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It is well established that three-dimensional honeycomb-like nanofibrous structures enhance cell activity. In
this work, we report that electrospun polymer nanofibres self-assemble into three-dimensional honeycomb-
like structures. The underlying mechanism is studied by varying the polymer solution concentration,
collecting substrates and working distance. The polymer solution concentration has a significant effect on
the size of the electrospun nanofibres. The collection substrate and working distance affect the electric
field strength, the evaporation of solvent and the discharging of nanofibres and consequently these two
had a significant influence on the self-assembly of nanofibres.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

Nanofibres and nanofibrous structures have received much atten-
tion recently for their potential applications in many areas [1]. The
high surface area to volume ratio of the materials renders applications
in electronics, optical devices, batteries and filtration [2–10]. More-
over, they are promising candidates for the bioengineering communi-
ty for the construction of scaffolds for tissue engineering to mimic the
structural and functional profile of the materials found in extracellu-
lar matrices [11,12]. In fact, biomedical application of nanofibres
and nanofibrous structures is expanding even to drug release, artifi-
cial organs, wound healing and vascular grafts [13,14]. Scaffolds
which have a honeycomb-like structure have shown to be excellent
for differentiation and proliferation of osteoblast cells. The intercon-
nectivity of voids available in these structures is ideal for tissue
ingrowth [15] and along with the very high surface area to volume
ratio of the nanofibres enhances cell adhesion [12]. In addition,
honeycomb-like structures promote uniform cell distribution and
provide a stimulating environment for the successful regeneration
of tissues [15].

The microstructures of tissue engineering scaffolds play important
roles in controlling cellular behaviour [16]. Honeycomb structures
have well defined unidirectional channels with various geometrical
(triangular, circular, square, polygonal) cross-sections. These struc-
tures yield a high permeability throughout the longitudinal direction
of the component [17]. It has been reported that honeycomb scaffolds
are a suitable carrier for various 3-D cell cultures [18]. Further, it has
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been demonstrated that the geometry of the scaffold is crucial for
vasculature induction and bone formation. It was also reported
that honeycomb shaped hydroxyapatite tunnels, with a pore size of
300–400 μm, directly induced bone formation [19], and in the present
work we aim to mimic the creation of such structures. In addition, the
wall of honeycomb scaffolds may promote the adherence and deposi-
tion of cells and create a different environment from those in
two-dimensional plastic dishes or hydrogels [20]. Recently, it has
been reported that creating gradients in a porous scaffold may induce
faster angiogenesis than that in hydrogels, as cells migrate more read-
ily into the porous structure [21]. Gradients along the pitch and web
thickness in the radial or axial directions can be made in honeycomb
structures for cell attachment [17]. Moreover, these structures have
mechanical stability under various physical and chemical conditions.
This will help in the exchange of nutrients and waste products be-
tween the honeycomb membranes without deformation or collapse.
Overall 3-D honeycomb structures can provide the natural extracellu-
lar matrix environment with complex mechanical and biochemical
interplay as within living systems [15]. This is the rationale behind
naming these structures as “hotels” for cells.

Electrospinning is a well-established technique for forming con-
tinuous fibres in the nano- to micro-scale range. Although it is more
than several decades since its discovery, it has attracted the attention
of many researchers in the last two decades due to its easy utilisation
for the fabrication of polymeric fibres from natural or synthetic mate-
rials [1,14]. In the electrospinning process, a polymer solution held by
its surface tension at the end of the nozzle is subjected to an electric
field and an electric charge is induced on the liquid surface due to
this. When the electric field reaches a critical value, the electric forces
overcome the surface tension forces. Eventually, a fine jet is emitted
from the apex of the liquid cone and the jet undergoes whipping or
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Table 1
Physical properties of PEO solutions and distilled water used in the experiments.

Solution Surface
tension
(mN/m)

Density
(kg/m3)

Viscosity
(mPa s)

Electrical
conductivity
(mS/m)

Forming
time (s)

Distilled
water

72 ± 1.1 1026 ± 0.8 1.3 ± 0.1 1.2 ± 0.1 –

12 wt.% 68 ± 1.3 1045 ± 1.1 1128 ± 23 21.0 ± 1 1440
13 wt.% 68 ± 1.0 1049 ± 0.9 1631 ± 22 21.8 ± 1 1200
14 wt.% 69 ± 1.6 1050 ± 1.4 1650 ± 33 22.0 ± 1 1020
15 wt.% 71 ± 3.7 1053 ± 1.0 2666 ± 53 25.0 ± 2 720
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bending instabilities followed by evaporation of solvent producing
electrospun fibres on a substrate [22,23]. This is different to the
electrospraying process where the instability of the jet breaks up
into fine monodispersed droplets [24]. The outcome of a polymer
electrospinning process is influenced by many interrelated variables,
including operating parameters, such as applied voltage, flow rate,
collection distance (distance between nozzle end and collection
point), nozzle design, physical nature and geometry of the collecting
substrate as well as material parameters including solution concen-
tration, molecular chain length, viscosity, surface tension and electri-
cal conductivity [25–30].

Electrospinning is not well known to form 3-D nanofibrous struc-
tures. However, a few researchers have reported that 3-D structures
can be formed on conventionalflat substrates. Deitzel et al. [31] showed
that the 3-D fibrous structures are formed by lowering the polymer so-
lution viscosity and increasing the spinning voltage. The formation of
this unusual structure arises due to electrostatic charge build up in the
fibre beads and the fibres that prevent the newly electrospun fibres
from lying directly on the mats. A similar observation was found by
Thandavamoorthy et al. [32] who attributed the formation of 3-D
honeycomb-like nanofibrous structures to the characteristics of the
Fig. 1. Schematic illustration of t
collector. Despite these reports there is notmuch research onwhat con-
ditions are required to form such three-dimensional nanofibrous struc-
tures on conventional flat substrates and how these are formed still
remains rather unclear. The present work elucidates the formation of
3-D honeycomb-like nanofibrous structures on conventional flat sub-
strates by electrospinning. The relationship between the concentration
of the polymer solution and the self-assembly of the nanofibres to form
such structures is explained. Further, the working distance and the
effect of the substrate are investigated to uncover further information
on the formation of these structures.

2. Experimental details

2.1. Materials and solutions

The polymer solutions used in electrospinning experimentswere pre-
pared using polyethylene oxide (PEO, molecular weight 200,000 g/mol)
supplied from Sigma-Aldrich (UK). This material was dissolved in
distilled water to make concentrations of 12 wt.%, 13 wt.%, 14 wt.%
and 15 wt.%. The polymer solutions were magnetically stirred for 12 h
at the ambient temperature of ~22 °C and the relative humidity of
~49% before electrospinning. The temperature and the relative humid-
ity were measured using a Testo 610 handy temperature/humidity
meter (Testo Ltd, Alton, UK). The physical properties of distilled water
and PEO solutions such as surface tension, density, viscosity and electri-
cal conductivity were measured (Table 1). Distilled water was used for
calibration purposes as well as a reference material throughout the
experiments. The surface tensionwasmeasured by using a Kruss Tensi-
ometer K9 (Standard Wilhelmy's plate method). The density was
obtained using a 25 ml standard density bottle and a chemical balance.
The viscosity of each PEO solution was determined using a digital rota-
tional viscometer (Brookfield, Harlow, UK). The electrical conductivity
of the PEO solutions was obtained using a conductivity meter (Jenway
he electrospinning process.



Fig. 2. Macro- and microstructures (inset) of self-assembled 3-D honeycomb-like
nanofibrous structures obtained for different concentrations of PEO solution:
(a) 12 wt.%, (b) 13 wt.%, (c) 14 wt.% and (d) 15 wt.%.
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3540, Bibby Scientific Ltd, Stone, UK). All the physical properties of
PEO solutions were measured five times and the average value was
determined. During the measurements the equipment was cleaned
with ethanol and distilled water before each reading to avoid errors.

2.2. Electrospinning

The experimental set-up of the electrospinning process used in
this study is shown schematically in Fig. 1. The stainless steel nozzle
with an inner diameter of 0.8 mm and an outer diameter of 1.1 mm
was obtained from Stainless Steel Tubing (Stainless Tube & Needles
Co Ltd, Tamworth, UK). One end of the nozzle was connected to a
plastic syringe with silicone tubing (VWR International Ltd,
Lutterworth, UK). The plastic syringe was clamped onto a syringe
pump (Harvard Apparatus Ltd., Edenbridge, UK) to control the solu-
tion flow rate. The applied voltage was generated by a high voltage
power supply (Glassman Europe Ltd, Bramley, UK) and connected
to the nozzle to change the electric field strength between the orifice
of the nozzle and the substrate. A stainless steel laboratory jack was
used as a substrate supporter and it was grounded. An aluminium
foil wrapped glass microscope slide or the slide on its own was placed
on the surface of the stainless steel to collect the fibres. The working
collection distance between the orifice of the nozzle and the substrate
was varied to obtain different fibre morphologies during the study.
The electrospinning process was carried out inside an insulated
Perspex chamber. A video camera (LEICA S6D JVC-colour) linked to
a DVD video recorder was used to observe the jetting phenomena
during the process. Time of forming the structures was measured
with a stop-watch (Table 1).

2.3. Characterisation of structures

The morphology of the structures produced was analysed visually
using a high definition camera (iPhone 4S), a scanning electron
microscope (SEM, Hitachi S-3400N, allows magnification of up
to ×20,000) and a field-emission scanning electron microscope
(FE-SEM, JSM-6301F, allows magnification of up to ×80,000). The
glass and aluminium slides were coated with gold using a sputtering
machine (Edwards sputter coater S1 50B) prior to observation under
the SEM. The gold was sputtered for 120 s on each sample. The
diameter of the nanofibres and the porous structures was determined
by analysing the SEM images using the programme UTHSCSA (Image
Tool Version 2, University of Texas, USA).

3. Results and discussion

3.1. Concentration of PEO

A flow rate of 20 μl/min and an applied voltage of 9.7 kV were
used to process the 12 wt.%, 13 wt.%, 14 wt.% and 15 wt.% solutions.
The aluminium substrate was placed below the nozzle at a distance
of ~100 mm from the orifice of the nozzle to collect the electrospun
nanofibres. For all three solutions jetting was stable under these con-
ditions and the collection distance was set to 100 mm.

Fig. 2 shows the 3-D self-assembledmacrostructures obtained using
the 12 wt.%, 13 wt.%, 14 wt.% and 15 wt.% PEO solutions. The inset also
shows the corresponding highmagnification images of these. The diam-
eter of the structures decreasedwith an increase in the concentration of
PEO. For the 12 wt.%, the diameter is in the range of ~50–58 mm, for
13 wt.% it is ~48–55 mm, and for 14 wt.% it is ~40–45 mm. For
the 15 wt.% of PEO solution the diameter decreased further to
~30–38 mm. The nanofibrous structures have nano-web meshes
with well-defined boundaries. These are formed by self-alignment
of the nanofibres during the electrospinning process. The bound-
aries consist of polymer beads which are more or less connected
to each other to form the structures. The porous structure exhibits
a polygonal like shape and runs to a depth of ~0.1–1.0 mm below
the surface. The pore size of the honeycombs also changed with
the PEO solution concentration and this is discussed in Section 3.4.

Fig. 3(a)–(d) shows the self-assembled honeycomb-like structures
of the PEO solutions at higher magnifications. In each case bead on
string morphology was observed (Fig. 3(e)–(h)). The bead diameter
was irregular at each PEO concentration. The diameters of the beads
are ~1.6–10.8 μm, ~1.1–2.5 μm, ~2.9–7.3 μm and ~1.4–2.2 μm for
12 wt.%, 13 wt.%, 14 wt.% and 15 wt.% PEO solutions, respectively.
But the total numbers of beads decrease with increasing PEO concen-
tration. These are similar to the observations of Fong et al. [33] and
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Lee et al. [34]. The diameter of the nanofibres ranges from ~50 to
300 nm, ~43 to 454 nm, ~70 to 510 nm and ~90 to 600 nm for
12 wt.%, 13 wt.%, 14 wt.% and 15 wt.% PEO solutions, respectively.
The most characteristic self-assembled honeycomb-like nanofibrous
Fig. 3. Morphology of nanofibres and nanofibrous structures obtained from PEO solutions.
13 wt.%, 14 wt.% and 15 wt.% of PEO solution, respectively. (e), (f), (g) and (h) are high mag
tures at 12 wt.% and 13 wt.%, respectively, obtained using a tilted SEM stage.
structure was achieved at 12 wt.% PEO solution (Fig. 3(a)). In addi-
tion, the time to form this structure decreased with the increase of
viscosity of the PEO solution (Table 1). It was ~720 s for 15 wt.%,
which is nearly half the time taken for the 12 wt.%. Fig. 3(i)–(j)
(a), (b), (c) and (d) are low magnification images of the structures formed at 12 wt.%,
nification images of the corresponding structures. (i) and (j) are 3-D honeycomb struc-
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Fig. 3 (continued).
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shows the 3D honeycomb structures obtained from tilted SEM stage
(34°) for the 12 wt.% and 13 wt.% of PEO solutions, respectively.
The porous structure exhibits a polygonal like shape and runs to a
depth of ~0.1–1.0 mm below the surface.
Fig. 4. Macrostructures of self-assembled 3-D honeycomb-like nanofibrous structures
formed on different substrates using 14 wt.% of PEO (a) aluminium and (b) glass, at
9.7 kV, 20 μl/min flow rate, and 100 mm collection distance.
The polymer concentration has a significant effect on the size of
polymer fibres and beads [31,33,35]. At a lower concentration of poly-
mer, the electrospinning process generates a mixture of fibres and the
beads. At higher concentrations, the nanofibres formed are regular
and have cylindrical morphology [31] and the most likely reason for
this could be the increase in viscosity [33]. In addition, the surface
tension of the polymer solution depends on the type of polymer and
the solvent used [33] and, generally, decreasing the surface tension
of the polymer solution increases the diameter of the electrospun fi-
bres [33]. However, in this work change in PEO concentration did
not cause a dramatic difference to the surface tension (Table 1) in
contrast to the viscosity which increased by over three orders of mag-
nitudes and was the likely reason for the geometrical changes in the
fibre structures.

During electrospinning the electric charges are carried by nanofibres
and the beads. The quantity of charge depends on the size of the fibres
and the beads and larger fibre and bead sizes have higher surface
charges compared to the smaller counterparts [33]. These repel each
other but are attracted to the grounded substrate during deposition.
In addition, the fibres and the beads possess surface tension that wets
and induces sticking together. The competing action of these two forces
leads to self-alignment of nanofibres and consequently they are in a
position to minimise their internal energy. Thus, this self-assembly
leads to well defined characteristic 3-D nanofibrous structures. Over
time, the charge density of the nanofibres increases and therefore the
electrostatic repulsion to the incoming nanofibres increases to prevent
the formation of a honeycomb structure. By invoking the model
proposed by Yan et al. [36], when two or more nanofibres contact
each other at a particular point the surface tension drives the nanofibres
to join each other, on the other hand the electrostatic repulsive force
keeps the fibres away and this leads to partial overlapping of the
nanofibres. An increase in electrostatic repulsive force over time and
the surface tension pushing the nanofibres to contact each other
lead to the formation of the branched nanofibrous structures. The
overlapping of these branched structures at a certain angle forms the
honeycomb structures.
3.2. Collection substrate

An aluminium foilwaswrapped around a standard glassmicroscope
slide and used as one of the substrates, while the glass slide without
wrapping was used for comparison. Fig. 4 shows the nanofibre
morphologies of the 14 wt.% PEO solution deposited on these two
substrates. The diameter of the whole honeycomb-like nanofibrous
structure is ~45.6 mm and ~31.7 mm on the aluminium and the glass
substrate, respectively, while keeping all other parameters the same.
It is showing that varying the collection substrate material and thereby
the substrate electrical conductivity can influence the size of the whole
structure obtained. The structure on the insulating substrate is more
compact than the structure on the more electrically conducting sub-
strate. The results demonstrate that the electric field force strongly in-
fluences the structure configuration [37].

The pore size varied between ~63 μm and ~380 μm on the glass and
~150 μm and ~390 μm on the aluminium. Furthermore, the formed
nanofibrous structures on the glass slide were more regular and visible
than the structure formed on the aluminium (Fig. 4). These results dem-
onstrated that the surface of the substrate has a significant effect on
nanofibre self-assembly. Yan et al. [36] observed that larger pores were
formed on an insulating substrate than on a conducting substrate. On
the other hand, Thandavamoorthy et al. [32] also demonstrated that if
a poor electrical conductor was used as a collector, then the formation
of a well-defined three-dimensional honeycomb-like pattern will be
enhanced. The evolution of pores in these types of structures is
more complicated and dependent on many factors, as explained in
Section 3.4.

image of Fig.�3
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Fig. 5. SEM images of self-assembled 3-D honeycomb-like nanofibrous structures collected on aluminium with different collecting distances for PEO concentrations of 12 wt.% and
14 wt.% while keeping other parameters (listed above) constant. For 12 wt.% PEO, the collection distance was (a) 80 mm, (b) 85 mm and (c) 90 mm. For 14 wt.% of PEO corre-
sponding values were (d) 95 mm, (e) 100 mm and (f) 150 mm.
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3.3. Collection distance

The working or collection distance between the orifice of the noz-
zle and the substrate was varied to study its effect on the formation of
the structures. For this purpose PEO solutions with a concentration of
12 wt.% and 14 wt.% were chosen. It was found that different concen-
trations of PEO solution have their optimum collection distance to
form the most well-defined three-dimensional honeycomb-like
structures. The 12 wt.% PEO solution starts to form the structure
when the collection distance was ~80 mm. However, the 14 wt.% of
PEO solution is able to generate the structure at ~100 mm (Fig. 5).
Characteristic hexagonal pores were obtained when the collection
distance was ~85 mm and ~100 mm for 12 wt.% and 14 wt.%, respec-
tively (Fig. 5(b) and (e)). It is also clearly seen that the nanofibres
haven't had enough time to evaporate and dry out to form the struc-
tures when the collection distance is below the optimum collection
distance (Fig. 5(a) and (d)). On the contrary, increasing the collection
distance above the optimum collection distance has allowed wet

image of Fig.�5
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nanofibres more time to dry out and form a shallow porous wall
(Fig. 5(c) and (f)). Luo et al. [38] reported that increasing the collec-
tion distance decreased the electric field strength and this offers
more spinning time for nanofibres thus leading to a solidification of
the nanofibres before touching the substrate. These results are also
consistent with the results of Yan et al. [36] who explained that in-
creasing the collection distance offers more time for the evaporation
of the solvent and eventually leads to the solidification of nanofibres.

Fig. 5(a) shows that walls of each pore are fragmentary and more
pronounced beads were randomly distributed. This is because the
collection distance hasn't given enough time for evaporation of the sol-
vent from the wet nanofibres. A similar observation was found for the
14 wt.% PEO solution at a collection distance of 95 mm (Fig. 5(d)). At
a concentration of 12 wt.%, the pore sizes varied between ~110 and
570 μm, ~185 and 582 μm and ~200 and 780 μm for collection
distances of 80 mm, 85 mm and 90 mm, respectively. This shows that
increasing the collection distance increases the pore sizes. In addition,
when the concentration is 14 wt.%, the pore size is in the range of
~60–260 μm and ~110–460 μm for collection distances of 95 mm and
100 mm, respectively. These results demonstrate that the collection
distance influences the pore size of the honeycomb-like structures.
However, the pores are not apparent when the collection distance is
150 mm (Fig. 5(f)). In addition, it was also observed that by reducing
the collection distance below the optimum value resulted in wetting
of the substrates. A characteristic polygonal shape was formed when
the collection distance is set at an optimum height.

3.4. Pore size

The pore size variation in the structurewith different variables of the
electrospinning process is shown in Fig. 6. It is noteworthy that the
molecular weight of the PEO used will affect the characterisation of
0

100

200

300

400

500

600

80 85 90

Collection distance (mm) 

Po
re

 s
iz

e 
(µ

m
) 

12wt% (c) 

Polymer concentration (wt%)

Po
re

 s
iz

e 
(µ

m
) 

(a) 

Fig. 6. Pore size in the honeycomb-like structures with respect to (a) concentration at 9.7 kV
flow rate, and 100 mm collection distance; (c) and (d) collection distance, flow rate in both
to 8.0 kV, and 90 mm to 8.1 kV; for 14 wt.% PEO, 97 mm collection distance corresponds to
the fibres generated [38] and therefore the features of the honeycomb
structure, in particular the pore size can be changed by selecting a
PEO polymer with a different molecular weight. The 12 wt.% PEO solu-
tion shows an average pore size of 436 μmwith a standard deviation of
184 μm.On the other hand, the 13 wt.% PEO shows an average pore size
of 301 μm with a standard deviation of 168 μm. The 14 wt.% PEO solu-
tion results in an average pore size of 218 μmwith a standard deviation
of 59 μm. Thus, pore size is halved for this concentration compared to
12 wt.%. An average pore size of 224 μm was obtained for the 15 wt.%
PEO solution, a slight increase compared with 14 wt.%. The addition of
NaCl crystals to polymer solutions can give an increase in pore size
[39]. In fact, here the average pore size increased by an order of magni-
tude. However, the addition of carbon nanotubes to polymer solutions
showed amaximum porosity of the nanofibrous structures at a particu-
lar concentration [40]. Generally, the addition of NaCl to polymer solu-
tions will increase the electrical conductivity due to incidental ionic
species [41]. Similarly, addition of carbon nanotubes to polymer solu-
tion changes the solution conductivity and imparts a greater tensile
force which increases stretching and splitting of the jet. This will have
an effect on the spontaneous alignment of the structures. Consequently,
this will have an influence on the pore size of the nanofibrous struc-
tures. Even though there are no NaCl crystals or carbon nanotubes in
the polymer solutions used in the presentwork, an increase in electrical
conductivity was observedwith the increase in polymer concentrations
(Table 1).

A pore size of 165 μm was obtained for the glass substrate while a
pore size of 219 μm was observed for the aluminium substrate. Yang
et al. [42] reported that the collection substrate has an influence on
porosity and close arrangement of nanofibres. A decrease in pore
size has been observed with decreasing electrospinning voltage
[36]. Similarly, Touny and Bhaduri [43] reported more pore formation
and the presence of larger diameter nanofibres with increasing
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voltage. In this work, the spinning voltage is kept constant for the two
cases illustrated in Fig. 6(b). However, the generated electric field
lines will be different for the insulating substrate and conducting sub-
strate, and create a different alignment and packing of fibres leading
to a different variation in the pore size. The pore size variation with
the collection distance is shown in Fig. 6(c) and (d) for 12 wt.% and
14 wt.% PEO. In both cases, increasing the collection distance in-
creased the pore size. The pore size is varied from 210 μm to
360 μm at 12 wt.% PEO and 180 μm to 270 μm at 14 wt.% PEO. This
is because at the shorter distance the nanofibres are wet and stick
to each other. However, at the longer distance they are drier and do
not merge together. In addition, the electrospinning process takes
place over a shorter time period at the shorter working distances.
Therefore, the dissipation of heat is less at shorter working distances
and can lead to a change in the morphology of the nanofibres and the
nanofibrous structures [43].

4. Conclusions

This investigation was carried out because well-defined unique
honeycomb structures are promising candidates for cell adhesion,
proliferation and differentiation. The effects of the electrospinning
process control parameters and the concentration of polymer solu-
tion on the morphology of three-dimensional self-assembled PEO
honeycomb-like structures have been investigated. The formation of
the structures is influenced significantly by the concentration of PEO
solution, collecting substrate and collection distance. The nanofibre
diameter and the porosity have increased with the polymer concen-
tration. The collection distance had a remarkable effect on the mor-
phology of these nanofibrous structures where there is an optimum
distance needed to form the honeycomb-like structures. For 12 wt.%
of PEO solution the optimum distance was ~80–90 mm. On the con-
trary, for 14 wt.% of PEO solution the optimum distance was ~90–
100 mm. The collecting substrate had a noticeable influence on the
formed microstructures and these are mainly attributed to the com-
peting action of electrostatic and surface tension forces.
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