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ABSTRACT

In this study, it was aimed to present a nanofibrous scaffold with intentional roughness
through a new electrospinning method called “mesh electrospinning method”. Firstly, polyamide
nylon 6 granules were dissolved in formic acid in different concentration (10-35 %w/v). A mesh
template was placed between tip and collector in different distance (4 positions) in a conventional
electrospinning line. The number of mesh layers and effects of processing parameters also
considered. As it was expected, the results show that, increasing the polymer solution lead to
increase fiber diameter, from 84 nm for 20% to 265 nm for 30%. The results showed that the layer
just formed when the mesh was placed just on the collector. On the other hand, with increasing the
number of mesh layers (1&3), roughness decreased (55-60%).  It was also observed that the
produced roughness is governed by the geometry of the mesh. To consider the ability for controlling
the roughness, the produced roughness can be applied for drug delivery purposes transdermal
drug delivery.
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INTRODUCTION

Electrospinning is a versatile method for
spinning various polymers into nanoscale fibers.
Nanofibers produced by electrospinning or other
methods show enhanced properties such as high

surface area to volume ratio, flexibility in surface
functionalities, and mechanical properties1. Under
the influence of an electric field, a pendant droplet
of the polymer solution at the spinneret is deformed
into a conical shape. The earliest set up of
electrospinning used auxiliary electrodes to direct
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the electrospinning jet onto rotating collectors. Later,
some researchers used different collection devices
and manipulated electric fields2. The principle of
electrospinning involves formation of a charged jet
of polymeric solution by the application of an electric
field. As the jet travels in the air, the solvent
evaporates and a charged fiber left behind which
can be collected on a grounded plate (collector).
Electrospinning yields mostly nonwoven fiber mats
having large surface to volume ratios and various
fiber morphologies and geometries3. The main
parameterswhich affect and/or control the process
of electrospinning and subsequent fiber morphology
can beasfollows: solution concentration, polymer
molecular weight, viscosity, conductivity, surface
tension,appliedvoltage, distance of source
electrode fromthe target substrate, electric field, and
solution flowrate4. Electrospun membranes use in
various areas such as sensors, drug delivery, tissue
engineering and etc. However, while producing
nanofibers, the environmental conditions
(temperature and relative humidity) arestrongly
influencing the obtained fiber morphology5. Among
the various potential applications, drug delivery is
one of the most promising uses. The high loading
capacity, high encapsulation efficiency,
simultaneous delivery of diverse therapies, ease of
operation, and cost-effectiveness are appealing
features for electrospinning used in drug delivery6,7.
The use of electrospun fibers as drug carriers will
be promising in future biomedical applications,
especially postoperative local chemotherapy8,9.

For electrospinning of nylon6, various
polymer solution concentrations ranging from 15 to
25wt% were prepared by the dissolution of the
polymer in formic acid. Fibers were obtained with
an earthed collection system, Typical operating
regimes were flow rates of 0.2 mL/h, applied
voltages between 12 and 18 kV, and a working
distance of 5–11 cm10. Dried Nylon-6 were dissolved
in 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) form
1wt%, 2wt% and 6wt% polymer solutions. An electric
field of 15 kV was applied between the tip and the
collector separated by a distance of 4 cm11. The
physical and chemical properties of these
polyamide-6 nanofibers are influenced by the
fabrication conditions such as molecular weight, and
experimental parameters12.

Conductive collecting substrate with
textured surface such as wire mesh or grids has
been used to form patterned/textured nanofibrous
membrane due to its electric field profile. In a typical
square grid substrate, fibers are preferentially
deposited along the wire. As the wires forming the
grid are narrow, fibers tend to align along the length
of the wire. Despite preferential deposition of fibers
on the wire, presence of numerous neighbouring
wires often diverts the electrospinning jet to the
adjacent wire. This resulted in a higher density of
fibers which are aligned on the wire than randomly
oriented, scattered fibers at the gaps between the
wires. Where the distance between the wires get
larger, the difference in the density of fibers on the
wires and the space between the wires increases13.
Electrospinning jet using polycaprolactone solution
was able to discern conductive lines with widths of
350 µm and spacing of 1.7 mm 14. Grids made out of
parallel wires close to one another has been shown
to form dense, aligned nanofibers between the
wires while a substrate with arrayed pins give rise
to membrane made out of radiating nanofibers
between the pins 15. More grids variations such as
having a pin in the center of a round space formed
a pattern where fibers radiates from the central pin
to the edges13. Patterned nanofibrous mesh has
been tested for some applications. Cell culture
comparing proliferation of mouse osteoblastic cell
between patterned/textured nanofiber and
randomly oriented nanofiber showed faster
proliferation on the textured nanofiber membrane.
However, initial cell adhesion is better on randomly
oriented nanofiber membrane16.

According to above literature researches,
a non-conductive mesh has not been used for
making pattern on electrospinning layer yet. In this
study it was aimed to fabricate a nanofibrous
scaffold with an innovated electrospinning method
called “Mesh electrospinning”. A non-conductive
rhombic pattern mesh used to get a patterned
surface with different morphology and different
roughness.The morphology of fibers and surface
pattern of samples observed by scanning electron
microscopy, and the roughness of surface samples,
measured by Mobil Roughness Tester. Also, the
fibers diameter was measured. Finally, according
to the results of this methods, the best condition of
electrospinning for biomimetic and medical
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applications was reported. It was concluded that
the presented method can be used for fabrication
of nano layers with different patterns and different
roughness for biomimetic and medical applications
especially transdermal drug delivery.

MATERIALS AND METHOD

Materials
High molecular weight Nylon 6 (63,000 g/

mol) was purchased from BASF. The polymer
solution concentrations were 10wt% to 35wt%
prepared by dissolving Nylon 6 in Formic acid (ACS
reagent grade, Merck & Co.

Scaffold fabrication
In this study mesh electrospinning

investigated and affected head to collector distance
and electrospinning voltage and also the position
of mesh in electrospinning line studied.

At first, the parameters of voltage, distance,
feed rate and concentration investigated to
determine the optimumvalue of these parameters.
The concentration that used was 10, 15, 20, 25 and
30% w/v, different voltage used 10, 15, 20 and 25
kV, distance was various in 5, 8, 10 and 15 cm and
the feed rate was between 0.1 ml/h to 2 ml/h. These
parameters changed and the best condition of feed
rate and distance were defined. And the
experimental done in this condition that obtain from
this part of experiments.

Therefore, the optimum of feed rate was
0.2 ml/h and the optimum of distance 5 cm defined.
After that, the next part of the experimental was
about the position of mesh at the electrospinning
line A, B, C and D. (Figure.1)

To build a pattern we use this condition.
The tests perform at concentration 20, 25 and 30 %
w/v in voltage 10, 15, 20 and 25 kV with one-layer
and 3-layers of mesh and the results investigated.

The technique that we used in this section
is “One-factor-at-a-time”. In this technique at first
one factor held constant and other experimental
factors are varied at a time. In this study at first the
voltage held constant (for example 10 kV) and the
concentration varied(20,25,30%w/v), after ward the
concentration held constant and the voltage varied.
This method was repeated for all conditions.

The reason that we used 1 layer and 3
layers of mesh is to obtain and observe different
patterns and different roughness. The shape of
mesh show in Fig. 2.

Fig. 1. The positions of mesh at the
electrospinning line.

Fig. 2 - shape of mesh.

Characterization
The morphology of fibers and surface

pattern of samples observed by scanning electron
microscopy, JEOL, JSM-840, Japan. Coating of
samples is required in the field of electron
microscopy to enable or improve the imaging of
samples. So, we apply an ultra-thin layer of gold
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onto specimen for SEM. The name of his method is
sputter coating. We used SEM photography in two
different magnifications to observe the surface
pattern (55X), and the fiber orientation (4500X).

The roughness of surface samples,
measured by Mobil Roughness Tester, Mahr,
MarSurf PS1, Germany. For the measurement of
roughness, MarSurf PS1 portable surface
roughness measurement equipment is used.
Measuring stylus tip is 2 μm and pressure force is
averagely 0.7 mN. Measurement scanning length
is adjusted as 17.5 mm. MarSurf PS1 portable
surface roughness device starts the measurement
by moving probe on the sample surface through a
17.5 mm length and this device automatically
calculates Rz and Ra. Three measurements for each
workpiece surface roughness were made and
averaged for each test. The results showed in table
1. The shape of roughness tester device and it’s
probe show in Figure 3.
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Fig. 3. (a).  Roughness Tester (MarSurf PS1), (b)
Moving probe on the sample surface.

RESULTS
In this study 24 samples (table1) fabricated

by “One-factor-at-a-time” technique whit 1 and 3
layers of mesh. At first the voltage held constant
and the concentration varied. As a result, at 20 kV of
voltage and the 30% of concentration the
acceptable roughness on the surface created. So,
the minimum of voltage was 20 kV. Among this 24
samples, only the 6 layers has best web formation
and best roughness on their surfaces, so the further
experiments were perform on them.
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The roughness of these samples
measured (Rz and Ra).Theformation pattern of
Electrospun layers show in Fig. 4. Obviously in this
figure can be seen that the samples which 3 layers

of mesh was used, the pattern did not formation as
well as other samples, and also these 2 samples
(Fig. 4, e & f) has lowest roughness value among
all samples, because according to result of

roughness test that showed in table 1, the
roughness value of sample S3 25/25(e) is
2.065(µm) and the roughness value of sample S3

30/20(f) is 2.292(µm) and maximum roughness is
for sample S1 30/20(c) that the roughness value is
4.136(µm).

Also, according to table 1, the effect of
increasing concentration is increase roughness, so

that 2.684(µm)for sample S1 20/25(a) to 3.345(µm)
for sample S1 25/25(b), and increase voltage lead
to decrease roughness, 4.163(µm) for sample S1

30/20(c) to 2.438(µm) for S1 30/25(d).

SEM photography of best 6 samples show
in  Fig. 5. In this picture, we can see the surface
pattern (55X) and also the fiber orientation (4500X)
of samples.Due to the Fig. 5, the best fiber

Fig. 4.  Surface pattern a)S1 20/25, b)S1 25/25, c)S1 30/20, d)S1 30/25, e)S3 25/25, f)S3 30/20.

Fig. 5 - SEM images in 55X and 4500X, a)S1 20/25, b)S1 25/25, c)S1 30/20, d)S1 30/25, e)S3 25/25, f)S3 30/20
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orientation for sample C(S1 30/20). Also in this
picture, we can see the surface pattern clearly and
we can compare the occupy area of patterns. As it is
seen in fig. 5, the sample d(S1 30/25) has a smooth
and clear pattern areaand this smoot surface lead

to obtain lower roughness value in compared with
samples a, b and c.

In Fig. 6, the diameter of fibers discussed,
and the histogram of diameter diagram has been
shown. The result of these diagrams are the average

of diameter and standard deviation that showed in
table 1. According to the result of fig. 6, increasing
the concentration of polymer solution lead to
increase fiber diameter, from 84nm for sample a(S1

20/25) to 158 nm for sample b(S1 25/25). Also
increase voltage lead to decrease diameter, from
269 1nm for sample c(S1 30/20) to 265nm for sample
d(S1 30/25).

DISCUSSION

The article presented new method for
fabrication electrospun nylon 6 layer with different
roughness. This significant was obtained by placing
a mesh between tip and collector in a conventional
electrospinning line. The resulting roughness may
use and affect in transdermal systems or a kind of
MEMS. The results show that the number of mesh
layers or mesh thickness has a negative effect on

Fig. 6 – Histogram diagram a)S1 20/25, b)S1 25/25, c)S1 30/20, d)S1 30/25, e)S3 25/25, f)S3 30/20
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roughness and lead to decrease roughness, in the
other hand increasing concentration lead to
increase roughness and increase fiber diameter.
Also, increase voltage lead to decrease roughness
and fiber diameter. So, according to the obtained
results, thebest sample is S1 30/20(c). Finally, due
to the surface roughness of formation electrospun
pattern layers, this layers can be use in drug delivery
systems and the produced roughness can be
applied for transdermal drug deliverypurposes.
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