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ABSTRACT

A method for computer-aided assessment of the quality of membranes in their production process is
presented in this paper. The method is based on computer analysis of the scanning electron micro-
scope (SEM) images of membrane’s sections. A novelty of the method consists in fully automatic iden-
tification, contouring, size measuring and classification of the pores in SEM images of the specimens
of the membranes. Two defined in the paper parameters, general porosity factor and inner penetration
factor, in long series of images corresponding to the membranes produced by a given technological
method for membrane’s quality evaluation or for comparison of membranes produced by different
methods are proposed. The proposed method was used to the assessment of the porosity of poly-L-
lactide membranes obtained by the inversion phase method. The analyzed membranes were intended
for use as scaffolds for culturing specific biological tissues (chondrocytes for cartilage lesion regen-
eration). Experimental results of the assessment of two types of membranes produced by alternative
methods are presented. Plans for future work aimed at the improvement and extension of the method
to a larger set of morphological parameters characterizing the porosity of membranes are presented.

Keywords: Poly-L-lactide membranes; Morphological parameters; Porosity evaluation; Computer-aided

image processing; 3-D scaffold

1. Introduction

Porous materials and scaffolds of various shapes and
forms are important for many technological (bioreactors [1],
water filters [2,3], etc.), medical (plasma fractioning [4], blood
detoxification by dialysis [5]) or biotechnological [6-9] appli-
cations. In tissue engineering porous materials can provide
a temporary microenvironment to promote cell adhesion,
proliferation and differentiation to guide the formation of
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new tissues and organs [10-13]. Biodegradable and stable
polymers, ceramics and their composites have been formed
into porous structures for use in tissue engineering [14-17].
Controlling the pore structure, including pore size and inter-
connectivity, is one of the more important problems and key
to creating porous biomaterials that are ideal as scaffolds
[18-22]. Cell functions and new tissue regeneration rely
heavily on the size of the pores. Many studies have demon-
strated the effects of the pore size of a porous scaffold on
tissue regeneration [24-30]. Some results indicate that pheno-
type and biosynthetic activity of chondrocytes is improved in
collagen matrices containing smaller pores [26,29]. Generally
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the pore size should be in a range that facilitates cell pen-
etration and migration during cell seeding and provides a
three-dimensional (3-D) microenvironment inducing cell
assembly and differentiation. On the other hand, pores in
scaffolds should ensure the ease of nutrient diffusion and
removal. In general, large pores are more easily accessible to
chondrocytes than small pores [24,26-28].

In preparing porous scaffolds for chondrocyte culti-
vation it was found to be necessary to have an objective
method for assessing the porosity of the scaffold. It is widely
accepted that the pore size is an important factor in deter-
mining the properties of porous materials. However, the
pores are of various irregular shape, size and spatial distri-
bution. Information about their properties is available mainly
from two-dimensional sections of the specimens of materi-
als under investigation. The problem addressed was the
development of a computer-based image analysis method
of quality assessment for porous materials, which takes into
account the specific, multi-level and irregular nature of each
material’s porosity. The aim is to present a solution to this
problem based on the morphological segmentation of vari-
ous classes of pores combined with statistical analysis of their
parameters. The resultant method is a combination of several
existing image-processing techniques. However, these have
been brought together to produce a compact and specialized
image analysis technique based on the results of a series of
experiments, which were aimed at the selection of subproce-
dures and their parameters to give the most suitable solution
for the given problem. It was shown in reference [31] that
computer-based microscopic image analysis can be an effec-
tive tool for the quality assessment of porous materials.

In this paper the method has been extended to a wider
class of porous materials. Moreover, the method of pores
selection has been modified: (a) the selection of pores into
size-classes is automatically performed without using the
transitional, coloured form of images (used in reference
[31]), (b) the pre-processing of images has been improved
by including morphological operations and (c) a watershed
splitting approach (consisting of viewing the image as a
“mountain profile” filled from the bottom by water whose
rising level floods the hollows and marks out their borders)
has been modified by using adaptive threshold level and has
been used to the selection of pores. The so-modified method
makes a partition of pores into size-classes more reliable.

The paper is organized as follows. The materials studied
are described in section 2. Section 3 describes the methods
used and consists of three subsections. The first subsection
describes the technique for producing the membranes. The
second subsection presents the methods used to prepare the
microscopic specimens and to acquire the images. The third
subsection describes computer-based method for assessing
the porosity of the membranes. Section 4 presents the results
of experiments illustrating the effectiveness of the proposed
membrane porosity assessment method. Concluding com-
ments and proposals for future work are given in section 5.

2. Materials

The components, (a) poly-L-lactide (PLLA), M,
86,000 g/mol, NatureWorks NW 2003D, (b) polyvinylpyr-
rolidone (PVP), M 10,000 g/mol and (c) Pluronic® F127

purchased from Sigma Aldrich (Poland (branch) Ltd.
61-626 Poznan, Szelagowska 30 str.) were used to prepare
membranes. Chloroform produced by POCh (Poland 44-101
Gliwice, Sowinskiego 11 str.) SA was used as the solvent.
Ultrapure water with 18.2 MQcm conductivity was obtained
using a Milli-Q device. Polymer nano-non-wovens were
obtained using an electrospinning technique with pork skin
gelatin type A from Sigma Aldrich.

The image-processing methods were tested on a series of
scanning electron microscope (SEM) images of the sections
of the examined materials. The samples were coated with a
7-10 nm of gold using a K550X Sputter Coater apparatus.
Images were taken at 300x and at 1,000x magnification using
a Hitachi TM1000 SEM with a 15-kV acceleration voltage.

3. Methods
3.1. Membranes production

The membranes were obtained using the inversion phase
method. PLLA was dissolved in chloroform with constant stir-
ring for 24 h to give a 6 wt% solution. The pore precursors were
then added. These were either PVP (with weight ratio PLLA:PVP
1:1), in membrane type I or PVP, and Pluronic® (with weight ratio
PLLA:PVP:Pluronic® 100:100:25), in membrane type II.

The membrane-forming solution was then poured onto
a glass plate. Gelatin nano-non-woven was placed onto
the solution layer after pouring, and the air was removed
by applying pressure. Another layer of solution was then
poured, and nano-non-woven was placed on top once again.
The air was again removed. The membrane was then gelled
in methanol at —18°C. After the gelling bath a washing (aque-
ous) bath was used to eliminate polymeric nano-non-wovens.
Following polymer coagulation and the removal of pore pre-
cursors, the membrane was dried.

3.2. Preparation of the specimens and microscopic image
acquisition

Samples of the membranes were immersed in ethanol,
frozen in liquid nitrogen and then fractured in liquid nitro-
gen. After drying they were coated with a 7-10 nm thick gold
layer using a K550X Sputter Coater. The gold-coated sam-
ples were viewed and recorded using an scanning electron
microscope (SEM). Fig. 1 shows an SEM image of a sample
of porous membrane: (a) magnified 300x, (b) part of it further
electronically magnified by a factor of two and (c) the surface
plot (or 3-D plot created as a 3-D representation of the inten-
sity of an image).

Two features of the image are immediately notable.
Firstly, the pores consist of small, almost circular, and
large, very irregular forms. Secondly, despite the fact that a
two-dimensional section of the sample is visualized, the gra-
dation of darkness inside the large pores (more visible in the
magnified fragment) provides some information about their
3-D morphological structure.

As can be seen in Figs. 2(a) and (b), the morphological
structure in the two types of membranes specified in section
3.1 is different.

Extraction from the image of information on their 3-D
morphological structure is a challenge for computer-based
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image analysis methods. In particular the ratio of small to
large pores is a significant factor in determining the mem-
brane’s physical and biomedical properties. The two alterna-
tive types of membranes were then assessed and compared,
as it will be described in section 4 of the paper.

3.3. Computer analysis of images

The image analysis procedure consists of two stages:
image pre-processing and image processing. These are
shown in Fig. 3. Both stages are composed of suitable subpro-
cedures taken from the Image Pro Plus library and adjusted
for the given problem.

The aim of the image pre-processing is to present the
image in a standard form thus reducing the number of sys-
tematic errors at the main image analysis stage.

Pre-processing consists of a series of standard opera-
tions including image calibration (presentation on a standard
scale of pixels/mm); the selection of the areas of interest
(AOI); noise reduction by median 3 x 3 filtering; contrast
enhancement by equalization of the luminance histogram;
contour enhancement by HIGAUSS 7 x 7 filtering; and pore
separation by morphological closing of contours using the

| T4

Fig. 1. Example of an SEM image of a sample of porous mem-
brane: (a) magnified 300%, (b) part of it further electronically
magnified by a factor of two and (c) the surface plot (created as
a three-dimensional representation of the intensity of an image).

Membrane |

Membrane Il

a)

Fig. 2. SEM images of type I and type II of membranes: (a) 300x
magnified and (b) 1,000x magnified.

MORPHO_3 x3 CROSS structural element [32-35].

The result of image pre-processing is shown in Fig. 4. The
structure of the pores, i.e., their differentiation into small and
large pores and the irregularity of shapes of the large pores,
becomes more clear. Moreover, the spatial form of large pores
has been visualized.

The main image-processing stage consists of the
extraction from the images corrected in the pre-processing
stage of information describing the morphological structure
of the examined membrane. Pore segmentation, based on
adaptive thresholding, takes into account the fact that pores
in the image are darker than in the background. To do this
the image was partitioned into smaller areas, and any pixel
whose luminance did not exceed the mean luminance level in
a given area was classified as belonging to pores. Watershed
splitting consists of viewing the image as a “mountain pro-
file” filled from the bottom by water whose rising level floods
the hollows and marks out their borders. The limited water-
shed method used in our work eroded objects only up to a
certain luminance level.

Standard image-processing procedures allow various
criteria for the selection and counting of objects. In our case,
at the first stage of investigation, it was decided:

® to use the objects’ area, due to its numerical simplicity, for
object selection;

* to neglect the objects contiguous to the image borders as
undefined in form and size;

MeBSprEprece

[ Opening of images I -Pl

Pores Segmentation
U (adaptive thresholding)
Calibration I Watershed split I
T T
{ N
AoiCreateBox Selection of measurement
U area
SetFilterRange
Quality enhancement: SetObjectOptions
noise reduction, - (borders cleaning,
histogram equalization, connections/disconnetions)
filtering (median,morph. closing) 1 L
Count/Size measurement
RESULTS
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Fig. 3. General image analysis procedure.

Fig. 4. Example of the effects of image pre-processing: (a) source
image and (b) enhanced image.
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® to use the eight-connectivity concept as the objects’ con-
nection/disconnection criterion; and
e to divide the pores into five area classes.

The size of irregular pores can be defined in various ways
such as the length of the major axis, the minimum covering
XY box area or the maximum covered inner circle area or
diameter. In our case the exact area of the pores is calculated
as proportional to the number of pixels filling the contour
of the area. This was used to discriminate the following area
classes of pores: 1-3 um? 3-8 pm?, 8-20 pm?, 20-80 pm? and
>80 um?.

Typical image-processing procedures also allow choices
between including and neglecting objects with holes, objects
adjacent to image borders, etc. This is illustrated in Fig. 5.

Finally, any selected class of objects, if necessary, can be
distinguished, as shown in Fig. 6, where the pores 1-3 um?
size have been selected.

For the selected class of objects typical statistical param-
eters, the mean and standard deviation of their area can be
calculated. However, note that, at this stage of investigation,
no shape characteristics of pores have been considered.

4. Experimental results and discussion

The experiments described below were aimed at testing
the usefulness of basic morphological parameters in char-
acterizing various classes of pores and in discriminating
between membranes produced by the two methods described
in section 3.1. According to the fact that in our case different
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Fig. 5. Computer screen illustrating (in grey) the type of irregular
objects taken into account in image analysis.

Fig. 6. Results of selected 0-3 pum? size objects: (a) original image
and (b) selected objects.

roles are played in the membranes by small (0-20 um?) and
large (>20 pm?) areas, the quality of membranes should be
evaluated by analysis of different size-classes of pores. In
general, we are interested in obtaining membranes character-
ized by low standard deviation of the size in each size-class of
pores. On the other hand, the quality of a technological pro-
cess is characterized by the stability of statistical parameters
of pores measured in long series of specimens and of images
corresponding to a fixed type of membrane. This stability is
characterized by standard deviations of the parameters mea-
sured in long series of the analyzed images. Also in this case
the standard deviations are desired to be as small as possible.

4.1. Experiment 1

The aim of this experiment was evaluation of the porosity
of membranes as one of their quality parameters, measured
over long series of images acquired from each type of mem-
brane. It should be noted that the magnification used for the
SEM images of 1,000x was chosen as a compromise between
good visibility of the pores and the number of large pores
available for statistical analysis. Both types of membranes
were used. For each 20 images taken from 3 membrane spec-
imens were analyzed. The morphological parameters mea-
sured were the total area of pores and total image area. The
results are averaged over the series of images representing a
given type of membrane.

The general porosity factor (GPF) of a membrane can be
defined as:

CPF = total area of pores

: -100% )
total image area

In Fig. 7 the measured and calculated GPF values of two
alternative membranes are presented.

The areas were calculated as proportional to the number
of pixels filling the contour of the area.

The GPF values for membrane I are between 33% and
44% while for membrane II they are between 37% and 42%.
This is visible in Fig. 8 where the GPFs averaged over all of
the images for each membrane type are shown.

Note that the standard deviation of the GPF in both cases
is <4% of the mean value. At this state of investigations any
threshold levels cannot be established but in an intuitive way,
they need to be verified in the future on the basis of biomed-
ical experiments. Here, it has been preliminarily assumed
that if the standard deviation of the GPF is >10% then this
suggests that the technological process is not sufficiently

RATIO OF PORES TO THE TOTAL IMAGE AREA

MEMBRANE |

MEMBRANE Il

Fig. 7. General porosity factors (GPF) of series of images repre-
senting two types of membranes.
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stable. Under this assumption, the calculated values of the
GPF show that both alternative technologies of membrane
production are sufficiently stable. Moreover, the porosity of
membrane I seems to be less homogenous than that of mem-
brane II, because of its two times greater standard deviation.
This point will be deeply investigated in the Experiment 3.

4.2. Experiment 2

In this experiment the possibility of automatic image
segmentation and of classification of pores according to their
area was tested on typical SEM images. The size-classes of
pores have been fixed by standard image analysis program.
An example is shown in Fig. 9.

Selected measured parameters characterizing the classes
of pores are given in Table 1. The number of classes and the
results of classification are here different from those pre-
sented in reference [31], where the size-classes were chosen
in arbitrary way. The process of segmentation of pores used
here is presented in Fig. 3.

The functional role of small and large pores in a mem-
brane is different. Small pores convey germinal cells and ali-
mentary substances to the large pores where the colonies of
chondrocytes should grow. The distribution of sizes of pores
and their connectivity is described by the inner penetration
ability. To quantify the inner penetration ability, inner pene-
tration factors (IPF) can be defined for a membrane:

number of small (<3 um?) pores

IPF1 = (2a)

number of middle size (20...80 um?*) pores

Ratio of pores to the total image area [%]

Std.dev’
) 2 T

Membrane II

Membrane |

Fig. 8. The GPF values in two alternative membranes: bottom
parts — mean values and top parts — standard deviations.

Table 1

or

< 2
IPF2 = number of small (< 3 um®) pores

> (2b)
number of large (>80 um™) pores

Table 2 shows the relationship between the values of IPF2
and the four corresponding classes of penetration ability. In
this case these have been intuitively chosen. In future they
should be established on the basis of observation of real col-
onies of chondrocytes growing on the PLLA membrane scaf-
folds. In this experiment the calculated value of IPF2 is 64.8,
which qualifies the given membrane’s inner penetration abil-
ity as good.

This experiment has demonstrated the possibility of sim-
ple automatic measurement of some of the parameters, which
characterize a membrane’s porosity. However, in order to use
the image-processing methods to evaluate the quality of mem-
branes, a much larger number of images should be assessed.

4.3. Experiment 3

In this experiment the computer-aided image-processing
method was used to compare the basic morphological param-
eters of the two types of membranes. For this purpose, two
series of SEM images of two types of membranes have been
analyzed and compared.

Analysis of the basic morphological parameters, such
as those shown in Table 1, of a selected class of pores, gives
an assessment of the quality of membranes specimen. The
results for the 0-3 pm? class of pores are shown in Fig. 10.

The minimum and maximum areas of pores are lim-
ited by the definition of the given size-class of pores. If the

oy Q“{i

3) 4) 5)

Fig. 9. Result of automatic image segmentation discriminating
between the 5 classes of pores.

Selected parameters of automatically discriminated 5 classes of pores

Class  Rangeof Number of Percentage Totalarea, Percentage Mean Standard Min. area, Max. area,
area, um*  objects of objects  pm? of area area deviation of area pm? pm?

1 0-3 165 44.35 358.24 6.64 2.17 0.45 0.76 2.88

2 3-8 150 40.32 665.47 12.33 4.44 1.37 3.04 7.89

3 8-20 40 10.75 503.20 9.33 12.58 3.77 8.05 19.89

4 20-80 12 3.23 393.46 7.29 32.79 12.92 20.34 60.41

5 >80 5 1.34 3,474.76 64.41 694.95 575.82 183.98 1801.51
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number of pores in an observation area is very large then the
probability distribution of their size streams to be uniform in
the given interval. Its standard deviation then becomes close
to its theoretical maximal value given by the formula:

d3/2

o=
23

where d denotes the lengths of the interval. In the given case

=0.2874°"* 3)

the measured, real lowest intervals are 0.593-2.966 um? in
membrane I and 0.457-2.892 um? in membrane II. The cor-
responding lengths of intervals are then 2.373 and 2.435 um?.
The calculated standard deviations for the corresponding
uniform distributions should thus be, respectively, 1.049 and
1.091 pm? In fact, their averaged over the series of images
values are 0.686 in membrane I and 0.679 in membrane II.
This means that the probability distributions of areas mea-
sured in the real lowest intervals are not exactly uniform.
Moreover, the measured mean areas additionally averaged
over the series of images equal 1.475 in membrane I and 1.468
in membrane II. The difference, in the third decimal position,
seems to be not significant. However, the dispersion D of
measured standard deviations is defined as:

D = Av(max.st.dev - min.st.dev) (4)

where Av denotes arithmetical averaging of the differences
between standard deviations of the areas of pores over a series
of images corresponding to a given type of membrane, leads

Table 2
IPF2 values used to membranes’ inner penetration ability
evaluation

1PF2 Penetration ability
<10 Bad
1049 Unsatisfactory
50-149 Good
>150 Very good
35
Area
[um?] Membrane | Membrane Il
3
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Fig. 10. Measured basic parameters of the 0-3 pm? class of pores.

to the result: D, = 0.127 in membrane I and D, = 0.048 in mem-
brane II. This shows that the stability of the areas of the smallest
pores in membrane II is 2.6 times greater than in membrane I.

Similar statistical analysis of the areas of pores in other
classes of pores has been done. In general, it is desirable
that the dispersion D in all classes of pores does not exceed
a certain limit of the mean area in the given class of pores.
The graphs in Figs. 11 and 12, where the mean values and
standard deviations of the areas of pores are, respectively,
plotted, show that this requirement can be particularly dif-
ficult to be satisfied in the class of the largest (>80 pum?)
pores. In the (20-80 um?) class of pores the arithmetically
averaged over the series of images mean areas are 36.94 um?
in membrane I and 37.15 pm? in membrane II, while the
corresponding geometrically averaged standard devia-
tions are, respectively, 15.54 and 15.09 um? respectively.
This means that the standard deviation to mean value
ratios are 0.421 in membrane I and 0.406 in membrane II.
In both cases, as <0.5, they are admissible for a prelimi-
nary assessment of the quality of membranes. However,
it follows from a comparison of the data that the differ-
ence of the quality of the membranes is statistically not

i Method | Method II

W\\FM

30 20.80

~8—Mean 8-20

—o—Mean 3-8

Image number

Fig. 11. Mean pore areas in the series of images for two mem-
brane types and four size-classes.

Std.Dev

) Method | Method Il

X Y )¢ }'4
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Image number

Fig. 12. Standard deviations of pore areas in the series of images
for two membrane types and four size-classes.
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significant. It also follows from the obtained data that
using very highly (>1,000x) magnified SEM images to anal-
ysis of the largest pores cannot be recommended because
in such case much higher standard deviations of the size of
pores can be expected and longer series of images should
be analyzed in order to evaluate the parameters of pores
on a satisfactory accuracy level.

In order to evaluate the stability of the membranes’
parameters in long series of images, the standard deviations
of the mean values of pore size for the series have been cal-
culated. The values obtained are 2.25 pm? in membrane I and
1.37 ym? in membrane II, as shown in Fig. 13, where the val-
ues are presented with the corresponding averaged mean
values. It is visible that the stability of membrane II is 1.64
times higher (the standard deviation is 0.61 times lower) than
this of membrane I.

At last, the inner penetration factors IPF1 and IPF2 of the
two membrane types were measured and calculated. The
results presenting the values of the factors in two series of
images (21 images long) are shown in Fig. 14.

The averaged over the series of images values of IFP1
are: 0.040 in membrane I and 0.0396 in membrane II, while
the corresponding averaged standard deviations are 0.002,

39,50

size Size class 20-80 pm?
[um?]

39,00

38,50

Std.Dev

3800 2,25

Std.Dev.
1,37

37,50

37,00
36,50
36,00
35,50
1 2

Membrane #

Fig. 13. Comparison of the mean pore areas in the 20-80 um?
class of pores, averaged in the series of images (lower segments)
and of their variances calculated in the series (upper segments).
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Fig. 14. The measured and calculated IPF1 (upper curves) and
IPF2 (lower curves) for the two membranes.

0.0028, 0.0014 and 0.00156. Similarly, the averaged over the
series of images values of IFP2 are: 0.0396 in membrane I and
0.0016, 0.0018 in membrane II, while the corresponding aver-
aged standard deviations are 0.0018, 0.0014 and 0.00065. This
means that there is no substantial difference between the
averaged IPFs in the two membranes; however, the averaged
standard deviations of the IFPs are evidently lower in mem-
brane II than in membrane 1.

5. Conclusions

PVP membranes can be used for the construction of
scaffolds for cartilage cell cultures. For this application their
porosity is very important and should be carefully controlled
during the production process. To this end SEM imaging tech-
nology combined with computer-aided methods of image
analysis can be used to gain insight into the morphological
structure of the membranes. The diversity of size and the
irregularity of form of the pores necessitate the use of specific
morphological and statistical methods in order to describe
them. Computer-aided image-processing methods have the
further advantage that they are suitable for the automation of
the process of assessing the porous membranes. In particular
they make possible the segmentation and classification of the
pores according to their area, and the counting of the pores of
each size observable in the image frame.

However, small and large pores play different roles in car-
tilage cell cultures, and the corresponding classes of pores need
to be independently analyzed. The mean value and standard
deviation of the area of segmented pores can be used as basic
parameters characterizing the quality of membranes. In partic-
ular, they make possible to compare the quality of membranes
produced by two (or more) alternative methods and to control
the stability of basic morphological parameters of membranes
produced by a given technological process. However, the tech-
nique proposed in this work, which is based on a rough clas-
sification of the parameters to determine the quality of mem-
branes, needs to be refined by taking into account the results of
forthcoming experiments where real colonies of chondrocytes
on PLLA membrane scaffolds are cultured.

The brittleness of the material makes getting several
adjacent sections of a membrane for numerical analysis
impossible. Therefore, genuine 3-dimensional morphological
membrane analysis will require more sophisticated theoretical
models and based on them methods, like those described in
[23], for reconstructing the absent third dimension of large
pores, on the basis of their luminance profile. A local image
darkness level provides information about relative depth
of a pore under consideration. The membrane’s properties
following from the 3-D membrane’s morphological structure
will be the topic of a forthcoming paper under preparation.
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Symbols

GPF

IPF1 and IPF2 —

c
d
D

— General porosity factor
Inner penetration factors
— Standard deviation

— Length of interval

— Dispersion
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