porosity. Closed porosity values (CP=
volume of closed pores/scaffold volume+ the volume of
closed pores) ranged from 0.01 to 0.06%. Scaffold volume
was taken to mean the volume of scaffold material without
the pores. Closed pores were defined as spaces completely
surrounded by the scaffold structure with no connection in
3D with the surface of the scaffold. All the specimens
exhibited a very low degree of closed porosity, thus sug-
gesting a high degree of interconnected pores.

3.2 Mechanical behaviour in the dry and hydrated
states

The mechanical properties of the scaffolds in the dry and
hydrated states obtained in the study are provided in Figs.
4–7. The mechanical properties of composite scaffolds were
influenced by their composition, namely the weight or
volume fraction of particular components. In our case, it
appears that the collagen matrix played an essential role in
terms of mechanical behaviour in both the dry and hydrated
states. In the dry state, the low amount of collagen (10–20
wt%) reduced the degree of stiffness (represented by the
elastic gradient) to ~2–7MPa and compressive strength
(represented by plateau stress) to ~0.1 – 0.3 MPa. 30–40 wt
% of collagen appeared to represent a sufficient amount so
as to provide for the appropriate bonding of all the com-
ponents of the scaffolds. This was represented by the stable
level of stiffness (15 MPa) and compressive strength (0.5
MPa) of samples 3–8; the differing weight fractions of
PDLLA and bCaP did not exert a statistically significant
effect on the mechanical properties (Figs. 4, 5).

Fig. 2 Micro-CT visualisation of the 8 types of scaffolds in the dry state. Scale bar 1 mm

Fig. 3 Pore size, closed porosity (CP) and open porosity (OP) [%] of
the composite scaffolds in the dry state measured employing micro-CT
3D analysis. All the values exhibited statistically significant differ-
ences except those values designated by the symbol “o”
(Mann–Whitney, 0.05)
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The elastic modulus of all eight samples decreased
immediately following hydration (Fig. 4). This statistically
significant drop was represented by an up to 100 times
lower degree of stiffness. A further 24 h of hydration was
found to exert no significant effect on stiffness. A similar
trend was evinced by the compressive strength of all the
samples following hydration (Fig. 5). The plateau stress of
all the samples decreased up to 10 times following 24 h and
remained stable after a further 24 h. In contrast to previous
findings, energy absorption efficiency (Fig. 6) decreased
only up to 20% following hydration. This parameter

represents the ability of the material to effectively absorb
deformation energy. A comparison of energy absorption
efficiency in the dry and hydrated states indicated relatively
low changes in the inner structure of the scaffolds following
hydration.

3.3 Hydraulic permeability measurement and
porosity in the hydrated state

The permeability of 71 scaffolds was tested (from n= 6 to n
= 11 specimens for each of the eight scaffold types) and

Fig. 4 Elastic gradient (elastic modulus) of the scaffolds in the dry and hydrated (24 and 48 h) states (median, IQR). Note that opposite axes have
different scales. * denotes statistically significant differences (Mann–Whitney, 0.05) between different states (left) and different samples (right)

Fig. 5 Plateau stress (compressive strength) of the scaffolds in the dry
and hydrated (24 and 48 h) states (median, IQR). Note that opposite
axes have different scales. * denotes statistically significant differences

(Mann–Whitney, 0.05) between different states (left) and different
samples (right)

Fig. 6 Energy absorption efficiency of the scaffolds in the dry and hydrated (24 and 48 h) states (median, IQR). * denotes statistically significant
differences (Mann–Whitney, 0.05) between different states (left) and different samples (right)
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three measurements were performed for each scaffold
immediately following a hydration period of 5 min (K0), and
after 4 (K4), 8 (K8) and 24 (K24) hours. The overall K0 mean
permeability was found to be in the range 2× 10−13 (type 4)
and 8.5× 10−13 m2 (types 1 and 7). Permeability measure-
ments over time revealed the stable behaviour of the scaf-
folds irrespective of scaffold type with no significant
differences. Notably, scaffold type 2 exhibited a pronounced
increase in the permeability value after 4 h (Fig. 7, left). The
statistical comparison of the 8 types of scaffold revealed a
number of significant differences (Fig. 7, right); importantly,
scaffold type 1 exhibited very high-permeability values
(especially after 24 h) which differed significantly from the
other scaffold type values (Fig. 7, right).

In order to provide for the illustration of the influence of
hydration on the inner structure, the porosity of selected
samples with different compositions (scaffolds 3, 6 and 8)
was measured by means of micro-CT 3D analysis. Three
types of scaffold were subjected to analysis during hydra-
tion in deionised water (Fig. 8).

One specimen was chosen from each group of scaffolds
(based on differing pore size as mentioned above in 3.1)
(Fig. 9). Analysis was performed in the same way as in the
dry state. The time intervals were 0 (dry state), 4, 8 and 24 h

following initial hydration. An initial reduction in open
porosity (4 h) to below the dry state value was followed by a
slight increase in this parameter with respect to all the
specimens. Closed porosity initially slightly increased (4 h)
with concern to all the specimens, following which a
reduction was observed concerning specimens 3 and 8.
Specimen 6 maintained the increased level of closed
porosity.

3.4 Scaffold degradation

The in vitro degradation rates of 8 scaffold material com-
positions in α MEM medium expressed as mass loss and
swelling ratios are summarised in Figs. 10, 11. Negative
values of degradation (Fig. 10) indicate a weight increase.
As can be seen from Fig. 10, the increment size increased
over time. The swelling ratio of scaffolds 1 and 6 remained
almost unchanged over the 24-day incubation period. All
the other scaffolds exhibited an increment in the swelling
ratio, which increased according to the period of incubation.
This phenomenon was most apparent with respect to scaf-
folds 7 and 8.

The mass loss of individual material compositions after
1 h of collagenase treatment and their comparison with non-

Fig. 7 Permeability after 5 min hydration (0 h) and after 4, 8 and 24 h (arithmetical mean, standard deviation). * denotes statistically significant
differences (Mann–Whitney, 0.05) between different periods (left) and different samples (right)

Fig. 8 3D visualisations of sections of scaffold specimen in the same
position (type 3) in the dry state and at different time intervals fol-
lowing initial hydration. The inner structures of the scaffolds are
visible including the pore walls, pore spaces and bCaP particles

(higher X-ray density). Increased scaffold structure thickness can be
observed as a result of hydration with an X-ray contrast agent, prob-
ably due to collagen swelling. Scale bar 500 µm
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cross-linked collagen (NC) is summarised in Fig. 12.
Degradation was expressed as wt% loss of the composite
and this was recalculated to wt% loss of collagen in the
scaffold. Statistically significant differences are evident with
respect to scaffolds 1, 2 and the sample NC. Scaffolds 3–8
exhibited a composite loss of up to 1.5 wt% and a collagen
loss of ∼4 wt%. Scaffold 1 achieved an almost 8 wt%
composite loss and a significant 78 wt% collagen loss.

FTIR spectroscopy was employed in order to clarify
these somewhat anomalous results. Changes in the integral
absorbances of individual scaffold components (PDLLA,
COL and bCaP) were determined before and after 1 h of

collagenase treatment (Fig. 12). It was anticipated that these
ratios would explain the changes in the composition of the
composite following degradation. The strong band ∼1750
cm−1 belonging to PDLLA, the amide I band (∼1650 cm−1)
typical for collagen and the ν4 PO4 domain (510–660 cm−1)
related to apatites were used for the calculation of the ratios
of the integral absorbances of individual scaffold compo-
nents (PDLLA/COL and bCaP/COL). The strongest band
∼1030 cm−1 belonging to the apatites was not used for
calculation purposes due to a partial overlap with the
shoulder of the PDLLA band. The medians of the integral
absorbance of PDLLA and bCaP (Fig. 12) related to COL

Fig. 9 The pore size, closed porosity (CP) and open porosity (OP) [%]
of the composite scaffolds in the dry state and hydrated for 4, 8 and 24
h measured by means of micro-CT 3D analysis. All the values exhibit

statistically significant differences except those values designated by
the symbol “o” (Mann–Whitney, 0.05)

Fig. 10 The mass loss of the scaffolds following 24, 48 and 576 (24 days) hours of immersion in α MEM. * denotes statistically significant
differences (Mann–Whitney, 0.05) between different states (left) and different samples (right)

Fig. 11 The swelling ratios of the scaffolds following 24, 48 and 576 (24 days) hours of immersion in α MEM. * denotes statistically significant
differences (Mann–Whitney, 0.05) between different states (left) and different samples (right)
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remained the same or decreased following degradation.
Statistically significant differences were most apparent with
respect to scaffolds 1 and 7 in the case of the bCaP/COL
ratio and scaffold 8 in the case of the PDLLA/COL ratio.

4 Discussion

Eight scaffolds of different composition were prepared and
their properties in both the dry and wet forms were eval-
uated. It was supposed that each composition would exert a
different effect on the properties of the scaffolds according
to the collagen, calcium phosphate and polylactide acid
fibre ratio. In spite of a few differences in some of the
results obtained from the application of various methods,
the overall structure and mechanical stability were found to
be similar.

Scaffold permeability, combining the topological prop-
erties of the 3D structure (such as scaffold porosity, pore
size, interconnectivity and tortuosity), plays an important
role in determining overall scaffold performance in terms of
fluid mass transport (i.e., nutrients and oxygen), waste
removal and cell penetration to the core of the scaffold [35].
Hence, defining the optimal scaffold permeability range
provides a challenge in terms of the potential use of such
scaffolds in tissue engineering applications. The perme-
ability of the 8 types of scaffold presented in this study
(order of magnitude of 10−13 m2) is comparable to that
reported in literature for collagen-based scaffolds [10, 36–38]
and falls between the permeability values obtained for tra-
becular (range from 10−10 to 10−9 m2 [39]) and cortical
bone (10−17 m2 [40]). The scaffold composition and per-
meability data indicated that both collagen and apatite
content contributed slightly towards determining scaffold
permeability at time 0. Briefly, i.e., during the time that the
collagen content inversely affected scaffold permeability,

apatite content directly influenced the hydraulic behaviour
of the scaffolds (Figs. 1, 7, right panel). The temporal
evolution of scaffold permeability was also investigated up
to 24 h, the results revealing the stable behaviour of all
8 scaffold types. These results are in agreement with the
morphological measurement results (pore size, open por-
osity and closed porosity) obtained via micro-CT (Figs. 3, 9).
Importantly, this morphological data revealed that scaffold
hydration does not affect open porosity, thus guaranteeing
stable permeability behaviour over time.

With respect to the swelling and permeability data at 24 h,
an opposite relationship between the swelling ratio (Fig. 11,
right panel) and the permeability measurement results (Fig. 7,
right panel) was observed. High-swelling ratio values cor-
responded to lower permeability values (i.e., types 2, 4
and 6) and vice versa (i.e., types 3, 5, 7 and 8). In addition,
type 1 exhibited higher swelling ratio values and high
permeability; however, these values were not statistically
significant.

The weight increase observed during degradation in α
MEM (Fig. 10) can be explained by means of the adsorption
of various components (proteins, saccharides, vitamins and
salts) contained in the α MEM medium. The weight incre-
ments increased with incubation time, which was also
observed with concern to swelling (Fig. 11); however, after
576 h the composites differed from each other less than they
did after just 24 and 48 h of incubation. The smallest
swelling values were exhibited by samples 7 and 8, which
contained over 50 wt.% of bCaP. Degradation occurred
(albeit not particularly apparent) simultaneously to adsorp-
tion. The mass loss values of all the scaffolds varied only in
terms of units of % and, therefore, it is not possible to state
explicit conclusions in this respect.

Conversely, collagenase degradation exhibited the high-
est rate of collagen degradation with respect to scaffold 1.
Scaffolds 3–8 exhibited a difference between the

Fig. 12 Left: the mass loss of the scaffolds after 1 h of collagenase
treatment and their comparison with non-cross-linked collagen (NC).
* denotes statistically significant differences (Mann–Whitney, 0.05)
between the %wt. collagen medians. Right: comparison of the ratio of

integral absorbances PDLLA/COL and bCaP/COL of the original
scaffolds and then following 1 h of collagenase treatment. * denotes
statistically significant differences (Mann–Whitney, 0.05) between the
medians prior to and following collagenase degradation
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degradation of the composite and that of the collagen of up
to 4%, while for scaffold 2 this difference was 7% and for
scaffold 1 as much as 70%. These discrepancies can be
explained by the low content of collagen acting as a binder
holding the scaffolds together. The integral absorbance of
PDLLA and bCaP (Fig. 12) related to COL remained the
same or decreased following degradation, although these
components were not attacked by collagenase. It follows
that these components are released from the scaffold. The
lower degree of scaffold consistency allows for the
enhanced accessibility of collagenase to the collagen and
hence the easier degradation thereof. These changes were
most evident with respect to scaffolds 1 and 2 which had the
lowest collagen content.

Collagen-like peptides tend to adopt the polyproline II
helix and have trans isomers of their peptide bonds with
dihedral angles (ψ ≈ 150°, φ ≈−75°). Trans configuration
for the peptide bond is favoured over the cis form by 1.3
kcal/mol. The potential energy of the system is a function of
the dihedral angle. Gautieri et al. [41] performed the
Ramachandran analysis of a fully equilibrated full-atomistic
collagen microfibril system in both hydrated (wet) and
dehydrated (dry) conditions. They proved that hydrated
collagen microfibril lies within a region of the diagram (ψ ≈
150°, φ ≈−75°) characteristic of the polyproline II chain
and thus of collagen-like peptides. However, an analysis of
the dehydrated collagen microfibril system revealed a
broader range of dihedral angles indicating a certain level of
molecular unfolding. Dehydrated microfibrils exhibit
higher dihedral energy than they do in the hydrated state.
This suggests that in the dehydrated microfibril the defor-
mation mechanism initially involves primarily the straigh-
tening of the collagen molecules and not the stretching of
the molecules. Conversely, the hydrated state allows col-
lagen molecules to adopt conformations with maximal
entropy, and the system exhibits a low level of dihedral
(potential) energy. However, the mechanical properties are
highly scale dependent. A direct numerical comparison
suggests differences in Young’s modulus of from several
GPa for a single molecule to a few hundred MPa for
collagen microfibrils, representing a striking change
in the mechanical properties at different hierarchical
levels [41]. The system studied herein was much more
complicated since the collagen was chemically cross-linked.
The presence of covalent inter-molecular cross-links
increased adhesion at the ends of each molecule [42]. In
addition, the system had a high porosity level and elastic
deformation occurred primarily via the bending of slender
structural elements, such as the cell walls. This allowed for
significant deflections under low applied loads—i.e., the
generation of low levels of stiffness—and this makes up the
basis of many types of (highly compliant) fibre network
materials [10].

Due to the possible future application of scaffolds, it is
suggested that the results also be considered with respect to
the cell perspective. The results indicate that the combina-
tion of materials, the ratio of material components, fibre
organisation into higher structural units and specific envir-
onmental conditions determine the surface area, porosity,
swelling and degradation of the composite. All of them are
capable of fundamentally determining cell adhesion, as well
as overall function [43, 44]. The results revealed that bCaP
had no significant effect on the mechanical properties of the
scaffolds tested. Thus, from the cell perspective, scaffolds
with a higher bCaP content may be more preferable.
However, the results also showed that the mechanical
properties of the scaffolds were directly influenced by the
presence of collagen. The results confirmed the previously
observed dependency between collagen and the mechanical
properties of the scaffolds and revealed the opposite pro-
portionality between collagen content and the stiffness of
the material. Therefore, scaffolds with a collagen content in
the scaffold of around 30–40% would appear to be more
appropriate in terms of predicted cell adhesion. If we take
this result together with the afore-mentioned potential bio-
logical benefits of bCaP, it can be assumed that the opti-
mum mechanical properties in terms of cell application will
be provided by scaffolds with a higher bCaP content and a
collagen content of around 30–40%. That said, a more
specific determination of the best ratios of both components
in the scaffold can be provided only by means of a biolo-
gical evaluation. The results revealed the elastic deforma-
tion of the tested scaffolds, which indicated a low degree of
stiffness. In general, material stiffness determines the gen-
eration of cell traction forces and, subsequently, affects
changes in cell morphology and movement and cell dif-
ferentiation [45–47]. With respect to bone-tissue engineer-
ing, scaffolds with the highest levels of rigidity (lowest
elasticity) are recommended with concern to cell osteo-
differentiation.

The results also revealed variability with respect to other
factors which may crucially impact cell behaviour—swel-
ling, porosity and pore-size [48]. The observed general
elevation of the swelling rate following hydration may be
significantly affected by the scaffold environment, thus by
the presence of a cultivation medium (specifically αMEM
supplemented with foetal bovine serum (FBS)). Moreover,
water binding by medium proteins (originating in FBS), in
connection with other scaffold components (which differed
with respect to all the scaffolds tested), may have resulted in
differences in the swelling rate of the tested scaffolds [49, 50].
Therefore, the optimal scaffolds for cell application would
appear to be those that change only slightly during the first
24 h of incubation (scaffolds 1 and 6) or those scaffolds
with the lowest swelling ratio (scaffolds 7 and 8). From the
viewpoint of permeability, which is directly related to
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swelling (as the results indicate) and which is important
with respect to cell nourishment and penetration, those
scaffolds displaying higher permeability would appear to be
more suitable (i.e., scaffolds 3, 5, 7 and 8).

Swelling is also closely related to pore size and porosity.
From the perspective of biomaterial engineering and the
development of artificial extracellular matrices, we deter-
mined no clear results concerning the ideal pore size and
porosity of cells [51, 52]. The variable results suggest,
therefore, the importance of the context of the entire scaf-
fold. The scaffold porosity results predicted a degree of
porosity of 85% and a high degree of interconnected pores,
both of which are important factors in terms of cell nutrition
and cell migration. When compared to native bone, the
scaffolds are close to cortical bone with respect to pore size
(porosity 3–12%, pore-size 100–200 µm); however, the
degree of porosity indicates a closer approximation to tra-
becular bone (a high porosity of around 50–90%, pore size
diameters of up to 1 mm) [53, 54]. Thus, from the per-
spective of the native state of bone, the scaffolds have the
potential to provide an artificial bone matrix. In addition,
the aim of the scaffold is to allow cells to adhere within the
structure of the scaffold and to remain in this position for
subsequent proliferation and differentiation.

Taken together, therefore, the results acquired are impor-
tant in terms of the typing of the most appropriate scaffolds
for biological in vitro and in vivo evaluation. The results
must be considered with respect to future medical applica-
tion, the type of cells used, cell requirements and the cell
application method [48]. Further, the results demonstrate the
importance of detailed mechanical testing under conditions
which best approximate to bio-application in vitro or in vivo
conditions, which may assist in the typing of biomaterial for
advanced biological analysis purposes.

5 Conclusions

The pore size, permeability and mechanical properties of
tissue engineering scaffolds influence migration and cell
growth in the context of cell seeding and further cultivation.
Permeability connects the structural properties of the 3D
structure and affects the hydration of the scaffold. More-
over, depending on the composition of the material, the
hydration of such highly porous structures may further
influence mechanical behaviour and porosity due to swel-
ling. This mechanism is particularly obvious in the case of
scaffolds prepared based on the use of hydrophilic materi-
als, such as collagen, gelatine and chitosan as natural
polymers. This study evaluated both the mechanical and
structural properties of scaffolds based on collagen, poly
(DL-lactide) and calcium phosphate particles with 8 dif-
ferent material compositions in the dry and hydrated states.

Hydration, simulating the conditions of cell seeding and
cultivation up to 48 h and 576 h, was found to exert a minor
effect on the morphological parameters, such as pore size,
open porosity, and on the permeability. The mass loss of
individual scaffolds was detected only following the
application of targeted enzymatic treatment by means of
collagenase, with no indication of degradation in the culti-
vation media. Conversely, hydration had a major statisti-
cally significant effect on the mechanical behaviour of all
the tested scaffolds with no effect according to the amount
of collagen. The elastic modulus and compressive strength
of all the scaffolds with 10–40 %wt of collagen decreased
by ~95%. Despite a small change in the structural proper-
ties, this decrease confirms the importance of analysing
scaffolds in the hydrated rather than the dry state since the
former more precisely simulates the real environment for
which such materials are designed. The measurement of
scaffolds in the dry state is, however, useful with respect to
the basic characterisation of the selection of preparation
methods and chemical treatment; however, it is important
that real conditions not be neglected, especially with con-
cern to hydrophilic polymers.
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Micro-CT (micro-computed tomography) is a modern preclinical imaging method allowing non-destructive visualizations 
and structure analysis yielding at a resolution of a few micrometres. Tissue engineering scaffolds are a promising treatment 
for bone defects. Micro-CT application for the evaluation of tissue engineering scaffolds for bone surgery and traumatology 
application is increasing, which comprises in vitro, in vivo and ex vivo studies. Micro-CT itself is not able to replace 
conventional approaches completely, such as scanning electron microscopy (SEM) or histological examination, but it may 
offer important benefits regarding non-destructive approach, direct 3D model structure analysis, and visualization and time 
efficacy. The overview presented herein focuses on a micro-CT application in the field of tissue engineering scaffolds aimed 
at bone regeneration.

THEORETICAL AND DISCUSSION

Tissue engineering scaffolds
and bone regeneration

 The application of biomaterials in the form of 
scaffolds is considered as a promising method for 
treatment of bone defects resulting from pathological 
conditions (e.g. trauma, tumour, inflammation) [1]. 
The current gold-standard method is autologous bone 
grafting [2, 3]. However, it is limited by the bone defect 
volume and requires second operating field, which may 
increase morbidity and the probability of associated 
complications [4]. The possibility of using artificially 
produced biomaterials with similar effect on bone healing 
and predictable outcomes would be advantageous. 
Scaffolds for bone regeneration are usually porous 
and biodegradable. Scaffolds must provide temporary 
three-dimensional support for new bone formation with 
a desirable biodegradation profile. Various methods 
for preparation exist (e.g. freeze-drying, solvent cas-
ting, electrospinning, rapid prototyping) leading to 
different 3D structure [5, 6]. Scaffolds are frequently 
based on natural or synthetic polymers (e.g. collagen, 
polylactide) in combination with hydroxyapatite par- 

ticles [7]. Collagen is frequently cross-linked to impro-
ve its chemical and mechanical properties [8, 9]. Such 
scaffolds should present appropriate chemical, bio-
logical and mechanical properties that are necessary to 
promote normal cellular behaviour and function [10]. A 
major challenge remains in terms of designing an ideal 
bone graft that mimics the features of natural bone, 
both in terms of the main composition and hierarchical 
microstructure [11]. Biologically active substances can 
be incorporated into scaffold structure to enhance its 
effect (e.g. BPM – bone morphometric proteins; [12]) 
and cell seeding (e.g. mesenchymal stem cells) can be 
performed prior to implantation [13].

Scaffold structure – its importance 
and methods of analysis

 Three-dimensional scaffold structure is considered 
to have major influence on scaffold-tissue interaction, 
especially when considering porosity arrangement. 
3D structure is usually very complex and complicated 
across scales. Prevalence of open pores with a high 
degree of interconnectivity and convenient pore sizes 
substantially influences cell migration, vascularisation, 
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fluid flow, mechanical properties, and available surface 
[14]. Pore sizes ranging from 100 to 300 µm were 
found to be the most efficient for new bone formation 
[15, 16]. However, pore size values are dependent on 
the method of measurement (our unpublished results) 
and no consent in this respect exists. Scaffold structure 
is usually evaluated in dry state, which may not be 
accurate, as implantation into the bone defect inevitably 
leads to scaffold hydration, which can change the three-
dimensional structure due to hydrophilic compounds.
 Scaffold structure analysis is achievable by nume-
rous methods. Total porosity can be assessed e.g. by 
using gravimetry. Open porosity can be measured by 
liquid displacement or mercury intrusion [17, 18]. 
In some scaffolds, the application of these methods 
may alter its structure. Liquid displacement may be 
influenced by scaffold swelling due to hydrophilic 
compounds. A common approach is scanning electron 
microscopy (SEM) image analysis, which allows the 
measurement of various structural parameters (e.g. 
pore diameters, area, shape, wall and struts thickness). 
SEM image analysis offers precise visualization, is 
readily available and affordable. However, there are 
many drawbacks. Based on sectioning, this approach 
is destructive, time consuming, orientation dependant 
and limited to two-dimensions. 3D structure evaluation 
is achievable by using the stereology method based on 
structure assumptions. Evaluation of pore size based on a 
2D section may not be accurate because the designation 
of scaffold walls is often very unclear (it may not be 
evident, whether the structure is directly on or below the 
section plane). Differentiating between closed and open 
pores from SEM images is unreachable, and alternative 
methods (e.g. mercury intrusion porositometry) may 
alter the scaffold structure, as mentioned above.

Micro-CT analysis of scaffold structure

Basic principles
 Micro-CT (microtomography) is an X-ray precli-
nical imaging method, which enables both 2D and 3D 
structure analysis and visualization [19, 20]. Important 
benefits are non-destructivity, time efficacy and direct 
3D model analysis. Isotropic pixel or voxel size in 
modern micro-CT devices is below 1 µm, but continuous 
improvement of resolution in micro-CT devices has to be 
considered, especially when evaluating previous studies. 
Its employment in the field of tissue engineering is still 
increasing, especially in the structure characterization 
of biomaterials. However, its availability is still limited 
because of its high acquisition price. 
 Specimens are scanned in micro-CT, usually in air or 
in a plastic tube, placed on a microstage inside a device. 
Appropriate specimen size differs according to the micro-
CT device. In ex vivo desktop micro-CT designed for 
material testing the usual specimen size is 0.1 - 10 cm3, 

while in in vivo devices, specimen size can be larger, 
enabling live mice or rats can be subjected to scanning. 
Scanning parameters comprise of resolution (pixel size), 
camera binning, source, current, filter, rotation step, 180° 
or 360° rotation etc. Image acquisition leads to a dataset 
of projection images, which are reconstructed into a 2D 
cross-section greyscale image dataset (usually based on 
a modified Feldkamp algorithm; Figure 1). Image data 
can be subjected to further modifications (e.g. creating 
regions or volumes of interest) and image processing 
(e.g. noise reduction, morphological operations, binary 
operations). Visualizations may be achieved using 2D 
virtual sections or 3D visualizations created by volume 
or surface rendering. Computed tomography generally 
leads to the presence of specific artifacts in image data, 
such as ring artifacts, beam hardening or misalignment 
and the presence of image noise, which may negatively 
influence visualizations and analyses [21].

Micro-CT analysis

 Prior to analysis, image data must be converted 
from greyscale to black and white pixels (binarization), 
so the object (white colour) and background (black co- 
lour) are clearly differentiated. This process may signi-
ficantly influence the results of the following analysis. 
The influence depends on the structure of the analysed 
object (simple or complex), material composition, ho-
mogeneity and image data quality (e.g. image noise, 
artifacts). The influence of image binarization on the 
structural parameters was evaluated for bone tissue 
[22, 23]. However, the binarization effect in scaffolds is 
yet to be sufficiently studied, and is complicated by the 
overlapping X-ray density of its materials, thin structures 
and partial volume effect [24, 25].
 Micro-CT enables the evaluation of many struc-
tural 2D and 3D parameters. Micro-CT offers 2D ana-
lysis based on individual sections (slices) or direct 
3D model analysis, which is orientation independent. 
Basic parameters are e.g. specimen volume, surface, 
intersection surface, number of objects and porosity (open 
and closed pores). Volume and surface parameters are 
measured using a marching-cubes algorithm. Structure 
thickness and separation is calculated based on a medial 
axis computation and sphere-fitting algorithm, which 
offers new insight into structure evaluation in 3D, and 
may be applied for pore size measurement [26, 27, 28]. 
Many other parameters may be obtained as a result of 
3D analysis e.g. anisotropy, Euler number, fractal index 
and Structure Model Index [20, 26]. However, certain 
parameters provided by micro-CT analytical software 
must be used with caution, since their interpretation is 
not straightforward in such complex structures. Image 
processing and analysis can be partially automated leading 
to better time efficacy, and a reduction of subjectivity in 
evaluation. Micro-CT visualizations prior to histological 
examination may improve sectioning orientation thus 



Bartoš M., Suchý T., Tonar Z., Foltán R., Hubálek Kalbáčová M.

196 Ceramics – Silikáty  62 (2) 194-199 (2018)

improving its outcomes. Together with its advantages, 
micro-CT presents important drawbacks: limitation by 
resolution (even though modern devices offer pixel or 
voxel size below 1 µm, it is still substantially less than 
e.g. in SEM) and high-dependency on image data and its 
processing prior to analysis.

Micro-CT application: in vitro, in vivo, ex vivo

In vitro

 Tissue engineering scaffold structure is usually 
studied in dry state and micro-CT may be a complemen-
tary method to conventional analysis [15, 17, 29]. The 
fabrication process and its modifications can be evaluated 

and thus optimized with regard to appropriate structu-
ral parameters (e.g. total porosity, open porosity, pore 
size). Based on micro-CT results, the most prospective 
types of fabricated scaffolds can be selected for further 
evaluation. Structural changes related to hydration 
are considered very important, but their assessment 
is difficult to reach. Micro-CT is able to provide such 
analysis. However, only a few micro-CT studies focus on 
the evaluation of both hydrated and dry-state scaffolds to 
date [30, 31]. There are technical difficulties resulting 
from scanning hydrated scaffolds, e.g. insufficient X-ray 
contrast between scaffold matrix and solution or motion 
artifacts caused by gravitation, specimen rotation and 
swelling. X-ray contrast has to be enhanced by contrast 
agents (e.g. phosphotungstic acid or iodine solution; 

Figure 1.  Illustration of micro-CT scanning of collagen-based scaffold using desktop micro-CT SkyScan 1272 with 4 µm pixel size 
(Bruker, Belgium): a) 2D projection image, b, c) reconstructed 2D cross-section images d) 3D visualization.

a) b)

c) d)
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[32]). However, its influence on scaffold properties 
remains relatively unknown, and therefore may lead to 
alterations. 
 Cell seeding (e.g. by mesenchymal stem cells) prior 
to implantation may be performed in order to improve 
the effect on bone healing and regeneration [13, 9, 33]. 
Assessment of the presence and distribution of seeded 
cells in the whole scaffold in 3D would be advantageous, 
otherwise it is limited to specimen sectioning. Only 
a few studies have focused on cell visualization [34]. 
Cells have to be X-ray contrasted to provide appropriate 
contrast. However, this is not standard application since 
the resolution of even modern devices is insufficient (or 

nearly insufficient) regarding cell size in 3D, and cell 
to scaffold X-ray contrast. Nanocomputed tomogra-
phy (nano-CT), a new developing field of preclinical 
imaging, may introduce cells and scaffold scanning as 
a common procedure.

In vivo and ex vivo
 Micro-CT can be employed for evaluation of im-
plantation of tissue engineering scaffold into bone defect. 
There are two basic approaches: in vivo and ex vivo [35]. 
The first uses an in vivo micro-CT device capable of 
scanning of live animals (usually mice or rats), which 

Figure 2.  Demonstration of micro-CT 2D and 3D visualizations of bone defect treated by autologous bone graft. Images from 
preliminary ex vivo study: a, b) 2D cross sections: former bone defect is evident, but new bone tissue formation is clearly observed, 
c) volume of former bone defect is depicted with new bone tissue d) segmented new bone tissue, which may be subjected to 3D 
analysis.

a) b)

c) d)
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are anesthetized and their vital functions are controlled. 
This method is well established for studying metabolic 
diseases influencing bone tissue (e.g. osteoporosis), 
fracture healing, bone tissue engineering or tumour bone 
metastases [36, 37, 38, 39]. The evaluation of the same 
specimen at a different time enables both the precise 
observation of newly generated bone tissue and scaffold 
material degradation. This leads to a higher efficiency 
of such experiments based on an increasing number of 
measurements. Moreover, the number animals expe-
rimented on can be reduced, which is advantageous 
from the ethical point of view and leads to financial 
cost reduction. Repeated scanning of the same animal 
does not result in the alteration of bone structure and 
its healing processes [40, 41]. In vivo scans are much 
faster (minutes) compared to ex vivo scans (hours). 
However, resolution is lower compared to ex vivo 
devices that may negatively influence the evaluation of 
thin bone structures and in particular scaffold structure. 
Since micro-CT detects only X-ray dense objects, 
differentiation between new bone and scaffold structure 
is based mainly on subjective assessment of visualized 
structure and may not be evident. The detection of 
less mineralized bone and osteoid is not sufficient, so 
verification by histological examination is appropriate. 
Ex vivo micro-CT analysis combines benefits of non-
destructive high-resolution analysis and scaffold-tissue 
interactions (Figure 2). Specimens are harvested after 
the euthanization of the experimental animal in a defined 
time interval after implantation. Volume of interest (VOI) 
is defined in selected specimen (usually in the place of 
former bone defect), so effect of different treatment 
approaches may be compared (e.g. autologous bone 
graft versus tissue engineering scaffold implantation). 
Visualization of VOI in 3D and virtual 2D sections in any 
selected plane helps understanding to bone regeneration 
and scaffold degradation process. Volume of new bone, 
its structure, homogeneity and spatial distribution (e.g. 
peripheral versus central regions) is considered. 

CONCLUSION

 Micro-CT is an important preclinical imaging 
method for structure analysis and visualization. Its 
application in the field of tissue engineering is notably 
increasing. Promising bone defect treatments comprise 
of tissue-engineering scaffolds. Their 3D structure is 
of great importance and micro-CT can be employed in 
different settings (in vitro, in vivo and ex vivo) for its 
evaluation. Major advantages are non-destructivity, 
direct 3D model analysis and time efficiency. In 
cases following histological examinations, micro-CT 
improves the orientation of specimen sectioning. The 
major disadvantage of micro-CT is a high dependency 
on image data processing, which is generally not stan-
dardized. The overview presented herein focuses on 
micro-CT application in bone engineering scaffolds.
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Abstract
One of the main aims of bone tissue engineering, regenerative medicine and cell therapy is development of an optimal arti-
ficial environment (scaffold) that can trigger a favorable response within the host tissue, it is well colonized by resident cells 
of organism and ideally, it can be in vitro pre-colonized by cells of interest to intensify the process of tissue regeneration. The 
aim of this study was to develop an effective tool for regenerative medicine, which combines the optimal bone-like scaffold 
and colonization technique suitable for cell application. Accordingly, this study includes material (physical, chemical and 
structural) and in vitro biological evaluation of scaffolds prior to in vivo study. Thus, porosity, permeability or elasticity of 
two types of bone-like scaffolds differing in the ratio of collagen type I and natural calcium phosphate nanoparticles (bCaP) 
were determined, then analyzes of scaffold interaction with mesenchymal stem cells (MSCs) were performed. Simultaneously, 
dynamic seeding using a perfusion bioreactor followed by static cultivation was compared with standard static cultivation 
for the whole period of cultivation. In summary, cell colonization ability was estimated by determination of cell distribu-
tion within the scaffold (number, depth and homogeneity), matrix metalloproteinase activity and gene expression analysis 
of signaling molecules and differentiation markers. Results showed, the used dynamic colonization technique together with 
the newly-developed collagen-based scaffold with high content of bCaP to be an effective combined tool for producing bone 
grafts for bone implantology and regenerative medicine.

Keywords Mesenchymal stem cells · Collagen scaffolds · Dynamic seeding · Static cultivation · Bone tissue engineering
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Introduction

Tissue engineering (TE) offers the potential for the regen-
eration and replacement of damaged tissue using a com-
bination of scaffolds, biochemical/physical stimuli, and 
cells. Biomimetic scaffolds mimic the natural composi-
tion and structural organization of the native extracellu-
lar matrix (ECM) using the same components as those 
that make up the ECM of the target tissue. Unfortunately, 
these natural components are usually unstable in in vitro 
artificial environments; thus, the scaffolds must be modi-
fied or supported by additional components. Various com-
binations of natural and synthetic compounds have been 
already intensively designed, indeed scaffolds made of col-
lagen and calcium phosphate combined with polylactide, 
polycaprolactone fibers, polyetheretherketone, glycosami-
noglycans, various growth factors or nanodiamonds were 
already reported [9, 19, 25, 28, 34, 40, 48]. Moreover, the 
application of specific processes such as electrospinning, 
electro-spraying or cross-linking, and others is also critical 
for the enhancement of scaffold stability [24, 36, 44]. The 
ideal scaffold should enable cell infiltration and coloniza-
tion to allow cell-material interactions and fundamental 
ECM remodeling process contributing to tissue structure 
and function maintenance and to appropriate tissue regen-
eration and recovery. Tissue remodeling is a key factor in 
bone tissue regeneration; indeed dysfunctional bone tissue 
remodeling results in osteoporosis or osteosclerosis [2]. 
The design of the ideal scaffold must respect a number 
of parameters, e.g., permeability features, degree of pore 
interconnectivity [29, 32], pore size and porosity, elastic-
ity, stiffness, stability, surface topography, etc. [17, 22, 
36]. The possibility to perfuse scaffolds is a key aspect 
for the diffusion of nutrients, oxygen or waste removal 
[56] and is strictly related to scaffold permeability char-
acteristics. Permeability and cell differentiation rate are 
strictly related to scaffold porosity, pore size and intercon-
nectivity. Despite no clear conclusions have been achieved 
for the best pore-size (ideal pore-sizes within the range 
0.5–600 µm [1, 30, 61]) or porosity [on average 25–75% 
[30, 35] suitable for ECM remodeling, all the studies show 
both parameters as key factors for the biological function 
of the scaffolds. In the native bone, pore size and porosity 
depend on ECM and tissue specificity as well as on cel-
lular requirements such as nutrition and migration. While 
cortical bone is characterized by low porosity (3–12%) 
and a pore-size diameter of around 100–200 µm, trabecu-
lar bone is characterized by high porosity (50–90%) and 
pore-size with diameter of 1 mm [10, 31].

In addition to structural and mechanical parameters of 
the scaffold, cell culture protocols and seeding procedure 
crucially affect the successful functioning of the scaffold 

following implantation. The recent shift from the 2D 
static to the 3D dynamic culture represents an important 
development. Perfused (dynamic) 3D culture mimics the 
natural-like environment where all the cell interactions 
are reproduced [20]. 3D culture under perfusion condi-
tions enhances the exchange of nutrients and induces the 
mechanical/physical stimuli occurring in native tissue 
unlikely from 3D in vitro static culture, which is often 
associated with the relevant oxygen gradients leading to 
inhomogeneous tissue quality [56]. Accordingly, several 
bioreactors have been developed to provide a controlled 
environment mimicking the structural and dynamic condi-
tions that occur in vivo with the aim to support the natural 
cell differentiation mechanism [28, 37, 49, 52] or to pro-
vide the optimum balance between the applied flow rate 
and pore size [37].

The successful functioning of the scaffold also fundamen-
tally depends on the cell type used to colonize it. Mesenchy-
mal stem cells (MCSs) are widely used in the field of TE due 
to their significant regenerative potential and clinical appli-
cation. MSCs are capable of producing various bioactive 
molecules with paracrine and autocrine effects that display 
anti-apoptotic, immunomodulatory, angiogenic, anti-scar-
ring, and chemoattractant properties. These effects are com-
parable to or even more important than the potential of cells 
to differentiate into different cell types [4, 5, 11]. Moreover, 
sensitivity of MSCs to the surrounding environment such as 
scaffold elasticity/rigidity has been already demonstrated; 
soft material induces neurogenic differentiation, while stiff 
and rigid materials induce myogenic and osteogenic differ-
entiation, respectively. It seems that scaffold elasticity can 
predominate effects of chemical stimuli in long-lasting cul-
ture [17]. Accordingly, one of the current aims of TE is to 
induce or support cell differentiation by modulating the cell 
environment (e.g. by means of scaffold surface topography 
or rigidity) without the addition of chemical supplements 
[6, 12]. Therefore, providing cells with an osteo-inductive 
environment mediated by the scaffolds represents an ideal 
TE therapy application.

This study involved the development of two types of col-
lagen-based scaffolds for potential bone surgery application 
ensuring bone ECM mimicking and MSCs therapy suitabil-
ity. In our previous study, eight different compositions of the 
scaffolds were compared based on comprehensive evalua-
tion of their composition, structural parameters, mechanical 
properties, hydraulic permeability and degradation behavior 
[50]. Two scaffolds with the most suitable properties for 
cell seeding were selected. Both scaffolds (denoted S4 and 
S6) consist of polylactide electrospun sub-micron fibers 
(PDLLA), a natural bovine collagen I matrix, hyaluronic 
acid (HyA) and natural calcium phosphate nanoparticles 
(bCaP), and differ with respect to the proportion of bCaP 
versus collagen. The study focused on determining the most 
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suitable scaffold and the most appropriate procedure for its 
colonization by MSCs in view of their in vivo application. 
Both static (the standard cultivation method) and dynamic 
culture (under perfusion conditions at constant flow rate 
in a bioreactor [42]) were tested. Porcine MSCs (pMSCs) 
were used in the experiments due to their already mentioned 
regenerative potential and also with a view of in vivo appli-
cation, which takes into account a close porcine relation-
ship to the human anatomy, physiology, development and 
diseases occurrence [27, 57].

Materials and methods

Scaffold preparation

Two composite scaffolds were prepared by means of lyo-
philization using differing amounts of the following com-
ponents: collagen (COL), poly (DL-lactide) (PDLLA), bio-
apatite (bCaP) and sodium hyaluronate (HYA) (Contipro, 
Czech Republic). PDLLA sub-micron fibers (275–300 nm, 
lower–upper quartile) were prepared via electrospinning 
from a 10 wt% chloroform solution (Nanospider NS LAB 
500, Elmarco, Czech Republic), homogenized using a dis-
integrator for 5 min at 14,000 rpm (DI 18, IKA) in deion-
ized water and dried by means of lyophilization. bCaP par-
ticles were prepared from chemically- and thermally-treated 
bovine bone as described previously [51]. The composite 
scaffolds (Fig. 1) were prepared employing the following 
procedure: collagen (type I, calfskin, VUP Medical, Czech 
Republic) was dispersed in deionized water and homoge-
nized using a disintegrator (10,000 rpm, 10 min) to yield a 
5 wt% aqueous collagen dispersion. The collagen dispersion 
was further modified by means of PDLLA, bCaP and HYA 
and homogenized using a disintegrator (6500 rpm, 10 min). 
The resulting dispersion was placed in separate cylindrical 
containers with an inner diameter of 6 mm, frozen at − 70 °C 

for 3 h and then lyophilized. The collagen part of the scaf-
folds was cross-linked with 95 wt% ethanol solution con-
taining EDC and NHS at a weight ratio of 4:1 (EDC:NHS); 
the EDC and NHS (Sigma Aldrich, Germany) were used 
as received. Following a reaction period of 24 h at 37 °C, 
the scaffolds were washed in 0.1 M  Na2HPO4 (2 × 45 min), 
rinsed in deionized water (30 min), frozen at − 30 °C for 
5 h and lyophilized. The composition of the scaffolds was 
selected based on a previous study, which focused on the 
structural optimization of eight different scaffold composi-
tions [50].

Determination of scaffold morphology

The morphology of the scaffolds was investigated by means 
of micro-CT (SkyScan 1272, Bruker, Belgium) analysis in 
both the dry and hydrated (4, 8 and 24 h in deionized water) 
states. The samples were X-ray contrasted using Lugol’s 
solution (3.33 g/L iodine, 6.66 g/L potassium iodide) prior 
to hydration. All the scans were conducted with a pixel size 
resolution of 4 um, source voltage 60 kV, source current 
0.166 mA, 0.25 mm Al filter, frame averaging (2), 180° rota-
tion. Cross-section images were reconstructed from projec-
tion images taken using NRecon software (Bruker, Belgium) 
and employing a modified Feldcamp algorithm with the ade-
quate setting of the correction parameters (misalignment, 
ring artefact and beam hardening) so as to reduce the effect 
of computed tomography artefacts. Visualizations were 
acquired by means of DataViewer (2D cross-section images) 
and CTVox (3D images; Bruker, Belgium). The scaffold 
structure analysis, including that of porosity, was performed 
using CTAn (Bruker) in 3D employing a sphere-fitting algo-
rithm following image binarization. The VOI (volume of 
interest) subjected to analysis was set within the scaffold 
structure, was cylindrical in shape (5 mm in both height and 
diameter) and excluded the superficial parts of the speci-
men, which might have been altered during the treatment 

Fig. 1  Material composition of composite scaffolds (collagen matrix (COL), poly DL-lactide sub-micron fibers (PDLLA), bioapatite (bCaP) and 
sodium hyaluronate (HYA) powder) with 3D micro-CT visualisation of sections of scaffold specimens
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process. Three S4 and S6 scaffolds were analyzed in each of 
dry and hydrated state. The pore size was determined based 
on structure separation distribution given as percent volume 
in range 8–480 μm (i.e. the smallest and the largest pores) 
divided by interval of 8 μm. The calculation of Structure 
Separation parameter is performed in 3D and it is based 
on „sphere-fitting“ algorithm. These values are presented as 
Structure Separation (mean value) and Structure Separation 
distribution (percent volume or volume in defined pore size 
range). Based on this distribution the sample with the size 
of n = 10,000 was generated for each evaluated sample and 
state. Open pores are defined as spaces within the scaffold 
structure presenting connection in 3D with VOI surface (i.e. 
outer space; Open porosity (percent) = volume of the open 
pores/total VOI volume). Closed pores are defined as spaces 
completely surrounded by the scaffold structure with no con-
nection in 3D with the surface of the VOI (Closed porosity 
(percent) = volume of closed pores/scaffold volume + vol-
ume of closed pores).

Mechanical analysis of the scaffolds

Mechanical tests were performed via the adaptation of the 
ISO 13314 standard, which refers to the compression testing 
of porous and cellular metals. The mechanical properties of 
the scaffolds were measured with concern to both the dry 
samples and samples hydrated in α MEM for 24 and 48 h. 
Six cylindrical samples with a diameter of 6.2 mm and a 
length of 8.5 mm were tested in each group (i.e. a sample 
length to diameter ratio of approximately 1:1,4). The elastic 
gradient was determined using the MTS Mini Bionix 858.02 
system (MTS, USA) equipped with 10 N and 100 N load 
cells. Measurement was conducted at a constant crosshead 
speed of 3.0 mm min−1 (deformation rate approx. 5 × 10−3 
 s−1, i.e. in the range  10−3 and  10−2  s−1). The stress–strain 
curves obtained were used to determine the elastic gradient 
(Eσ20–σ70) which was calculated as the gradient of the elastic 
straight lines determined by elastic loading and unloading 
between stresses of 70% and 20% of the arithmetical mean 
of the stresses between 20 and 30% compressive strain. The 
elastic gradient represents the closest concept to that of the 
modulus of elasticity under compression, which is employed 
for solid materials [60]. Determination of scaffold hydraulic 
permeability.

The hydraulic permeability of the cylindrical scaffolds 
(diameter: 5.5 mm, thickness: 5 mm) was measured at dif-
ferent time points (0, 4, 8 and 24 h) in a water bath at 37 °C, 
applying a constant flow rate of deionized water (Q, range 
100–1000 µL/min, steps of 100 µL/min). The pressure 
drop (ΔP) across the scaffold thickness was then measured 
using a confined flow perfusion system, equipped with a 
peristaltic pump (Ismatec IPC-N, Cole-Parmer GmbH) and 
a pressure sensor (Press-S-000, PendoTECH, USA) [42]. 

The inflow pressure was measured using the pressure sen-
sor, while the outflow pressure was recorded at atmospheric 
pressure in the adapted experimental set-up. Pressure values 
were recorded via a custom-made I/O acquisition system 
based on  LabViewTM software (National Instruments), and 
three measurements were conducted for each time point. 
The ΔP/Q data was registered following a hydration period 
of 5 min, while a constant flow rate of 100 µL/min was 
maintained across the scaffold between the two subsequent 
measurement sessions. Darcy’s Law was used to estimate 
the scaffold permeability  [m2]: K =

�t

Am
 , where µ is the fluid 

viscosity (1cP), t is the mean scaffold thickness, A is the 
cross-sectional area and m is the slope of the linear inter-
polation of the ΔP/Q data acquired at different Q values for 
each specimen(n = 5).

Determination of scaffold swelling

The in vitro swelling behavior of the scaffolds was evaluated 
by means of the determination of swelling ratio. The sam-
ples were immersed in a fully supplemented α MEM 
medium (Life Technologies, USA) and incubated in conical 
flasks at 37 °C and in a 5%  CO2 atmosphere (DH  CO2 incu-
bator, Thermo Scientific) for 24 and 48 h and 30 days. The 
swelling ratio (Esw) was calculated using the following equa-
tion: Esw =

Wsw−W
0

W
0

× 100[%] , where W0 is the initial dried 
weight of the sample and Wsw is the weight of the swollen 
sample (n = 3). The weight of the swollen samples was meas-
ured 1 min following the extraction of each sample from the 
medium and the removal of any excess medium.

Cells and culture conditions

Porcine mesenchymal stem cells (pMSCs) were obtained 
from mini pig donors (females; 1 year old). Bone marrow 
was aspirated from the posterior iliac crest and the mononu-
clear fraction was isolated by means of gradient centrifuga-
tion in Ficoll. The adherent cells were cultivated on 75 cm2 
flasks (TPP, Switzerland) in α-MEM medium (Life Technol-
ogies, USA) supplemented with 10% heat-inactivated fetal 
bovine serum, FBS (PAA, Austria), penicillin (20 U/mL; 
Sigma-Aldrich, USA) and streptomycin (20 mg/mL; Sigma-
Aldrich, USA). The medium was changed twice weekly. The 
experiments were performed using pMSCs from two to three 
donors with a passage number of two or three. The cells 
were cultivated at 37 °C and in a 5%  CO2 atmosphere. The 
cells in passage 0 were tested only for the cluster of the dif-
ferentiation antigens using flow cytometry analysis and a set 
of antibodies (Table 1). The ability of pMSCs to differenti-
ate into different cell types was determined via von Kossa 
staining for bone (according to the protocol in [27]) and Oil 
Red O staining for adipose tissue. Osteo-differentiation was 
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induced by means of cell cultivation in an osteo-differentia-
tion medium (α-MEM, 10% FBS, penicillin, streptomycin, 
0.5 mM sodium l-ascorbate (Sigma), glycerol-phosphate 
10  mM (Sigma), 0.1  µM dexamethasone (Sigma)) for 
14 days; the medium was changed every 3 days. Adipo-dif-
ferentiation cultivation was induced by cell cultivation in an 
adipo-differentiation medium (an α-MEM medium with 10% 
FBS, gentamycin, 100 nM dexamethasone(Sigma), 0.45 mM 
isobutyl methylxanthine (Sigma), 3 µg/mL insulin (Sigma), 
1 µM rosiglitazone (Sigma)) for 14 days; again, the medium 
was changed every 3 days. The pMSCs used for experimen-
tal purposes were capable of differentiating themselves into 
bone and adipose tissue (data not shown).

Osteoblasts (SAOS-2; a human osteoblast-like cell line 
derived from osteosarcoma, obtained from DSMZ GmbH 
(Germany)) were cultured at 37 °C in a 5%  CO2 atmosphere. 
The cells were cultivated on 75 cm2 flasks (TPP, Switzer-
land) in McCoy’s 5A medium without phenol red (Pro-
moCell, Germany) supplemented with 15% heat-inactivated 
FBS (PAA, Austria), penicillin (20 U/mL, Sigma-Aldrich, 
USA) and streptomycin (20 µg/mL Sigma-Aldrich, USA).

Cell seeding on the scaffolds and cultivation

The pMSCs were seeded onto scaffolds (in a drop) at a 
concentration of 200,000 cells/scaffold for 2 and 7 days; or 
2 and 14 days of culture depending on the type of analy-
sis. Scaffolds not colonized by cells were used as controls. 
A half of the seeded scaffolds was cultivated under static 
(standard) conditions (the scaffolds were fixed and culti-
vated in 12-well plate (TPP, Switzerland)), while the other 
seeded half was cultivated under dynamic conditions using 
a multi-chamber bioreactor [42], Fig. 4. The priming volume 
of the culture chamber and the hydraulic circuit is 4 mL. 
The medium is recirculated at a flow rate of 0.03 mL/min. 
Eight culture chambers are placed inside the incubator while 
the pumping system is placed outside to avoid temperature 
increase within the incubator. After 6 h, all the scaffolds 

(both statically and dynamically seeded) were transferred to 
48-well plates (TPP, Switzerland), fixed using CellCrown™ 
inserts (Sigma-Aldrich, USA) and cultivated under standard 
static conditions for the rest of the incubation periods (2, 7 
or 14 days). The culture medium was changed twice weekly. 
The osteoblasts (used for DNA content analysis purposes) 
were seeded onto the scaffolds at a concentration of 200,000 
cells/scaffold and cultured for 2 days under static conditions 
in a  CO2 incubator.

Staining of the cells for confocal fluorescence 
microscopy

The cells on the scaffolds cultured for 2 and 7 days in 
48-well plates were fixed in 4% paraformaldehyde in PBS 
at room temperature (RT) for 20 min. The cells were per-
meabilized with 0.1% Triton X-100 in PBS (Sigma-Aldrich, 
USA) at RT for 20 min and the cell nuclei were stained with 
DAPI at RT for 45 min (1:1000; Sigma-Aldrich, USA). The 
scaffolds with the cells were mounted onto a chamber slide, 
covered with cover glass and subjected to immediate inves-
tigation using confocal microscopy.

Staining of the cells for fluorescence microscopy

The scaffolds with the cells were fixed using 4% formal-
dehyde and embedded in Richard-Allan Scientific™ Histo-
Gel™ Specimen Processing Gel (Thermo Fisher Scientific, 
USA) so as to prevent mechanical damage to the scaffold 
structure. The samples were cut along their long axis into 
two halves, dehydrated using alcohol solutions in ascend-
ing concentrations up to 100% and embedded in paraffin 
blocks. The cutting surface was in the center of each scaf-
fold. Four 5-µm thick sections were cut from each paraf-
fin block using rotating microtome Leica RM 2145 (Leica, 
Germany). The sections were deparaffinized, rehydrated, 
mounted with Fluorishield Mounting Medium with DAPI 
(Abcam, UK), and covered with cover glass. Due to a 

Table 1  Phenotyping of pMSC 
using FACS analysis

Dark—positive markers of MSCs fenotype, bright—negative markers of MSC fenotype

% of positive 
cells

Antibodies

IgG1 0.2 IgG1-FITC, clone PPV-06, cat. No. 1F-457-C100, Exbio
CD29 97.2 CD29-FITC, clone MEM-101A, cat. No. 1F-219-T100, Exbio
CD90 99.3 CD90-FITC, clone 5E10,cat. No. 555595, BD Biosciences
CD45 11.6 CD45-FITC, clone K252.1E4, cat. No. MCA1222-F, AbD Serotec
IgG2a 3 Mouse IgG2a-PE Isotype control, clone G155-178, cat. No. 555574, BD Bio-

sciences
CD105 87 CD105-PE, clone MEM-229, cat. No. 1P-453-T100, Exbio
rIgG2b 9.4 Rat IgG2b-PE Isotype control, clone A95-1, cat. No. 553989, BD Biosciences
CD44 99.7 CD44-PE, clone IM7, cat. No. 553134, BD Biosciences
CD73 98.4 CD73, polyclonal, cat. No. AF4488, R&DSystems
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considerable background staining of the scaffold by DAPI, 
vimentin immunohistochemistry was done to visualize the 
cells using the monoclonal mouse anti-vimentin antibody 
(clone V9, dilution 1:200, DakoCytomation, Glostrup, 
Denmark) visualized by diaminobenzidine (N-Histofine, 
Nichirei Biosciences, Tokyo, Japan)(Fig. 6I).

Confocal imaging of the cells on the scaffolds

3D images of the cells on the scaffolds were acquired using a 
Leica SP8X microscope (Leica Microsystems, DE) equipped 
with a confocal scanning head, lens—HC PL FL 10x/0.30 
PH1 (W.D. 11.0 mm) and a 405 nm excitation laser (Leica 
Microsystems, Germany). Emission was detected using a 
470/40 nm band-pass filter. The images were rendered in 
LasX software (Leica Microsystems, Germany). Two to four 
scaffolds were analyzed for each of the analyzed conditions 
and at least five confocal fields of view were evaluated for 
each scaffold.

Imaging of the cells on the scaffolds prepared using 
histological methods

Histological sections of the scaffolds were photographed 
using a Nikon Eclipse Ti-U fluorescent microscope (Nikon 
Corporation Instruments Company, Japan) equipped with 
a Nikon Plan Fluor 10x/0.30 Ph1 objective and a computer 
controlled fluorescence microscope—Light Source X-Cite® 
120PC Q (Excelitas Technologies, USA). The excitation 
wavelength was 360 nm and emission 460 nm to visualize 
DAPI signal from nuclei. The depth of penetration of pMSC 
into the scaffold (Fig. 6j) was measured using the Cell Coun-
ter plugin of the Fiji software [46]. Four histological sections 
and eight image fields were evaluated in each type of scaf-
fold and for each time and type of cultivation.

Determination of the DNA content in the cultured 
scaffolds

Cells (pMSCs and osteoblasts) were seeded on the scaffolds 
for 2 or 7 days whereupon they were snap-frozen and stored 
at − 20 °C. The scaffolds were mechanically disrupted and 
then digested by Proteinase K (Sigma) in TE buffer (10 mM 
Tris-HCl, 1 mM EDTA, pH 7.5) at 56 °C for 16 h. The 
digested scaffolds were centrifuged at 19,000×g for 12 min, 
the supernatants were transferred to a new clean tube and 
the centrifuging process was repeated. The supernatants 
obtained were analyzed using the Quant-iT™ PicoGreen® 
dsDNA Assay Kit according to the standard protocol based 
on 200 µL volume microplate reader analysis. Sample fluo-
rescence was analyzed using a fluorescence microplate 
reader  (SynergyTM 2, BioTek, USA) (excitation ~ 480 nm/
emission ~ 520 nm).

Gene expression analysis (qRT‑PCR)

Cells were cultured on the scaffolds (static cultivation only) 
for 2 and 14 days and then snap-frozen and stored at – 80 °C. 
They were then homogenized using an iced manual homog-
enizer and incubated using TRI  Reagent® (Sigma, USA) 
solution for at least 30 min at RT. Following incubation, the 
samples were spun at 12,000×g for 10 min at 4 °C, the super-
natants were transferred to a new clean tube and centrifuga-
tion was repeated. The subsequent stages were performed 
according to the manufacturer’s instructions (RNA samples 
were precipitated in 75% ethanol O.N. at − 20 °C). The iso-
lated RNA was analyzed using a NanoDrop spectrophotom-
eter (ND-1000, Thermo Fisher Scientific, USA). Instructions 
according to Kerbs et al. [33] were followed with concern to 
further RNA purification. The isolated RNA (20–50 ng) was 
employed for reverse transcription (RT) using SuperScript 
III Reverse Transcriptase (Thermo Fisher Scientific, USA) 
according to the manufacturer´s instructions. Each of the 
qRT-PCR reactions was repeated in tetraplicate on a Light-
Cycler 480 (Roche, Germany) using Universal Probe Library 
System Technology (Roche, Germany). The cDNA used as 
a template was diluted prior to use in the qPCR reaction; 
moreover, controls with no template were used in each of 
the qPCR reactions. The forward (F) and reverse (R) primer 
sequences (Sus scrofa) were as follows: glyceraldehyde-
3-phosphate dehydrogenase (GAPDH): F 5′-gtcggttgtggatct-
gacct-3’, R 5′-gcctgcttcaccaccttct-3′; mitogen-activated pro-
tein kinase 3 (ERK1, MAPK3): F 5′-agtcggaccccaaagctc-3′; 
R 5′-tccgtttgttggggttaaag-3′; runt-related transcription factor 
2 (RUNX2): F 5′-atggttaatctccgcaggtc-3′, R 5′-gcagccttaaat-
gcctctgt-3′; collagen, type I, alpha 1 (COLI): F 5′-ccaagaa-
gaaggccaacaag-3′, R 5′-cacacgtctcggtcatggta-3′. The qPCR 
data were analyzed using the Double Delta Ct method (rela-
tive quantification). All the qPCR data (Ct values—cycle 
threshold) was normalized to the geometrical mean of the 
GAPDH housekeeping gene. Two independent experiments 
were performed in tetraplicates.

Determination of the metalloproteinase activity: 
zymography

The supernatants (conditioned media) from the cell-seeded 
scaffolds and the control media were stored at − 20 °C fol-
lowing 2 days of culture. They were then separated on a 
one-dimensional SDS-PAGE (7.5% separating gel, 4% 
stacking gel) containing 0.05% of gelatin. The gels were 
incubated O.N. in a gelatinase activation buffer (100 mM 
Tris-HCl, pH 7.4, 5 μM  CaCl2, 1 μM  ZnCl2) and stained 
with Coomassie Brilliant Blue G-250. The matrix metallo-
proteinase (MMP)-2 and -9 activity was analyzed by means 
of quantifying the unstained (degraded) bands using Gene 
Tools analysis software (Syngene, UK).
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Statistical analysis

The statistical analysis of the mechanical/structural data 
related to scaffold evaluation was performed using statisti-
cal software (STAT GRA PHICS Centurion XVII, StatPoint, 
USA). The normality of the data was verified primarily by 
means of the Shapiro–Wilk’s and Chi Squared tests; outli-
ers were identified via either the Grubbs’ or Dixon’s tests. 
Homoscedasticity was verified by means of the Levene’s 
and Bartlett’s tests. Non-parametric analysis was employed 
since either the assumption of normality or homoscedasticity 
were violated and, subsequently, the Kruskal–Wallis test for 
multiple comparison was applied with a subsequent post hoc 
test based on the Bonferroni procedure. The Mann–Whitney 
W test was performed for two-sample comparison purposes. 
Statistical significance was accepted at p ≤ 0.05.

The data related to the biological evaluation was derived 
from at least two independent experiments performed in two 
to four biological replicates. The data was statistically ana-
lyzed using non-parametric Kruskal–Wallis ANOVA with 
a subsequent post hoc Multiple Comparison test; the values 
obtained were tested for statistically significant differences 
at an alpha level of 0.05. The statistical evaluation was per-
formed using Statistica (StatSoft CR, s.r.o.) and Microsoft 
Excel software.

Results

A comparison was made of the cell seeding efficiency of the 
biodegradable scaffolds to be used in MSCs therapy and an 
analysis performed of the effects of differing scaffold com-
positions and differing cultivation conditions. Two different 
scaffolds with larger amount of the organic part (S4 scaffold: 

12.5 wt% bCaP, 40 wt% COL, 47 wt% PDLLA and 0.5 wt% 
HYA) or an inorganic part (S6 scaffold: 42.5 wt% bCaP, 30 
wt% COL, 27 wt% PDLLA and 0.5 wt% HYA) were fabri-
cated (Fig. 1). Since differing amounts of hydrophobic and 
hydrophilic materials affect the behaviour of scaffolds in 
the hydrated state during cell cultivation, the analysis of the 
specific physico-chemical and structural properties in vitro 
was conducted.

Structural and mechanical evaluation 
of the scaffolds

Initially, the scaffolds were characterized using micro-CT 
analysis in order to measure the mean porosity (pore size, 
open and closed porosity) (Fig. 2). Scaffold S4 exhibited 
a significantly greater pore size than did S6. The S4 pore 
size ranged from 136 to 248 µm in the dry state, decreasing 
to approximately 100–210 µm following 4 h of hydration 
whereupon it remained constant for a further 8 and 24 h. 
The pore size of S6 was found to be significantly lower 
(50–90 µm) in the dry state and remained at this size for 4, 
8 and 24 h.

Open pores were defined as those spaces within the scaf-
fold structure which displayed a connection with a space 
outside the object. Open porosity values (OP = volume of 
the open pores/total VOI) were determined at between 92.8 
and 86.9% (S4) and between 81.4 and 71.1% (S6), with the 
highest OP range values relating to the dry state of the scaf-
folds. Closed pores were defined as those spaces surrounded 
by the scaffold structure with no connection with the surface 
of the scaffold. Closed porosity values (CP = volume of the 
closed pores/scaffold volume + the volume of the closed 
pores) ranged from 0.01 to 0.03% (S4) and from 0.01 to 
0.04% (S6). Both scaffolds provided a high degree of OP and 

Fig. 2  Pore size, open porosity 
(OP) and closed porosity (CP) 
of composites scaffolds (n = 3) 
in dry and in hydrated states 
after 4, 8 and 24 h. * Denotes 
statistically significant differ-
ences amongst each of the four 
different states of each scaffold 
separately (Kruskal–Wallis, 
Bonferroni procedure, 0.05). 
There are statistically significant 
differences (not shown) amongst 
the medians of porosity param-
eters when comparing different 
states of S4 and S6 scaffold 
(Mann–Whitney W test, 0.05)
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a very low degree of CP, thus suggesting a high proportion 
of interconnected pores.

The elastic modulus under compression of the two scaf-
folds in the dry state was not influenced by their material 
composition. However, the elastic modulus of both scaffolds 
decreased immediately following hydration (Fig. 3a). This 
statistically significant drop consisted of a 75-fold lower 
stiffness value for S4 and a 300-fold decrease with respect 
to S6. A further 24 h of hydration was found to exert no sig-
nificant effect on scaffold stiffness. The permeability of both 
scaffolds (Fig. 3b) immediately following hydration was 
found to be in the range of 2 × 10−13  m2 (S4) and 5 × 10−13 
 m2 (S6). Both samples demonstrated stable permeability 
values after 4, 8 and 24 h of hydration with no significant 
differences. The effect of hydration was also determined via 
the swelling ratio (Fig. 3c). Scaffold S4 exhibited a signifi-
cant increase in swelling ratio over the 24-day incubation 
period, while the swelling ratio of scaffold S6 remained 
almost unchanged over the same incubation period.

Biological evaluation of the scaffolds

The biological evaluation assessed the scaffolds with respect 
to their suitability for both in vivo investigation in porcine 
models and cell therapy during bone surgery. In the pre-
liminary stage, evaluation focused on the seeding efficiency 
of pMSCs with respect to both static and dynamic culture 
conditions (i.e. under a constant flow rate in a multi-chamber 
bioreactor prior to static incubation). The multi-chamber 
culture system setup for 3D scaffold perfusion as adapted 
from [42] is shown in Fig. 4.

Initially, the cells on the scaffolds were visualized via 
the fluorescent staining of their nuclei using confocal 
microscopy (Fig. 5). Because of the depth scanning limits 
of this method (maximum of 300 µm) and the nature of the 
scaffolds, only the cell penetration trend can be determined 
and the amount of cells is only indicative. Figure 5 shows 
differences between the scaffolds as well as between the 
differing seeding conditions (static vs. dynamic). More 
cells were observed on the surface of the S4 scaffold (nar-
rower stained region); however, more cells were observed 
within the volume of the S6 scaffold (wider stained region) 
under static conditions after 2 days. After 7 days of culti-
vation, a general decrease in cell amount was observed on 
both scaffolds; however, the localization of the cells within 
the scaffolds was similar to 2 days of incubation. Maxi-
mum penetration (the widest stained region) was observed 
in both scaffolds (S4 and S6) following dynamic cell seed-
ing. A comparison of the two seeding conditions revealed 
a relatively narrow layer of cells on the surface of the 
scaffolds cultured under static conditions, while a wider 
layer after dynamic seeding. In conclusion, cells penetrate 
more deeply into scaffolds under dynamic conditions, and 
scaffold S6 appeared to be more deeply colonized with 
cells than scaffold S4.

Due to the scanning limits of the confocal method, pen-
etration was deeply investigated by means of histological 
analysis (scaffold sectioning) and DAPI was used to stain the 
cell nuclei (Fig. 6). As predicted, the histologically deter-
mined maximum penetration value was significantly higher 
with respect to both scaffolds (up to 1600 µm and more) 
than that obtained via confocal analysis (maximum 300 µm).

Fig. 3  Mechanical analysis of scaffolds S4 and S6. a Elastic gradi-
ent (elastic modulus) of scaffolds in dry and hydrated (24 and 48 h) 
states (median, IQR, n = 6). Note that opposite axes have different 
scale, b permeability after 5 min hydration (0 h), and after 4, 8 and 
24  h (arithmetical mean, standard deviation, n = 6), c swelling ratio 

of scaffolds after 24, 48 and 576 (24 days) h immersion in a MEM 
(median, IQR, n = 3). *Denotes statistically significant differences 
amongst each of the 3 or 4 different states of scaffold S4 and S6 
(Kruskal–Wallis, Bonferroni procedure, 0.05)
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After 2 days of the static culture of the S4 scaffold, 
pMSCs were found mostly in clusters near the sur-
face (100 µm) and solitary cells at a maximum depth of 
1000 µm (arrow in Fig. 6a). However, following dynamic 
seeding and 2 days of static culture the cells were found to 
be scattered individually or in small groups deeper within 
the S4 scaffold at a maximum depth of 2000 µm (out of the 
displayed range in Fig. 6b). Conversely, following static 
culture on S6 scaffold, relatively homogeneously distrib-
uted small groups of pMSCs infiltrated the scaffold to a 
greater distance from the surface (around 800 µm) with 
solitary cells in depth of 1500 µm (arrow in Fig. 6c). Fol-
lowing the dynamic seeding of the S6 scaffold, individual 
or small groups of pMSCs were also found in a relatively 
homogeneous pattern in the deeper layers up to 2500 µm 
from the surface (out of the displayed range in Fig. 6d). 
After 7 days of static cultivation, the cells were local-
ized on the surface of the S4 scaffold in similar way, but 
slightly deeper, as after 2 days [a continuous layer up to 
700 µm with a maximum penetration depth of 1200 µm of 
solitary cells (arrow in Fig. 6e). Surprisingly, following 
dynamic seeding, cells were found aggregated close to the 
surface of the S4 scaffold at a maximum depth of 190 µm 
(arrow). At the same time, the cells infiltrated to a depth 
of 750 µm in the S6 scaffold following static cultivation 
(arrow in Fig. 6g) and, rarely but homogenously, infiltrated 
to a depth of 1900 µm following dynamic seeding (out of 
the displayed range in Fig. 6h). The distribution of the 
depth of penetration from the seeding surface is shown in 

Fig. 6j. Dynamic cultivation resulted in a deeper penetra-
tion of cells than static cultivation after 2 days as well after 
7 days. The histological approach confirmed the previously 
observed differences between the static and dynamic seed-
ing methods as well as between S4 and S6 scaffolds.

In order to quantify the cell number on the scaffolds, 
DNA was isolated from the samples and assessed using 
fluorescence spectroscopy (Fig. 7a). The amount of DNA 
obtained from the pMSCs was very low, and the subsequent 
statistical analysis revealed only insignificant differences; 
nevertheless, a trend was apparent. A larger amount of DNA 
was isolated from the S4 than from the S6 scaffold after 2 
and 7 days of cell incubation on the scaffolds. While there 
seemed to be more cells on the S4 scaffold following static 
incubation than after dynamic seeding and 2 days of culture, 
the opposite was the case after 7 days of incubation. In con-
trast, the DNA content obtained from the pMSCs cultivated 
on S6 appeared higher following dynamic seeding with 
respect to both of the culture time points considered. The 
loss of cells in both types of scaffold in time was detected. 
In order to test whether the differences in DNA content 
obtained from pMSCs was scaffold dependent rather than 
cell dependent, osteoblastic cells (SAOS-2) were incubated 
under static conditions on both the S4 and S6 scaffolds for 
2 days (Fig. 7b). A similar pMSC trend was observed, i.e. 
significantly more cells were detected on the S4 than on the 
S6 scaffold. Interestingly, a higher total amount of DNA was 
obtained from the osteoblasts than from pMSCs cultured on 
the scaffolds with the same starting cell concentration.

Fig. 4  Multi-chamber bioreac-
tor. Model of a single culture 
chamber: unfolded and assem-
bled view (adopted from Piola 
et al. [42]); the culture chamber 
plugged to 8-head peristaltic 
pump and placed into  CO2 
incubator
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Fig. 5  3D reconstruction (side 
view) of confocal microscope 
images of pMSC cultivated on 
scaffold S4 and S6 under static 
(STAT) or dynamic (DYN) 
cultivation conditions for 2 days 
(a–d) or 7 days (e–h). The cell 
nuclei are stained in blue. The 
bottom scale shows the depth of 
pMSC penetration (the yellow 
bar equals 50 µm). Field size of 
scanning ~ 0.25 mm2
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Differences in the expression of selected differentiation 
markers typical for the bone environment were studied after 
2 and 14 days of culture in the expansion medium (Fig. 8). 
No relevant up-regulation of the expression of genes related 
to the signaling pathway (ERK1) and to osteo-differentiation 
(RUNX2 and collagen I) was detected by means of qRT-
PCR; however, a certain trend was apparent. After 2 days, 
the expression of ERK1, RUNX2 and collagen I was higher 
in the cells on the S4 than on the S6 scaffold (see the table, 
Fig. 8). After 14 days, an increased expression was also 
detected; however, the opposite trend was apparent, i.e. S6 
induced a higher gene expression than did S4. As controls, 
we employed material from the cells cultured on PS (2D 
static conditions) in both the expansion and osteo-differen-
tiation media. The over-expression of ERK1 and collagen I 
was apparent in the osteo-differentiated cells; however, the 
cells in the expansion medium on PS behaved similarly to 
cells under the same conditions on the 3D scaffolds. Thus, 
the scaffolds themselves (without osteo-differentiating sup-
plements) did not induce osteo-differentiation in the pMSCs.

Finally, the remodeling of the scaffold with cell enzymes 
was investigated after 2 days of culture. The activity of 
MMP-2 and MMP-9 was determined via substrate gel 
zymography (Fig. 9). MMP-2 activity was detected in the 
media of the cells cultivated on both the tested scaffolds as 
well as in the plain media used for the control samples (i.e., 
S4, S6 and MEDIUM + FBS, Fig. 9). A higher MMP2 activ-
ity was detected in the medium of the scaffold S4 cultivated 
with cells than on S6 scaffold. However, this detected activ-
ity on samples with cells was slightly lower or alike with the 
activity from the scaffolds without cells. Surprisingly, activ-
ity of active MMP-2 as well as pro-MMP-2 were detected 
only in medium of osteo-differentiated cells. Pro-MMP-9 
and active MMP-9 were detected in all the tested samples; 
however, the strongest signal was detected in the samples 
with cells on the scaffolds. Conversely, the medium of osteo-
differentiated cells showed very low MMP-9 signal. In addi-
tion, a higher amount of active MMP-9 was detected under 
static rather than dynamic seeding conditions. Interestingly, 
a lower signal was obtained in the medium taken from the 
scaffolds incubated without cells than in the medium only, 
which may reflect the binding of MMP-9 to the scaffolds. In 
general, overall increased MMP activity in the cells cultured 
on the S4 scaffold was detected.

Discussion

The two different scaffolds proposed for bone regeneration 
described herein differ principally (30% variation) with 
concern to bCaP content (12.5 wt% for S4 vs. 42.5 wt% 
for S6) and the amount of collagen (10%). Hence, it is sug-
gested that the main differences observed in terms of the 

mechanical and structural properties of these two scaffolds 
are strongly related to the crucial role played by bCaP.

The results revealed that the elastic gradient (Young’s 
modulus) of the scaffolds was influenced by hydration 
(Fig. 3a). The drop in elastic gradient determined follow-
ing hydration was probably caused by the weakening of the 
hydrogen bonds in the molecular structure of the collagen 
[53]. The results revealed that scaffold composition had no 
significant effect on the mechanical properties in the dry 
state. Indeed, the elastic gradients in the dry state were com-
parable for both scaffolds, while the S6 samples exhibited a 
roughly 3 times higher elastic gradient decrease following 
hydration than did the S4 samples. However, these values 
are comparable to the stiffness parameters of similar colla-
gen-based scaffolds summarized by Varley et al. [53]. The 
differing decrease in the elastic gradients of the S4 and S6 
scaffolds can be explained via the differing amounts of col-
lagen, which acts as the matrix for such composite systems. 
Differences in the composition of the scaffold, specifically 
a 10 wt% lower amount of collagen and a 30 wt% higher 
amount of bCaP, probably influence the synergy between 
individual composite components.

The permeability of both the S4 and S6 scaffolds (order 
of magnitude of  10−13  m2) is comparable to that reported 
in the literature for collagen-based scaffolds [41, 53, 55, 
58]. Moreover, the value falls between permeability values 
obtained for trabecular (range from  10−10 to  10−9  m2 [23]) 
and cortical bone  (10−17  m2 [59]). The scaffold composi-
tion and permeability data indicated that both the collagen 
and bCaP content contributed towards determining scaffold 
permeability at time 0 (twofold higher permeability of the 
S6 samples). Following hydration, permeability is main-
tained without any statistically significant changes, which 
indicates the stable behavior of both scaffolds. These results 
are in agreement with the morphological micro-CT evalua-
tion (Fig. 2), which revealed that scaffold hydration does not 
affect open porosity, thus guaranteeing stable permeability 
behavior over time.

The observed general elevation of the swelling rate fol-
lowing hydration may be significantly affected by the scaf-
fold environment, thus by the presence of a culture medium 
(specifically αMEM supplemented with FBS). Moreover, 
water binding by medium proteins (originating in the FBS) 
in tandem with the differing amounts of collagen, bCaP and 
PDLLA in S4 and S6 may have caused the differences in the 
swelling rate [16, 18]. Therefore, it appears that the optimal 
scaffolds for cell application consist of those that change 
only slightly during the first 24 h of incubation (S6).

The porosity level of the scaffolds was determined at 
around 82% with a high degree of interconnected pores. 
Both these properties comprise important factors in terms of 
cell nutrition and migration. When compared to native bone, 
the scaffolds approximated to cortical bone with respect to 
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pore size (porosity 3–12%, pore-size 100–200 µm); however, 
the degree of porosity suggested a closer approximation to 
trabecular bone (high porosity of around 50–90%, pore size 
diameters of up to 1 mm) [10, 31]. Thus, from the perspec-
tive of native bone, both scaffold types have the potential to 
provide suitable artificial bone matrix structures.

The biological evaluation focused primarily on determin-
ing the most suitable scaffold in terms of cell colonization 
and seeding conditions. Studies on bio-artificial bone sub-
stitutes to date consider the static culture of 3D tissue-like 
grafts as problematic due to limitations such as cell density, 
nutrition and oxygen support. In contrast, dynamic seed-
ing and, in some cases, dynamic cultures in bioreactors are 
capable of overcoming such limitations while also allowing 
the control of pH, oxygen content and temperature. Further-
more, the appropriate 3D/dynamic conditions are able to 
provide a support for bone lineage specific growth [14].

The amount of scaffold adhered cells was initially evalu-
ated using confocal microscopy (Fig. 5) which indicated 
the relatively limited ability of the cells to penetrate into 
the scaffolds, with most of the cells adhering to the sur-
face of the scaffolds to a maximum depth of 300 µm (i.e. 
6% of the thickness of the scaffolds). The trend in the cell 
penetration was confirmed and defined by the histological 
analysis (Fig. 6) additionally showing deeper cell penetra-
tion, according to different sample preparation. While the 
confocal analysis visualized cells in fresh solid scaffolds, 
histological analysis visualized fixed, embedded and cut 
thin sections of the scaffolds. Both methods highlighted the 
significant success of culturing following dynamic seeding 
and the greater penetration potential of the cells into the S6 
scaffold compared to S4. Furthermore, the DNA content is 
also in line with those obtained via the two optical methods, 
i.e. more DNA was isolated from statically cultivated scaf-
fold S4 (contrary to scaffold S6), because the cells were 
there primarily located on the S4 surface (easier DNA isola-
tion). Shallow penetration in S4 is probably connected to the 
lower permeability of S4 at time 0 contrary to S6 (Fig. 3b) 
and subsequently to the poor cell migration, availability of 
nutrients and gases for the cells within the scaffold. The 
oxygen gradient induced by the inhomogeneity of the scaf-
fold may cause hypoxia, which has been shown to cause cell 
death within the volume of scaffolds [56]. Observed higher 
efficiency of cell culturing on S6 scaffold [increased cell 

number (Fig. 7) and homogenous cell growth (Fig. 5)] of 
dynamic seeding with respect to standard static conditions 
(Fig. 6) goes hand in hand with other groups observations 
concerning various 3D structures colonized by different cells 
under dynamic and static cultivation [14, 21, 47].

A further key factor, which plays a role in cell penetration 
and cell number, consists of the flow rate level as a param-
eter of dynamic seeding/culturing. With respect to dynamic 
culturing it is closely related to the above-mentioned sup-
ply of oxygen and it may affect the level of colonization 
of the volume of the scaffold and subsequent cell survival 
[56]. In general, the ideal flow rate must be strong enough 
to induce sufficient mechanical stimuli for the cells and, at 
the same time, to be gentle to minimize cell detachment 
from the scaffold [37]. With respect to the dynamic culture 
conditions applied in this study (0.03 mL/min flow rate and 
6 h of dynamic cultivation), we can confirm that the use of 
the dynamic seeding procedure together with the total time 
of cell culture on the scaffolds make up key factors in terms 
of scaffold colonization and the subsequent induction of 
osteo-differentiation. This is well supported by Schumacher 
and colleagues who exposed cells seeded on scaffolds under 
static and dynamic culture conditions for a long-term incu-
bation period of 17 days [47]. Thus, the extension of the 
period of dynamic seeding/culturing appears to be the most 
important parameter with respect to successful scaffold 
colonization.

At the same time, the impact of the content of the scaffold 
on the efficiency of scaffold cell colonization was demon-
strated. While a higher amount of cells was observed on the 
surface of the S4 scaffold, more efficient penetration and 
thus a higher amount of cells in the volume of the scaffold 
were observed concerning the S6 scaffold. It implies that 
the composition of S6 better supports cell penetration and, 
most probably, cell growth in thicker structures due probably 
to its higher bCaP (HA) content [13], and its low level of 
permeability and swelling change over time in comparison 
with S4 (Fig. 3). Lower swelling was probably caused by a 
lower protein content and the low degree of binding of the 
water molecules in S6 [16]. In addition, the high bCaP con-
tent in S6 may have contributed to a reduction in collagen 
swelling via the numerous HA-collagen interactions which 
lead to higher levels of collagen compactness and stability 
[26]. Higher S6 permeability during the first 8 h (contrary 
to S4) had the potential to greatly improve the efficiency of 
cell penetration through the scaffold, which was enhanced 
by dynamic cell seeding. Thus, the results demonstrate the 
importance of mechanical analysis in terms of the setting 
up of biological experiments and the adjustment of culture 
parameters during such experiments.

In addition to heterogeneous nutrition availability in the 
scaffold, the loss of cells in both types of scaffold in time 
can be also attributed to the lack of time available for the 

Fig. 6  Histological sections of scaffolds S4 and S6 containing 
pMSCs after 2  days (a–d) and 7  days (e–h) after static (STAT) or 
dynamic (DYN) seeding. The cell nuclei are stained in blue. The 
bottom scale shows the depth of pMSC penetration—one step of the 
depth scale equals 100 µm. A combination of nuclei staining (DAPI) 
(i—A) and cell intermediate filaments staining (vimentin) (i—B) was 
used to distinguish cells from the debris and non-specific staining of 
the scaffold. Scale bar is 100  µm. Cell penetration depth obtained 
from nuclei staining is plotted in graph (j)

◂
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adapting of the cells to a new matrix. It can be assumed that 
after a longer culture period and, thus, increased adaptation 
time, the amount of cells will be higher [47]. The sugges-
tion of the delayed adaptation of pMSCs is supported by the 
observed more efficient scaffold colonization by terminally 
differentiated osteoblasts (SAO-2) compared to the pMSCs 
(Fig. 7b). The scaffolds subjected to testing consist of rigid 
matrices that imitate the native environment of osteoblasts 

(bone); thus, the adaptation and proliferation of osteoblasts 
is accelerated compared to that of pMSCs. The specific pref-
erence of different cells for various substrates given by tissue 
origin has already been demonstrated [15, 39]. A further 
reason for the delayed adaptation of the pMSCs consists of 
the longer doubling time of pMSCs, i.e. around 50 h (unpub-
lished data) compared to 44 h for the osteoblasts (stated by 
the manufacturer). The successful colonization of the tested 

Fig. 7  DNA content—pMSC 
(a) after static (STAT) and 
dynamic (DYN) cultivation 
on S4 and S6 scaffolds after 
2  days or 7  days. SAOS-2 (b) 
after static cultivation on S4 
and S6 scaffolds after 2  days. 
*Significance at alpha level 0.05 
between means of different scaf-
folds (n = 6) (based on non-par-
ametric Mann–Whitney U test)

Fig. 8  Gene expression in 
pMSCs cultivated on S4 and 
S6 scaffolds and control poly-
styrene (PS) after 2  days and 
14 days (the data are expressed 
in geometric mean with stand-
ard deviation). Osteo—pMSC 
cultivated in osteo-differentiat-
ing medium on PS for 14 days. 
$Significant difference at alpha 
level 0.05 in comparison to con-
trol (cells on PS) after the same 
cultivation time; *Significant 
difference at alpha level 0.05 
between mean of different scaf-
folds after the same cultivation 
time (n = 8) (based on non-para-
metric Kruskal–Wallis ANOVA 
with subsequent post hoc Multi-
ple comparison test)
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scaffolds by osteoblasts (Fig. 7b) also confirmed the poten-
tial of scaffolds to be naturally colonized by bone cells fol-
lowing implantation.

The research revealed no relevant changes in the expres-
sion of selected markers of osteo-differentiation (RUNX2 
and collagen I); however, we did observe interesting trends 
(Fig. 8). In general, the cells seeded on the S4 scaffolds were 
non-significantly up-regulated after short-term incubation, 
whereas after long-term incubation an up-regulated expres-
sion was detected on S6. Thus, S4 and S6 demonstrated a 
comparable level of osteo-induction, which may have been 
caused by the general high bCaP content—differing forms 
of calcium phosphate have been described as essential osteo-
inductivity compounds [13, 40, 43]. Moreover, CaP surfaces 
were seen to be capable of directing MSC differentiation to 
the osteoblasts in the absence of osteogenic differentiation 
supplements in the culture medium [38]. In addition, the 
altered dynamic behavior of the focal adhesions on the CaP 
surfaces may promote osteogenic differentiation [38]. This 
is in accordance with obtained results showing a signifi-
cantly higher RUNX2 expression on the scaffolds than on 
the control (PS without the addition of osteo-differentiating 
supplements). In terms of the time-increased expression of 
ERK1 signaling molecule (strongly elevated in the osteo-
differentiated control cells), the S6 scaffold displayed greater 
long-term suitability (Fig. 8). Firstly, the elevated ERK1/2 
signaling activity was shown to be closely related to the 
increased concentration of growth factors [8]. Thus, we can 
speculate that S6 can support stimulation of cell growth 
due to enhanced cell adaptation to the new environment [5]. 
Secondly, elevated ERK1/2 molecule levels have also been 
determined in cells which better adhere to the material (with 
larger focal adhesions) [54]. Thirdly, ERK1/2 seems to be 
closely connected to FAK activity [7] which plays an impor-
tant role in terms of the regulation of the ECM-induced oste-
ogenic differentiation of hMSCs [45]. All the above evidence 

support our conclusion that the S6 scaffold is more suitable 
with concern to osteo-differentiation.

Finally, we were interested in cell adaptability mediated 
by ECM-remodeling activity and we tested it using substrate 
gel zymography, which identifies MMPs via the degrada-
tion of their preferential substrate. Although we detected a 
certain level of MMP activity in the culture medium (S4 and 
S6, and MEDIUM + FBS in Fig. 9), variations in activity 
were evident with respect to cells cultured on different scaf-
folds and under differing conditions (Fig. 9). The activity of 
MMP-2 was found to be comparable in the scaffold samples 
with and without cells, and at an increased level with con-
cern to the control PS and osteo-differentiated cells. This 
may reflect the zero activation of this enzyme in the cells on 
the scaffolds or significant activity inhibition. Nevertheless, 
a higher MMP-2 activity level was detected in the cells cul-
tivated on scaffold S4 than on S6, which may indicate that 
the pMSCs on this scaffold attempt to remodel the scaffold 
since it does not provide a suitable growth substrate. On 
the other hand, both pro-MMP-9 and MMP-9 activity was 
detected concerning all the tested samples, and the level of 
activity was higher in the samples with cells on the scaf-
folds than the scaffolds without cells or the medium alone, 
thus suggesting that activation was induced by the presence 
of cells on the scaffolds. Moreover, more intense MMP-9 
activity was detected following static rather than dynamic 
seeding/culturing in both scaffolds. Firstly, it may have been 
the result of the higher number of cells on the surface of the 
scaffolds, which may have led to an increase in the release 
of the enzymes into the medium. Secondly, it may reflect 
a greater degree of scaffold remodeling induction for the 
purpose of enhanced cell adaptation or migration into the 
deeper parts of the scaffold. Indeed, it has been described 
elsewhere that cancer cells, which exhibit an enhanced capa-
bility to migrate, invade and spread to distant secondary 
areas, exhibit a high level of activated MMPs with which 

Fig. 9  Gelatin zymography of matrix metalloproteinases—MMP-9 
and MMP-2 in cultivation medium after dynamic (DYN) and static 
(STAT) cultivation of pMSC on S4 and S6 scaffolds after 2  days. 
S4 and S6—scaffolds incubated in cultivation medium without cells 
for 2 days, PS—pMSC cultivated on polystyrene for 2 days, osteo—

supernatant from pMSCs cultivated on PS in osteo-differentiating 
medium for 14 days (analyzed medium is from last 2 days of culti-
vation after regular medium Exchange (see Materials and Methods)), 
MEDIUM + FBS—only cultivation medium (alpha-MEM with 15% 
FBS and penicilin/streptomycin)
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they degrade ECM [3]. Thus, the overall increased MMP 
activity in the cells cultured on the S4 scaffold may reflect 
the impaired penetration thereof as was confirmed by the 
microscopic observations. The results also show that both 
MMPs are present in the culture medium itself and their 
activity is reduced when the medium is used for the soak-
ing of the scaffolds. This suggests that MMPs are, to some 
extent, entrapped by the scaffold, which hampers the con-
ducting of a precise evaluation.

In summary, both the tested scaffolds are appropriate for 
cell colonization and dynamic seeding enhances their appli-
cability. However, with respect to cell penetration, osteo-
differentiation and the support of long-term adaptability, 
our results indicate that the S6 scaffold provides the most 
suitable candidate for cell application in the field of bone 
surgery. Firstly, it seems that the higher content of bCaP 
(42.5 wt%) and the lower collagen content (30 wt%) in com-
bination with smaller but stable pores sizes (50–90 µm) in 
the S6 scaffold provide a more suitable substrate for initial 
cell adhesion as well as for the long-term cell cultivation 
(7–14 days). Secondly, we confirmed that dynamic seeding 
is a more efficient procedure with respect to both cell colo-
nization and penetration into the scaffold.

Conclusion

Biodegradable scaffolds of differing composition (S4—a 
higher amount of collagen versus S6—a higher amount of 
bCaP) were characterized with respect to their structure, 
porosity, mechanical stability and permeability in the dry 
and hydrated states, thus mimicking in vitro testing condi-
tions with pMSCs colonization. The tested scaffolds were 
colonized with pMSCs using (i) static conditions during the 
whole cultivation and (ii) dynamic conditions, when initial 
cultivation in perfusion bioreactor for 6 h was followed by 
static cultivation for different time points. Various analytical 
techniques (confocal microscopy, histology, DNA content 
and MMP analysis) revealed that cells mainly colonize the 
surface of the scaffold independently of scaffold composi-
tion during static cultivation. However, following dynamic 
seeding cells penetrated more deeply into the scaffold. This 
phenomenon was more apparent in the case of the scaffold 
with a higher content of bCaP (S6). Thus, the application of 
the dynamic seeding technique and scaffold containing high 
content of bioapatite form prerequisites for the optimal bio-
construct (scaffold with cells) applicable in implantology.
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