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ORIGINAL ARTICLE

Electrospun porous bio-fibre mat based on polylactide/natural
fibre particles

Emmanuel I. Akpana, Oluwashina Philips Gbeneborb , Ese A. Igogorib, Abraham K. Aworindec,
Samson O. Adeosunb and Samuel A. Olaleyed

aDepartment of Material Science, Institute for Composite Materials Technical University, Kaiserslautern, Germany; bDepartment of
Metallurgical and Materials Engineering, University of Lagos, Lagos, Nigeria; cDepartment of Mechanical Engineering, Covenant
University, Ota, Nigeria; dDepartment of Mechanical Engineering, University of Lagos, Lagos, Nigeria

ABSTRACT
A fully bio-based highly porous bio-fibre mat from polylactide (PLA) and bagasse particles
(BCp) composite have been investigated for scaffold applications. PLA and BCp were mixed
in varying proportions in dichloromethane (DCM) and electrospun (with specific machine
parameters) into fibres at varying spin angles (30�, 45� and 90�). A constant weight fraction
of BCp (5wt. %) was used to form solutions with varying concentrations 0.09–0.14 g/ml
which were then electrospun into fibres. Mechanical, moisture resistance and morphological
characteristics of the fibres were examined. Results reveal that a combination of specific fibre
reinforcement, spinneret angle and solution concentration produced a highly porous fibre
mat. The presence of the BCp in the electrospun PLA fibre enhanced the fibres’ tensile
strength. The study also reveals that fibre mechanical and physical properties are dependent
on the spinneret angle and solution concentration.
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1. Introduction

Electrospun micro- and nanofibre scaffolds can be
used to reproduce the extracellular matrix (ECM)
structure of natural tissues (Asran, Salama, Popescu,
& Michler, 2010). This makes the use of electrospin-
ning in biomaterials research of most importance. It
has been established that solvent concentration and
spin angle affects the properties of electrospun
fibres (Asran et al., 2010). In our earlier studies it was
shown that controlling the solution concentration
leads to control of the fibre diameter and surface
morphology (Adeosun, Akpan, Gbenebor, Peter, &
Olaleye, 2016a). In another study, it was also shown
that addition of particles can lead to the formation
of porous fibre network structure (Adeosun, Akpan,
Gbenebor, Peter, & Olaleye, 2016b; Adeosun, Taiwo,
et al., 2016c). These porous materials are capable of
absorbing water and other solvents making them a
potential for application in drug delivery applications
(Adeosun, Akpan, Gbenebor, Peter, & Olaleye, 2016b).
Other researchers have shown that modifying the elec-
trospinning setup can lead to the production of scaf-
folds tailored to meet the requirements of specific
tissues (Teo, He, & Ramakrishna, 2006). Core-shell struc-
tures (Ji et al., 2011), ultrathin fibre diameter (Ji et al.,
2011), random oriented fibre mats (Dotti et al., 2007),

oriented nano-fibres and fibrous mats (Zhu, Cui, Li, &
Jin, 2008) have been obtained by electrospinning. Of
the various fibre networks formed by electrospinning,
fibrous mats have shown potential as effective scaf-
folds in tissue engineering (Zhu et al., 2008). Highly
porous 3D structures with large surface to volume
ratios with suitable properties are useful in a variety of
applications, namely antibacterial surfaces (Ji et al.,
2011), scaffolds (Miao et al., 2011), and wound dressing
applications. This makes the production of a highly
porous structure a necessity in biomedical engineering.
However, the basic challenge is the design of a highly
porous three-dimensional (3D) network that can mimic
the structure and biological functions of the natural
ECM. Small pores brought about by densely packed
fibres hinder cell infiltration and tissue ingrowth (Wu &
Hong, 2016). Zhu et al. (2008) showed that this highly
porous scaffold provides mechanical support for cells
and helps to maintain a uniform distribution.
Therefore, it is very necessary to develop techniques
that will produce relatively large pores within the elec-
trospun fibrous mat. Kidoaki, Kwon, and Matsuda
(2005) and Nam, Huang, Agarwal, and Lannutti (2007)
investigated the increase in pore size of electrospun
fibres and showed that creating large pores or soften-
ing the fibre network will lead to a decrease in mech-
anical stability and support. A structure that will
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increase pore percentage but maintains the mechanical
stability and support is necessary. From a mechanics
point of view, honeycomb structure provides better
mechanical stability and increased porosity. In an
attempt to improve on the porosity of fibre mat pro-
duced via electrospinning of natural fibre filled net-
work structure, we realised that controlling the
solution concentration, spin angle and machine param-
eters can lead to the formation of a porous fibre mat
with a honeycomb-like structure. This article reports
the development of a porous structured material made
from PLA-BCp composite. Solution concentration and
spinneret angle were varied to find the combination
that will lead to the formation of the porous structure.

2. Materials and methods

2.1. Materials

Corn starch–sourced PLA pellets with average molecu-
lar weight 250,000g/mol (Mw) and density of 1.25g/
cm3 were purchased from NatureWorks, Suzhou, China.
Bagasse was obtained from a local community in
Lagos, Nigeria. The obtained bagasse chaff was dried
in an oven at 80 �C for 24hours. The dried particles
were milled to 150mm using a ball mill. DDCM, 96%
(v/v) with a density of 1.29g/cm3 was purchased from
Fanor Agencies Limited, Lagos, Nigeria.

2.2. Electrospinning

The electrospinning was done with a constant voltage
of 26 kV with spinneret inclination of 30, 45 and 90� at

room temperature. A stationary aluminium plate kept
at 171mm from the tip of the spinneret was used as
the collector. A constant weight fraction of the BCp
(5wt. %) was mixed with varying composition of DCM
and PLA to produce solutions with viscosities in the
range 0.11–0.14g/ml. Unreinforced PLA was also elec-
trospun under the same conditions.

2.3. Thermogravimetric analysis (TGA)

Thermal stability of the samples was studied using
TGA (Shimadzu-DTG-60). Measurements were carried
out using 8–10mg samples put in an aluminium pan
and heated from 25 �C to 600 �C at 10 �C/min in a
nitrogen atmosphere, using a gas purge rate of 50ml/
min. Thermo Gravimetric (TG) and Differential Thermo
Gravimetric (DTG) curves were plotted from the results.

2.4. Differential scanning calorimetry (DSC)

Thermal characteristics of 7–8mg of the electrospun
samples were determined using a Differential Scanning
Calorimetry (DSC) device (Mettler Toledo equipment,
DSC1 Star system) operated from 25 to 250 �C at 10 �C/
min. High-pressure pans were used for the test, and
heat flow was measured as a function of the tempera-
ture and time. Samples of 7–8mg weight were heated
from 25 to 250 �C at a heating rate of 10 �C/min

2.5. Scanning electron microscopy (SEM)

The effect of processing on fibre morphology was
studied using an ASPEX 3020 model SEM, located in

Figure 1. Effect of solution concentration on structure formation (a) 0.10 g/ml, 45� and (b) 0.12 g/ml, 45�(c) 0.13 g/ml, 45�

(d) 0.14 g/ml, 45�.
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Covenant University Ota, Nigeria. It operates with a
15 kV electron intensity beam equipped with Noran-
Voyager energy dispersive spectroscope.

2.6. Water absorption test

Water absorption capability of fibre composites was
studied at two temperatures (room temperature and
70 �C). For room temperature test, electrospun fibres
were weighed and immersed in 50ml of water for
four days. The samples were then removed from the
water, cleaned and re-weighed. A test at 70 �C was
conducted by immersing a previously weighed sam-
ple in a water bath and allowed to stand for two
hours. The samples were then removed, cleaned
and reweighed.

2.7. Tensile test

Tensile test of electro-spun fibre composite speci-
mens (30� 50mm) was performed using an Instron
Model 313 with bluehillTM version 1.00 software
located at Centre for Energy Research and
Development, Obafemi Awolowo University, Ile-Ife,
Osun State, Nigeria.

3. Results and discussion

3.1. Mophorlogy of elctrospun samples

In Figures 1 and 2, the different morphological struc-
tures of the samples with processing parameters are
shown. It is evident that changing the solution con-
centration and spinneret angle significantly affects
the structural formation. It is observed that some
combinations of solution and process parameters
prompt the formation of bio-fibre mat while others
cause the formation of fibre network structure.
Figures 1(a and b) show that spinning at 45� for con-
centrations of 0.1 g/ml and 0.12 g/ml, would produce
a porous mat structure with significant defects.
Porous honeycomb-like fibre mats are formed using

0.12 g/ml at 45� and 0.13 g/ml solution concentra-
tion at 30� spinner angle. Increase in the concentra-
tion to 0.13 g/ml leads to the formation of a highly
interconnected network fibre structure. However, fur-
ther increase in concentration leads to the formation
of a mat structure with few defects. These results
show that with low solution concentration, bio-mats
are formed but with high solution concentration,
network fibre structures are produced. The study
goal was to form a fine porous 3D structure that can
serve as soft tissue for wound dressing applications.
This is achieved with a solution concentration of
1.2 g/ml at an angle of 45� (see Figure 1(b)). Highly
porous 3D structures with large surface to volume
ratios are useful in a variety of applications such as
antibacterial surfaces (Ji et al., 2011), scaffolds (Miao
et al., 2011), and wound dressing applications. This
makes the production of a porous structure a neces-
sity in biomedical engineering. The figure also shows
that at low spin angles (30�) micro sized fibres are
formed, but at high spin angles (90�), spray sheets
are formed. Figure 3 shows that virgin PLA electro-
spun did not produce honeycomb structure. This is
an indication that the presence of particles is instru-
mental to the formation of a porous structure.
Generally, it is observed that the 0.13 g/ml unre-
inforced PLA fibres spun at 90� (Figure 3(a)) have
near uniform diameter without beads and relatively
smooth surfaces. The fibres of 0.14 g/ml at 90�

(Figure 3(b)) have near uniform diameter with a
rough surface, while fibres at 45� of 0.12 g/ml and
30� of 0.12 g/ml have uniform densely knit fibres
with near uniform diameters (Figure 3(c and d)). In
our earlier studies, we reported the formation of nat-
ural fibre particle filled micro and nano-sized electro-
spun fibres suitable for scaffold applications.
Bognitzki et al. (2001) reported the presence of
pores and dimples on electrospun fibres and pro-
posed phase separation as the main mechanism for
the formation of pores and dimples on the fibre sur-
face. Megelski, Stephens, Chase, and Rabolt (2002)
also reported that increase in humidity can cause

Figure 2. Effect of different parameter combinations (a) 0.11 g/ml, 90� (b) 0.13 g/ml, 30�. N/B: Sample designation represents
solution concentration, spinneret angle.
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pore formation on the surface of the fibres.
However, there has not been any report of the for-
mation of porous mat-like network structure with
electrospinning. The structural difference arising
from the difference in tilt angle is an indication that
despite the use of a needle pump, the tilt angle has
a substantial effect on the feed rate of the solution.

3.2. Tensile test

3.2.1 Effects of processing parameters on tensile
properties of electrospun fibre
Figure 4 shows the effect of solution concentration
on the tensile strength of the spun fibres. It is evi-
dent from the figure that tensile strength of the

resulting material is strongly dependent on the solu-
tion concentration and spinneret angle. This is in
line with the report of Gazquez et al. (2017), which
identified solution concentration as one of the fac-
tors affecting the outcome of electrospinning. For
samples processed at 30�spinneret, the tensile
strength tends to decrease with increase in solution
concentration. However, for 45� and 90� spinneret
inclinations, the tensile strength increases initially
with increase in concentration to a maximum but
decreases with further increase in concentration. This
is an indication that there is a threshold concentra-
tion where the electrospinning behaviour of the
composite changes. This threshold concentration is
dependent on the spinneret angle and in this study

Figure 3. Processed PLA fibres (a) 0.13 g/ml, 90� (b) 0.14 g/ml, 90� (c) 0.12g/ml, 45� (d) 0.12 g/ml, 30�. N/B: Sample designa-
tion represents solution concentration, spinneret angle.

Figure 4. Effect of solution concentration on tensile strength of electrospun fibres.
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it occurs at 0.12 g/ml and 0.13 g/ml for 45� and 90�

spinneret angles, respectively
The decrease in tensile strength after the thresh-

old solution concentration was exceeded may be
attributed to the increase in diameter of each fibre
produced (Amariei, Manea, Bertea, Bertea, & Popa,
2017; Butcher, Ching, & Oyen, 2017; Siimon,
Moisavald, Siimon, & Jarvekulg, 2015) and the forma-
tion of defects (see Figure 1). Thus, higher concen-
trations enabled the formation of defects prone
structure. It has been established that

electrospinning solutions with concentrations
beyond the threshold will become difficult (Amariei
et al., 2017; Huan et al., 2015) resulting in defective
fibre. Tarus, Fadel, Al-Oufy, and El-Messiry, (2016)
noted that low concentration helps beads formation,
which are detrimental to fibre strength. However,
after the threshold concentration the fibres increase
in aspect ratio and diameter but with a decrease in
strength. The highest tensile strength (11MPa) is
exhibited by the honeycomb structure realised by
processing with a solution concentration of 0.12 g/ml

Figure 5. Tensile energy of break of electrospun fibres.

Figure 6. Effect of spin angle on the tensile strength of electrospun fibres.

Figure 7. Effect of spin angle on the tensile energy at break of electrospun fibres.
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at 45� spinneret angle. This relatively high tensile
strength compared to others is due to the 3D
honeycomb structure of the fibre produced. Recent
results on microcrystalline cellulose electrospun PLA
fibres presented by Gaitan and Gacitua, (2018) are
lower than those obtained in this study at the same

filler weight fraction. Chen and Liu (2008) also
obtained lower tensile strength at the same filler
weight fraction using cellulose nanocrystals soybean
protein fibre. Results obtained from this study are
found superior to our earlier report on palm fruit
bunch and groundnut shell filled electrospun fibres

Figure 8. Effect of fibre addition on tensile strength of electrospun fibres.

Figure 9. Effect of fibre addition on tensile energy at break of electrospun fibres.

Figure 10. Effect of fibre addition on Strain at maximum load of electrospun fibres.
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(Adeosun, Akpan, Gbenebor, Peter, & Olaleye, 2016b;
Adeosun, Taiwo, et al., 2016c). This improved result
is attributed to the effect of reinforcement particles
on the fibres and the structural stability imparted
through synergy between process and material
parameters. Thus, composite in this study can serve
as soft tissues materials as it is biocompatible and

would be preferred to fossil-based composites.
Another important note from Figure 4 is the differ-
ence in tensile strength with spinneret angle. With a
low solution concentration, small tilt angle produces
fibres with the best tensile strength. But with high
solution concentration and 45� tilt angle, the highest
tensile strength fibre is produced. This indicates that

Figure 11. Water absorption of fibres at room temperature.

Figure 12. Water absorption behaviour of composites at elevated temperature.

Figure 13. Effect of spinneret angle on thermal degradation.
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small tilt angles favour the feed rate of low solution
concentration but when the solution concentration
increases, higher tilt angle favours the feed rate.

Materials for internal body fixation should with-
stand long term loading effect without failure and
this makes it necessary to examine the fibres’ tensile
energy at break (TEB). However, these materials
under study are not bulk composites and therefore,
the use of conventional testing methods for tough-
ness evaluation cannot be applied. However, tensile
energy at break (TEB) is always used as an alterna-
tive measurement. TEB is an indication of the total
energy absorbed per unit volume of the material up
to the point of rupture. It is a measure of the tough-
ness of a material under tensile loading (Adeosun,
Akpan, Gbenebor, Peter, & Olaleye, 2016b). Figure 5
shows the variation in TEB with an increase in solu-
tion concentration and spinneret angle. TEB is found
to be strongly dependent on the spinneret angle
and solution concentration as it increases with an
increase in solution concentration to a maximum
before falling with a further increase in solution con-
centration. For spinneret at 45�, the peak TEB (0.07 J)
appears at 0.12 g/ml solution concentration and is
consistent with results of tensile strength. This is the
highest TEB recorded for all the samples and there-
fore corroborates the fact that the honeycomb-like
structure exhibits greater resistance to rupture. This
result is superior to those of groundnut shell and
palm fruit bunch filled electrospun fibres reported in
our previous studies (Adeosun, Akpan, Gbenebor,
Peter, & Olaleye, 2016b; Adeosun, Taiwo, et al.,
2016c). This confirms that electrospinning at 45�

inclination produces fibres with higher strength than
at 30

�
and 90�.

It is observed that the material yield strength
coincides with the tensile strength (Figure 6), and
thus, it is important to look at the material strain
resistance before yield. Figure 7 shows the influence
of solution concentration and spinneret angle on the
strain at maximum load. The strain does not show a
defined pattern in relation to solution concentration.
But, it is noted that nearly all the composites extend
for at least 2% before yielding. This is important as
some part of the body undergo continuous move-
ment and may exert strain on the material if used as
implants. A similar scenario is noted for ductility in
Figure 7 where the composite fibres extend by
about 10% before fracture. The highest ductility
(32%) is exhibited by the sample produced using
0.13 g/ml solution concentration at 30� spin angle.
The high fibre ductility and tensile energy at break
(Figure 5) is attributed to the highly interconnected
fibre network structure (Figure 2(b))

3.2.2. Effect of fibre BCp content on elctro-
spun PLA
Figure 8 indicates the effect of BCp addition on the
tensile strength of the electrospun materials. A very
large increase in tensile strength occurred owing to
the addition of BCp in all cases. Tensile strength is
found to increase by 530, 580 and 280% at 30�, 45�

and 90� spinneret angles, respectively. The highest
improvement in tensile strength of composite fibre
is noted at 45� followed by that obtained at 30�.
This improvement in tensile strength is attributed to
the presence of bagasse particles in the PLA matrix.
As noted earlier, the honeycomb-like structure in 45�

formed fibre composite is responsible for the high
tensile strength shown by this material. These results
are superior to that reported by Liu et al. (2016) for
graphene filled electrospun PLA fibre mat, those
reported for palm fruit bunch and groundnut shell
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Figure 14. Effect of spinneret angle on thermal properties.

Table 1. Thermal degradation parameters.

Sample
TOnset
(�C)

Tendset
(�C)

DTGmax

(�C)
Residue
(%)

Max.
Degradation (%)

30� 327.00 363.00 347.72 3.48 94.11
45� 338.18 373.63 368.85 1.45 95.82
90� 325.87 366.71 354.69 2.47 95.92
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filled electrospun materials (Adeosun, Akpan,
Gbenebor, Peter, & Olaleye, 2016a; Adeosun, Akpan,
Gbenebor, Peter, & Olaleye, 2016b) and compares
favourably and even higher than those of PCL and
PLA reported by Kancheva, Toncheva, Manolova, and
Rashkov, (2015) and Chou and Woodrow (2017). As
stated earlier the results obtained in this study are
better than those of pure cellulose micro and nano-
crystalline filled PLA fibre and fibre mats. This thus
indicates treatment of the fibres may not be neces-
sary when there is synergy between electrospinning
parameters used.

Figure 9 shows that unreinforced PLA fibres pos-
sess superior TEB at 45� spin angle. Composite fibre
spun at 45� has a porous structure (Figures 1 and 2)
while the unreinforced fibre possesses an intercon-
nected network. For other spin angles (30

�
and 90�),

the reinforced PLA fibres possess higher TEB com-
pared to the unreinforced. Figure 10 reveals a large
difference between the strain at maximum load for
reinforced and unreinforced fibres. In all cases, the
virgin PLA fibres possess the highest strain. This is
attributed to the presence of homogeneous fibres
structure as previous studies have shown that
inhomogeneity of fibre matrix owing to particle add-
ition decreases composite ductility (Adeosun, Akpan,
Gbenebor, Peter, & Olaleye, 2016b).

3.3. Water absorption

In Figures 11 and 12 the rate of water absorption by
the fibres at room temperature and 70�, respectively,
are shown. Figure 11 shows the dependency of
water absorption capability on solution concentra-
tion and spinneret angle. At room temperature,
water absorption decreases with increase in solution
concentration at all spinneret angles. This indicates
that with higher solution concentration the compos-
ite fibre forms a more compact structure with reduc-
tion in void spaces required for water absorption. On
the other hand, samples processed with 45� spin-
neret angle exhibit the lowest water absorption in
all cases. The highest water absorption is shown by
the samples spun at 90�. Figure 12 shows a signifi-
cant effect of elevated temperature on the water
absorption behaviour of the fibres. Generally, all the
fibre samples show increase in water absorption
with increase in temperature. It is important to note
that the sample with 0.12 g/ml and 45� has a low
capacity for water absorption.

3.4. Thermal properties

The thermo gravimetric (TGA) experiments were run
to determine the thermal stability of the formed por-
ous PLA-based fibre mat. Figure 13 shows the

difference in thermal degradation of the spun sam-
ples with respect to the spinneret angle. The mass
loss occurred in two stages: the first one refers to
the loss of moisture, solvent, and structural water
(25–100 �C) which in this case is negligible; the
second is attributed to the thermal degradation of
the fibre network structure (300–400 �C). These
results are consistent with the findings of Torres-
Giner, Gimeno-Alca~niz, Ocio, and Lagaron (2011) and
Tammaro et al. (2014). From Table 1, fibre samples
produced at 45� spinneret angle demonstrate higher
onset of degradation and DTG maximum than those
at 30 and 90�. On the other hand, it also possesses
the lowest residue. The residue may be because of
the particles added to the polymer. This superior sta-
bility is achieved due to the stability of the structure
formed during the electrospinning.

Figure 14 shows the DSC thermogram of the elec-
trospun PLA mat at different spinneret angles. The
Tg of the processed samples are the same (70.33 �C)
but a lower value is obtained for the unreinforced
samples. The Tg of the BCp filled electrospun mat
reported here are superior to those reported in lit-
erature (Chen, Tsai, & Yang, 2011). This may be
attributed to the combined effects of the fibres and
the network structure produced because of the elec-
trospinning. Cold crystalline peak located at 101 �C is
noted for the sample processed at 45�. This does
not appear in any other sample. The presence of
cold crystallisation has been attributed to freezing of
the crystallisation before completion by the removal
of solvent from the spun fibre (Chen et al., 2011;
Inai, Kotaki, & Ramakrishna, 2005; Tsuji et al., 2006).
It is also noted that this material possesses the low-
est crystallinity probably due to the presence of the
cold crystallisation. Thus, the porous mat produced
by electrospinning using 0.12 g/ml solution concen-
tration at 45� spinneret angle possesses a structure
different from the others.

4. Conclusion

A porous fibre mat with a honeycomb structure has
been fabricated by electrospinning in this study.
Results show that the spinneret angles, solution con-
centration and particle addition have significant
effects on the formation of the structure. The use of
45� spinneret angle and 0.12 g/ml solution concen-
tration enabled the formation of the honeycomb
structure. Low solution concentration with low spin-
neret angle enhances the formation of a mat, and
network fibre structures are obtained using high
solution concentration with high spinneret angle.
Neat PLA forms a network of fibres different from
particle filled fibres, which indicates that the pres-
ence of particles is instrumental to the formation of
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the mat structure. The sample with the honeycomb
structure possesses the highest tensile strength and
superior thermal properties coupled with a cold crystal-
line peak, which is absent in others.
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