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ABSTRACT: Research in polymer nanofibers has under-
gone significant progress in the last decade. One of the main
driving force for this progress is the increasing use of these
polymer nanofibers for tissue engineering. Adequate poros-
ity and surface area are widely recognized as important pa-
rameters in the design of scaffolds for tissue engineering
and therefore measurement of porosity is very important.
Previous methods such as mercury measurement, indirect
method, the porosity measurement based on density of
nanofibers do not measure the porosity of various surface
layers. The goal of this study is measurement of porosity of
various surface layers of scaffold. Image analysis was used

for this purpose. SEM images of nanofibers mat were con-
verted to binary images using different thresholds and
porosity of scaffold was measured in various layers. On the
basis of the results of our study, this method can be applied
to porosity measurement of various surface layers of nano-
fibers mat. The results showed that porosity of various sur-
face layers is related to the number of layers of nanofibers
mat. � 2007 Wiley Periodicals, Inc. J Appl Polym Sci 106: 2536–
2542, 2007
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INTRODUCTION

Polymer nanofibers mat, an important class of nano-
materials, have attracted much interest in the last 10
years.1 Polymeric nanofibers can be produced by a
number of techniques such as drawing, template syn-
thesis, phase separation, self-assembly, and electro-
spinning.2–4

Electrospinning is a well-established process capable
of producing ultrafine fibers by electrically charging a
suspended droplet of polymer melt or solution. A high
voltage power supply is required to create an electri-
cally charged jet of polymer solution or melt.3 An attrac-
tive feature of electrospinning is the simplicity and in-
expensive nature of setup.5 Electrospinning has the
following advantages: it can produce continuous fibers;
it can be applied to a wide range of polymers; the thick-
ness of mat can be controlled by adjusting the collection
time during the electrospinning; the dimensions and
surface morphologies of the electrospun fibers can be
varied by altering the solution properties and process-
ing parameters.6 Small fiber diameter and porous struc-
ture of the nanofibers mat give rise to a large specific
surface area. This is advantageous in a wide variety of
applications such as high performance filters, scaffold

in tissue engineering, separation membranes, reinforce-

ment in composite materials, templates for the prepara-

tion of functional nanotubes, and many others.7 Much

interest has been generated recently in the area of tissue

engineering.8 Tissue engineering has been defined as an

interdisciplinary field that applies the principles of engi-

neering and the life science toward the development of

biological substitutes that restore, maintain or improve

tissue function.2 There are generally three key aspects to

consider in any tissue-engineered construction: the cells,

the scaffold or biomaterial construct, and the cell–mate-

rial interaction.2,9 There are a few basic requirements

that have been widely accepted for scaffolds. A scaffold

has to have high porosity and proper pore size to permit

the ingress of cells and nutrients.2,10–12 Adequate poros-

ity and surface area are widely recognized as important

parameters in the design of scaffolds for tissue engineer-

ing.13 A large pore volume is required to accommodate

and subsequently deliver a cell mass sufficient for tissue

repair.10 The pores of scaffolds are very important for

cell growth. The cells adhere to the surface of the scaf-

folds, absorb nutrient, and remove metabolite through

the pore.14 The diameter of cells in suspension dictates

the minimum pore size, which varies from one cell

type to another and must be controlled carefully.10,15

If the pores are too small the cells cannot enter and if
they are too large the cells cannot adhere.14 The scaf-
fold should provide an open porous network for uni-
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form cell distribution during seeding and for mass
transport of soluble signaling molecules, nutrients
and metabolic waste removal.16 Pores in the scaffold
make-up the space in which cells reside. Pore proper-
ties such as porosity, dimension, and volume are pa-
rameters directly related to the success of a scaffold.
High porosity provides more structural space for cell
accommodation.12 Another important consideration is
the continuity of the pores within a synthetic matrix.
Material transport and cell migration will be inhibited
if the pores are not interconnected.10

There are several methods that can be used to esti-
mate the porosity such as sorption and mercury
porosimetery.17 The sorption method determines the
amount of vapors of the low-molecular weight liquid
that are absorbed by a body at different vapor pres-
sures and plots the isotherms of sorption and desorp-
tion with the subsequent calculation.16,17

The most common methodology adopted for mem-
brane pore characterization is mercury porosimetry.
The theory of all mercury porosimeters is based on
physical principle that a nonreactive nonwetting liq-
uid will not penetrate pores until sufficient pressure is
applied to force its entrance.4,17 The advantage of
using a mercury porosimeter is that in addition to the
pore size and its distribution, the total pore volume
and the total pore area can also be determined.4 A
major drawback of using mercury is that generally
very high pressures are required as the pore size
diminishes. Therefore, when thin sections are ana-
lyzed, there is a high possibility that membrane can be
destroyed at higher pressures. This is especially true
for electrospun nanofibrous membranes because the
pores in electrospun membrane are not rigid enough.
The other drawbacks of using mercury are its cost and
toxicity.4 Other methods also have been used for
determination of scaffold porosity. Yang and Ramak-
rishna reported an indirect method for porosity mea-
surement of nanostructured PLLA scaffold that was
prepared by phase separation method.18 In this
method considering the wetting properties of PLLA

nanofibrous scaffold, water was selected as a nonwet-
ting agent, since it would not penetrate into the pores
and ethanol as a wetting agent, since it can penetrate
into the scaffold to measure the porosity of PLLA scaf-
fold.18 According to the results obtained by this
method, the porosity of scaffold has been reported
between 81.5% and 93.2% depending on the fiber di-
ameter.18 Eugene and Todd by applying density mea-
surement determined the porosity of electrospun scaf-
folds.19

The results obtained by this method showed the po-
rosity to be higher than 80% for nanofiber scaffold.19 On
the other hand, Wei and Zuwei calculated the porosity
of nanofibers scaffold using the following equation20:

Porosity ¼ 1�Nanofiber mat apparant density

Bulk density of scaffold

� �

3 100

Nanofiber apparent density

¼ Nanofiber mat mass

Nanofiber mat thickness 3 Nanofiber mat area

The thickness of nanofibers mat was measured by a
micrometer. According to this method, the porosity of
nanofibers mat was reported to be around 60–70%.20

The goal of this study is porosity measurement of
various surface layers of nanofibers mat, which are
visible in SEM image. The other methods of porosity
determination cannot be used for porosity measure-
ment of various surface layers and can only measure
the total porosity of nanofiber mat. The investigation
of the porosity measurement of various surface layers
is very interesting in tissue engineering application.

MATERIALS ANDMETHODS

Materials

Poly(e-caprolactone) (PCL) with number–average
molecule weight (Mn) of 80,000 was purchased from

Figure 1 SEM image: (A) as-spun PCL nanofibers, (B) fiber diameter distribution.
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Aldrich (Sigma-Aldrich, St. Louis, MO). Methylene
chloride (MC), DMF, and NaOH were purchased
from Merck (Germany).

The polymer solution with concentration of 10 wt %
was prepared by dissolving PCL in a mixture of MC/
DMF solvents with the ratio of 80/20 and was stirred
for 24 h at room temperature. The solution was elec-
trospun from a 10-mL syringe with a needle diameter
of 0.6 mm. Upon applying a high voltage (12 kV), a

fluid jet was ejected from the tip of the needle. As the
jet accelerated toward a target, which was placed
20 cm from the syringe tip, the solvent evaporated
and polymer nanofibers were collected on an alumi-
num foil. The polymer solutions were delivered via a
syringe pump to control the mass flow rate. The mass
flow rate of the solutions was 4 mL/h. All electrospin-
nings were carried out at room temperature.

Morphology of 10 electrospun PCL nonwoven mats
was studied by scanning electron microscopy (SEM)
after gold coating with magnification of 3000 and
6000. Figure 1(A) shows a SEM micrograph of the as
electrospun PCL nanofibers. As shown in Figure 1(B),
average fiber diameter was found to be 418 nm with a
range of 225–1000 nm.

Methodology

The SEM photographs of nanofibers mat were
scanned using a scanner (hp scanjet 3670). The resolu-
tion of scanned images was 600 dpi and gray scale
level of 256. This resolution of scanning was found by
experimental observations. Lower resolution makes
the analysis poor while higher resolution dose not
improve the analysis results and causes reduction in
analysis speed.

After inserting the obtained images of SEM pictures
to the computer as BMP format of 256 gray scale, a
novel image analysis technique was prepared to deter-
mine the porosity of various layers of nanofibers mat

Figure 2 Image histogram of Figure 1(A).

Figure 3 Various binary images with different thresholds: (A) original image, (B) binary image with threshold of the (l 1
,)/255, (C) binary image with threshold of the l/255, (D) binary image with threshold of the (l2 ,)/255.
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samples. The gray scale image was converted to
binary form by calculating the threshold. It was found
in this study that by changing the threshold, various
layers of nanofibers mat could be seen.

The mean and standard deviation of image histo-
gram have been applied by Semnani to specify differ-
ent parts of the knitted fabric structure.21 This method
of image analysis depends on the gray scale level
processing based on image structure.21

It was observed that the reflection of upper layers of
fibers is more than the lower layers. Therefore, in SEM
images of nanofibers mat, the intensity of pixels in
upper fibers layers in comparison to lower layers of
fibers is higher. Consequently, it is possible to analyze
the SEM images of nanofibers mat by using gray scale
level processing where the upper and lower layers
could be identified on the basis of their intensity region
and from calculating the appropriate threshold.

After many experiments, three thresholds were
found for converting the original image to binary
form based on mean and standard deviation of image
pixel values. These thresholds were found as follows:

1. Threshold 1: (l1 ,)/255
2. Threshold 2: l/255
3. Threshold 3: (l2 ,)/255

where l and , are the mean and standard deviation of
the image matrix, respectively. By using these thresh-
olds, we can classify various layers of nanofibers mat.
The first threshold eliminates lower layers and only
the surface layers are obtained, the second threshold
can represent sum of surface and middle layers,
and third threshold shows all of the visible layers.
Figure 2 shows the configuration of histogram related
to Figure 1(A).

Figure 3 shows the various binary images of the
Figure 1(A) with different thresholds.

Figure 4 represents schematically various layers of
nanofibers mat that has been classified by different
thresholds. Region I presents surface layers. By apply-
ing threshold 1, only surface layers can be seen in bi-

nary image [Fig. 3(B)]. Threshold 2 consider the sum
of surface to middle layers [Fig. 3(C)], shown as
Region II in Figure 4. Total visible layers can be
seen by applying threshold 3, shown as Region III in
Figure 4.

After converting the original image to various
binary images, the porosity in each binary image can
be calculated using the mean intensity of images as
follows:

P ¼ 1� n

N

� �
3 100

where n is the number of white pixels, N is the total
number of pixels in binary image, and P is the poros-
ity percentage of binary image. The porosity percent-
age of binary images with thresholds of 1, 2, and 3 will
be presented as P1, P2, and P3, respectively in next sec-
tions of this article.

RESULTS ANDDISCUSSION

The results of porosity calculation of various binary
images of the Figure 1(A) with various thresholds are
shown in Table I.

As can be seen in Figure 3, when (l 1 ,)/255 was
selected as threshold, only the surface layers (i.e.,
Region I) of the nanofibers mat can be seen. By select-
ing l/255 as threshold, the middle layers (i.e., Region
II) and by choosing (l 2 ,)/255 as threshold, all of
the visible layers (i.e., Region III) of nanofibers mat
can be seen. As can be seen in Figure 3, when there
are more layers, the fibers overlap with each other
and therefore the obtained porosity in this case is less
than the one with less layers of fibers and this could

Figure 4 Schematic representation of various layers of
nanofibers mat with different threshold: (I) the layers that
can be seen by applying threshold 1, (II) the layers that can
be seen by applying threshold 2, and (III) the layers that can
be seen by applying threshold 3.

TABLE I
Porosity Measurement of Various Binary Images of Figure

1(A) with Various Thresholds

P1 P2 P3

80.1010 54.8440 20.0173

TABLE II
Porosity Measurement of Various Binary Images of

Different Samples with Various Thresholds

Sample Magnification P1 P2 P3

1 3000 86.6224 53.7919 15.0197
2 3000 80.5995 54.4068 22.3248
3 3000 77.0187 56.7961 16.7212
4 3000 81.26665 54.1022 20.5998
5 6000 71.4993 53.2412 26.4688
6 6000 80.0607 54.8979 19.7359
7 6000 74.0644 57.9342 19.6167
8 6000 77.4874 55.3328 12.5067
9 6000 78.5912 56.1179 16.2035
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lead to higher percentage of porosity obtained for
surface layers. The results in Table I confirm this
finding.

To study the consistency of this method, it was also
applied to other samples with magnifications of the
3000 and 6000 to determine the porosity of various
layers. The porosity values of various binary images
of different samples are shown in Table II.

As can be seen from this table the porosity of the
surface layers (Region I) is more than the porosity of
the middle layers (Region II) and the porosity of mid-
dle layers is more than the porosity of total surface

layers (Region III). These results confirm those shown
in Table I. Consequently, it can be concluded that the
porosity measurement based on image analysis that is
reported in this study can measure the porosity of var-
ious layers of nanofibers. In other words, the differ-
ence between the porosity of the various surface layers
can be found.

The results in Table II show that the porosity of the
Region III in comparison to the porosity of Regions II
and I is low (15–20%). This is because more fibers
overlap with each other. Our results show that poros-
ity is related to the number of layers and it approaches

Figure 5 Various binary images with different thresholds: (A) original image, (B) binary image with threshold of the (l 1
,)/255, (C) binary image with threshold of (l/255), (D) binary image with threshold of the (l 2 ,)/255; the numbers 1 and 2
show sample numbers; magnification of the Sample 1: 3000; magnification of the Sample 2: 6000.

2540 GHASEMI-MOBARAKEH, SEMNANI, AND MORSHED

Journal of Applied Polymer Science DOI 10.1002/app



a minimum value by increasing the number of layers
due to more overlapping of fibers with each other
when more layers are present.

Figure 5 shows various binary images with different
thresholds for various samples with magnification of
3000 and 6000.

Figure 6 shows the histogram of various images
with different magnification.

As can be seen in Figures 5 and 6, the results are not
dependent upon the magnification or histogram of
images. Therefore, this method let one to calculate po-
rosity of various layers in most image magnifications
and most image histograms. It should be pointed out
that the choice of suitable magnification is related to
fiber diameter and where experiments show, magnifi-
cations of more than 2000 is suitable for fibers with
480 nm diameter. Therefore, fiber diameters obtained
by SEM images should be more than 1 mm (48 pixels
for image with resolution of 1200). Also the SEM
images should have optimum resolution, clarity, and
brightness.

The results obtained by mercury porosimetry analy-
sis has demonstrated the porosity of more than 80%
for nanofibers mat.6,22,23 The results of indirect

method measurements have shown the porosity value
of more than 90% for nanostructured porous PLLA
scaffold.18 The results obtained by density measure-
ment have shown the porosity values of higher than
80% for nanofiber scaffolds.19 While the porosity
measurements based on thickness and apparent den-
sity of nanofibers mat that was reported by Wei and
Zuwei20 demonstrated the porosity of between 60 and
70%. The aforementioned other methods cannot mea-
sure the porosity of various layers and measure the
total porosity of nanofiber mat.

It appears that by using mercury porosimetry
method, which is a common technique for porosity
measurement, very reliable results cannot be obtained
for nanofibers mat. This could be due to high pressure
that is applied in this method. Besides, the structure of
nanofibers mat is not rigid and strong enough to stand
intact to such a high pressure. Therefore, due to high
pressure the pores can get enlarged. This could lead to
overestimation of porosity values.

In many applications of nanofibers mat such as
filters and scaffolds for tissue engineering, it is very
important to know the porosity of various layers. For
example, in scaffolds, the highly porous fibrous mate-

Figure 6 Histogram of different samples. Magnification of (A) and (B): 3000 and magnification of (C) and (D): 6000.
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rials not only have high specific surface area but also
provide a structure inductive for tissue engineering.
Understanding the dynamic effects of 3-D matrix
structure and its pore size on cell organization, prolif-
eration, differentiation, and function is very important
and is the first step that leads to the optimal design of
scaffolds for tissue engineering. Previous works did
not specifically report the porosity of various surface
layers of scaffold, but the advantage of this method is
porosity measurement of various surface layers of
nanofibers mat.

CONCLUSION

With the aid of image analysis, the present study
explored the possibility of porosity measurement of
various surface layers of nanofibers mat. The results
of this investigation reveal that image analysis can
easily be applied for porosity measurement of various
layers. The results showed that this method is not
dependent on the magnification and histogram of
images. The measurement by such a simple method
can be applied in a variety of applications such as
filters and scaffolds for tissue engineering that the
measurements of porosity in various layers are very
important. The porosity measurements based on other
methods such as mercury porosimetry and indirect
method and calculation of porosity by density mea-
surement all show high porosity values (higher than
80%) for the nanofibers mat and cannot be used for
porosity measurement of various surface layers of

nanofibers mat. Current work is in progress to deter-
mine the shape, size, and other parameters of pores
based on image analysis.
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