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ABSTRACT: One of the major themes in tissue engineer-
ing is scaffold fabrication. The porosity and pore size of
scaffolds play a critical role in tissue engineering. Different
methods are used to measure the porosity and pore size of
scaffolds, although none can predict the cell infiltration for
various cell sizes, shapes, and configurations. The aim of
this study was to predict the cell infiltration of various
cells with different sizes, shapes, and configurations
through the use of image analysis. In this study, cell mod-

els were used to predict cell infiltration into nanofiber
scaffolds. The results of this study showed that with
increases in the cell size and the number of layers of nano-
fibers, the number of cells that could infiltrate the scaffolds
decreased. In addition, the cell configuration had some
effect on cell infiltration into the nanofiber scaffolds. © 2008
Wiley Periodicals, Inc. ] Appl Polym Sci 111: 317-322, 2009
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INTRODUCTION

Tissue engineering has been defined as an interdisci-
plinary field that applies the principles of engineer-
ing and life sciences to the development of
biological substitutes that restore, maintain, or
improve tissue function." There are generally three
key aspects to consider in any tissue-engineered con-
struction: the cells, the scaffold or biomaterial con-
struct, and the cell-material interaction.'”> One of the
major themes in tissue engineering is scaffold fabri-
cation. A scaffold is an artificial extracellular matrix
that serves as a temporary support in which isolated
cells are introduced to form tissue.> An ideal scaf-
fold for tissue engineering should be highly porous
and contain an interconnected pore network through
which nutrients and metabolic waste can flow. In
addition, it should be biodegradable via a readily
controllable mechanism, have suitable surface prop-
erties (chemical and physical) for initial cell attach-
ment, and be easily processed to form a variety of
shapes and sizes.* Generally, the hydrophilic/hydro-
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phobic character of the scaffold is important in tis-
sue cultures and can influence initial cell adhesion
and cell migration, proliferation, and differentiation.
To enhance the biocompatibility of polymeric nano-
fiber scaffolds, surface modifications of the scaffolds
via plasma treatment or coating with hydrophilic
polymers, such as poly(ethylene oxide) and poly
(vinyl alcohol), have been examined. The roughness
of the scaffold surface also influences the initial cell
attachment and cell proliferation.*

The surface properties of biomaterials are a key
aspect in determining compatibility with the biologi-
cal environment and cellular responses. Ideally, scaf-
folding materials should be designed to be bioactive
so that they can receive and respond to specific bio-
logical signals, which will direct and promote cell
attachment, proliferation, differentiation, and tissue
regeneration.”

The porosity and pore size of scaffolds play criti-
cal roles in tissue engineering.® A scaffold should
have high porosity and a proper pore size to permit
the ingress of cells and nutrients."”® Adequate po-
rosity and surface area are widely recognized as im-
portant parameters in the design of scaffolds for
tissue engineering.' A large pore volume is
required to accommodate and subsequently deliver
a cell mass sufficient for tissue repair.” The pores of
scaffolds are very important for cell growth. The
cells adhere to the surface of the scaffolds, absorb



318

kx]

-

Figure 1 Movement of the mask matrix through the ma-
trix of nanofiber mat.
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nutrients, and remove metabolites through the
pores.'" The diameter of cells in a suspension dic-
tates the minimum pore size, which varies from one
cell type to another and must be controlled care-
fully.”'* If the pores are too small, the cells cannot
enter, and if they are too large, the cells cannot
adhere."!

Different methods are used to measure porosity
and pore size in scaffolds. Mercury intrusion poros-
imetery is a method used to measure both porosity
and pore size. The advantages and disadvantages of
this method have been explained in a previous
study." In brief, the main advantage of this method
is the ability to measure the pore size and its distri-
bution, the total pore volume, and the total pore
area.'* A major drawback of using mercury porosim-
etery is that generally very high pressures are
required as the pore size diminishes. Therefore,
when thin sections are analyzed, there is a high pos-
sibility that the membrane will be destroyed at
higher pressures. This is especially true for electro-
spun nanofibrous membranes because the pores in
electrospun membranes are not rigid enough. The
other drawbacks of using mercury are its cost and
toxicity."* Scanning electron microscopy (SEM)
images are analyzed with various computer pro-
grams to measure porosity and particularly pore
size. Finally, microcomputed tomography imaging
and analysis have been used to determine porosity
and pore size in three-dimensional scaffolds.?
Because various cells have different shapes and
sizes,'” the appropriate pore size is different for vari-
ous cell types. For example, for the scaffold used for
the knee meniscus, it has been reported that
the pore size should be at least 30 um for the
ingrowth of tissue before scaffold degradation, and
pore sizes of 150-355 um have been recommended
for healing of the meniscus lesion situated in the
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vascular part of the meniscus and fibrocartilaginous
tissue developing inside the implants.'®

The aforementioned methods cannot determine
the ability of cell infiltration for various cell shapes
and configurations.

It must be emphasized that although biodegrad-
able porous scaffolds with well-interconnected pores
are good enough to permit cell infiltration and
growth, their surface characteristics arising from
their chemical composition, such as hydrophilicity/
hydrophobicity, may not be satisfactory for inducing
selective cell adhesion, migration, and proliferation.'”

In a previous study,'® we investigated the porosity
of various visible layers of nanofiber scaffolds using
image analysis. The results revealed that image anal-
ysis can easily be applied to the porosity measure-
ment of various layers. The aim of this study was to
predict the infiltration of cells of various sizes and
shapes into nanofiber scaffolds with image analysis.
As in the previous study, an electrospinning method
was used to produce electrospun poly(e-caprolac-
tone) (PCL) nanofiber scaffolds, and a novel image
analysis procedure was applied to the prediction of
the infiltration of cells of various sizes and shapes
into nanofiber scaffolds."

obtain asuitable model
for cell based on cell size and
shape or using cell picture ebtained by
WCrOsCopYy

Convert the SEM image of
nanofiber mat to binary form with
various threshold as scaffold matrix

Convert the image to
binary form and inver! the
matrix as cell matrix

Apply cell matrix as mask
through the scaffold matrix

nternal multiple of cell
matrix through scaffold
matrix

move to thy
next matriy

ount as a pore and conve
it to unigue matrix

Figure 2 Diagram of the stages for the determination of
cell infiltration ability through the scaffold.
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Figure 3 Model for a circular shaped cell with a diameter
of 10 um: (A) primary and (B) inverted images.

EXPERIMENTAL
Materials

PCL (number-average molecular weight = 80,000)
was purchased from Aldrich (Sigma-Aldrich, St.
Louis, MO). Methylene chloride and dimethylforma-
mide were purchased from Merck Co. (Germany).
PCL nanofiber scaffolds were produced by an
electrospinning method. The method was previously
explained.'” In brief, a polymer solution with a con-
centration of 10 wt % was prepared by the dissolu-
tion of PCL in a solvent mixture of methylene
chloride and dimethylformamide with the ratio of
80/20, and electrospinning was carried out from a
10-mL syringe with a needle diameter of 0.6 mm
and by the application of a high voltage of 12 kV
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with a mass flow rate of 4 mL/h toward a target
that was placed 20 cm from the syringe tip.

Methodology

The SEM photographs of the nanofiber mat were
scanned with an Hewlett-Packard Scanjet 3670 scan-
ner. The resolution of the scanned images was 600
dpi, and the gray-scale level was 256. This scanning
resolution was determined by experimental observa-
tion. A lower resolution made the analysis poor,
whereas a higher resolution did not improve the
analysis results and caused a reduction in the analy-
sis speed. According to the previous study,” the
threshold was determined, and the pore sizes at var-
ious visible layers were measured. After the conver-
sion of a gray-scale image to a binary form with a
suitable threshold, a novel image analysis technique
was sought to determine whether a cell could infil-
trate the scaffold or not. In this research, a novel
method of object reorganization was applied. There
are two objects of cells and pore spaces that should
be investigated for shape conformity. Some methods
of box counting, such as fractal analysis, have been
tried to analyze the shapes of pore spaces.'® The
fractal method lacks sufficient precision and cannot
be used for circular or oval shapes of various cells
because of the rectangular shape of the assessing
object in these methods. Because of the drawbacks
of the fractal method, a more applicable method for
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Figure 4 Various binary images with different thresholds: (A) original image, (B) binary image with a threshold of (u +
0)/255, (C) binary image with a threshold of p/255, and (D) binary image with a threshold of (i — 6)/255. p and 6 are
the mean and standard deviation of the image matrix, respectively.
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Figure 5 Various binary images with different thresholds: (A) Figure 4(B), (B) Figure 4(C), and (C) Figure 4(D) after the
application of the mask matrix related to the cell with a circular shape and a diameter of 10 um.

the determination of the infiltration of various cells
with different sizes and shapes was developed in
this research.

A picture of a cell can be obtained by microscopy,
and because different cells have different shapes and
sizes depending on the cell type, a suitable model
can be defined by the drawing of the cell with suitable
software.

After the image of a cell is obtained by drawing
or microscopy, the image is converted to a binary
form with a threshold of 0.5 in the intensity image
of the cell. The fibers and pore spaces appear as
white and black pixels, and the cell image is drawn
as black pixels; the cell image should be inverted to
white pixels. Therefore, the matrix related to the cell
image is inverted before its application through the
SEM image of the nanofiber mat as a mask matrix.
With an internal multiple mask and the matrix of
the SEM image of the nanofiber mat, the pores can
be recognized. In the pore spaces, the internal multi-
ple mask and main matrix are equal to a zero ma-
trix. If the matrix produced from the internal
multiple mask matrix and the main matrix is equal
to zero, then the space will be recognized as a pore.
To prevent the overcounting of pores, after the rec-
ognition of pores, it must be changed to a 1s matrix
(white pixels), and therefore it is not counted again.
By the movement of the mask matrix through the
matrix of the SEM image of the nanofiber mat, the
pores can be counted.
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If the size of the matrix is related to the binary
image of the nanofiber mat (matrix M) and cell
image (matrix J), which are to be taken as m x n
and k x [, respectively, then the cell image matrix
can be applied to the matrix of the nanofiber mat
vertically and horizontally according to Figure 1.
The mask matrix moves through the matrix, which
is related to the nanofiber matrix pixel by pixel, and
for each pixel, the mask matrix is applied to this
pixel and its neighborhood with dimensions of k x [.

In each step of applying the mask to the image
matrix, T is defined as follows:

-3

1

M;Ji; 1)

ko1
=1 j=1
If T is equal to zero, then the space under matrix J
will be a pore and will be counted as a pore. To

TABLE I
Number of Cells with Various Sizes and Circular Shapes
That Could Infiltrate the Scaffolds

Cell diameter (pum) 10 20 30
Shape of cell $® . .
Threshold

(n + 6)/255 344 51 8

1/255 173 12 0

(n — 6)/255 48 0 0
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TABLE II
Number of Cells with Various Sizes and Configurations and Oval Shapes That Could Infiltrate the Scaffolds
Cell diameter (pm) 10 10 10 20 20 20 30 30 30
Shape of cell - ) y - | P4 - . ,
Threshold
(n + 6)/255 1591 1461 2877 297 242 384 88 61 133
n/255 915 789 1386 116 91 144 20 14 25
(n — 6)/255 305 259 428 23 7 30 0 0 6

prevent overcounting, the recognized pore should be
changed to 1s so that it will not be counted again; T
will not be zero in the next step of applying the
mask to the image matrix.

Figure 2 shows schematically the procedure deter-
mining the ability of cell infiltration through the
scaffold.

RESULTS AND DISCUSSION

In this study, various models for cells were used. It
should be kept in mind that the image size must
be obtained with respect to the magnification of the
SEM image of the nanofiber mat and that the same
resolution of the SEM image is needed for the image
of the cell. For example, for an SEM image of a nano-
fiber mat with a magnification of 3000, a cell with a
circular shape and diameter of 10 pm must be drawn
with a diameter of 10 x 3000 x 10~* = 0.3 cm.

Figure 3(A) shows a model for a circular cell with
a diameter of 10 pm. After the conversion of the
image to a binary form, it is inverted. Figure 3(A,B)
shows the main and inverted versions of the image,
respectively.

By the application of the matrix related to Figure
3(B) as a mask through the matrix of the SEM image
of the nanofiber mat and the internal multiple, pores
can be recognized.

Figure 4 shows various binary images of nanofiber
mats with different thresholds, and Figure 5 shows
the binary images after the application of the mask
matrix related to cells with a circular shape and a di-
ameter of 10 pm.

As can be seen in Figure 5, with an increase in the
number of layers, the number of cells that can dif-
fuse into the scaffolds decreases. The reduction of
cell infiltration into the nanofiber scaffolds is due to
the increase in the number of layers, as explained in
the previous study.® Tables I and II show the num-
ber of cells with circular and oval shapes and diame-
ters of 10, 20, and 30 um that can infiltrate various
visible layers.

As can be seen in Tables I and II, with an increase
in the number of layers and cell size, the number of
cells that can infiltrate the scaffolds decreases, and
when the diameter of the cells increases to 30 pm,

the cells cannot diffuse anymore into the inner layers
of the nanofiber scaffolds. These results are consist-
ent with other research. According to the other
research, the cells cannot penetrate the nanofiber
scaffolds because of the small sizes of the pores of
the nanofiber scaffolds.**® In addition, the shapes
and configurations of cells are effective parameters
for cell infiltration. For example, the infiltration of
oval cells with a large diameter of 10 pm is more
than that of circular cells with the same diameter.

The procedure for SEM images of nanofiber scaf-
folds with different magnifications is the same, but
in the cell modeling, the magnification must be
taken into account or the obtained microscopy pic-
tures must have the same magnification. For exam-
ple, for an SEM image of a nanofiber mat with a
magnification of 6000, with a circular cell and a dia-
meter of 10 um, the cell model must be drawn with
a diameter of 10 x 6000 x 10* = 0.6 cm.

The main advantage of the procedure presented
in this research is its ability to determine the cell
infiltration of various cell types into the various
layers of nanofiber scaffolds, whereas with the other
methods presented in previous studies, only the
pore size and its distribution could be determined.
On the other hand, with this method, with knowl-
edge of the sizes and shapes of cells, appropriate
models can be defined, and cell infiltration can be
predicted.

CONCLUSIONS

With the aid of image analysis, we explored the pos-
sibility of predicting cell infiltration into nanofiber
scaffolds for various cells with different cell sizes,
shapes, and configurations. The results of this inves-
tigation revealed that image analysis can easily be
applied to determine cell infiltration into nanofiber
scaffolds. The measurements by such a simple
method can be applied to applications such as scaf-
folds for tissue engineering in which the pore sizes
are very important. The porosity measurements
based on the other methods cannot predict cell infil-
tration for various cell shapes and configurations
and can determine only the pore size of nanofiber
scaffolds.

Journal of Applied Polymer Science DOI 10.1002/app
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The results of this study show that with increases
in the cell size and the number of layers of nanofib-
ers, the number of cells that can infiltrate scaffolds
decreases, and when the diameter of cells increases
to 30 pum, the cells cannot diffuse into the inner
layers. In addition, the cell configuration has a major
effect on cell infiltration into nanofiber scaffolds.

The authors thank Maryam Karbasi for performing the SEM
tests.
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