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ABSTRACT

Electrospinning is a versatile and popular method for the fabrication of ultrafine fibers and many parameters in
electrospinning can be adjusted when ideal micro/nanofibers are required. In particular, the selection of a proper
solvent condition is a fundamental and crucial step to produce electrospun ultrafine fibers. In this study, a com-
monly used biomaterial, polylactic acid (PLA), was dissolved in 7 different solvents and PLA micro/nanofibers
were prepared by electrospinning. The morphology, porosity, mechanical property and static contact angle were
characterized to determine the quality of the obtained product. The results show that different solvent conditions
have a significant effect on both the diameter, surface smooth degree of PLA micro/nanofibers and the properties
of the fibrous membranes.
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1 Introduction

Fibers are continuously solid state but soft materials, which are featured by high flexibility and length to
diameter ratio [1]. Ultrafine fibers are usually defined as fibrous structures with diameters around or below the
micro-scale range. Due to the intrinsic properties such as tiny diameter, high specific surface area and small pore
size with high porosity, ultrafine fibers especially nanofibers have been widely used in diverse fields including
filtration and separation, drug delivery and tissue engineering, energy and electronics, etc. [2—4].

Electrospinning, including a simple and favorable method called bubble electrospinning for the mass-
production of nanomaterials [5], has attracted many interests in the fabrication of micro/nanofibers
because of its advantages in processing various materials and its ease in operation as well as its low cost
in the manufacture setup. As an ideal method of fabricating continuous micro/nanofibers, electrospinning
or bubble electrospinning makes use of a high voltage to overcome the surface tension of polymers or
polymer bubbles. The electrostatically charged polymer or the ruptured bubble is extremely stretched into
micro/nanofibers under high electric field force. Finally, the resulting micro/nanofibers are deposited and
collected on the grounded electrode with the evaporation of solvent [6—8].

It is well known that there are several factors including polymer properties, processing parameters and
environmental conditions [9], having critical effects on the micro-structure and properties of electrospun
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micro/nanofibers in the electrospinning process. In particular, choices of solvents for polymer dissolution
have a crucial influence on the properties of electrospinning solutions, which determine the spinnability,
morphology of products like the fiber diameter and structure, the relationship between fibers, the porosity,
and mechanical properties of micro/nanofibrous membranes [10,11]. For example, Wannatong et al. [12]
used six solvents with different properties for the preparation of electrospun polystyrene fibers and
reported that polystyrene fiber diameter decreases with increasing solvent boiling point. Guerrini et al.
[13] evaluated the influence of different solvents or mixtures on the morphology of pullulan nanofibers
and found solvents and solvent mixtures were closely related to the morphology and diameters of the
nanofibers. In addition, Peng et al. [14] developed a Richford-Rice like equation and discussed the
influence of rapid solvent evaporation on the fiber morphology in the bubble electrospinning, which
provided a theoretical model for multi-solvent solutions.

Recently, there is a growing focus on the research of PLA which is one of the most promising
biomaterials and PLA has been regarded as the most commercially available and biodegradable
thermoplastic polymer [15,16]. Because PLA has been officially approved by the Food and Drug
Administration (FDA), PLA micro/nanofibers has been extensively used for the drug delivery, wound
dressings and tissue scaffold [17-19]. However, the intrinsic brittleness, hydrophobic surfaces, acidic
degradation of PLA micro/nanofibers induces poor mechanical properties which limits its use in lots of
aspects. Hence, it is absolutely necessary to enhance the mechanical performance of PLA
micro/nanofibers to meet practical and desired requirements [20—23]. Several scientific papers [24-26]
have indicated that PLA can be well dissolved in some organic solvents like dichoromethane (DCM),
chloroform (CF), acetone, N,N-Dimethylformamide (DMF) and Dimethylacetamide (DMA). For
example, Liu et al. [27] used a binary solvent of DCM with high vapor pressure and DMA with low
vapor pressure for the fabrication of electrospun PLA porous nanofibers and found phase separation
occurred due to solvent evaporation, leading to different fiber diameters and pore sizes. So it is a good
strategy to change the solvents or ratios of solvent mixtures to obtain different micro-structures and
properties of micro/nanofibrous membrances, as properties of spinning solutions which play a key impact
on the electrospinning are strongly dependant on the type of solvents.

In this paper, DCM, CF and DMF were selected and mixed to prepare different spinning solutions. In
addition, the influence of solvent choice on PLA micro/nanofibers’ morphology and properties were
investigated.

2 Materials and Methods

2.1 Materials

PLA (Type: 4032D) was purchased from NatureWorks, USA. DCM and CF were purchased from
Tianjin Damao Chemical reagent factory, China. DMF and ethanol were purchased from Tianjin Kaitong
Chemical reagent factory, China. Calcium chloride (CaCl,) was purchased from Tianjin Zhiyuan
Chemical reagent factory, China. All raw materials were AR grade and used as received. PLA was
vacuum dried before use.

2.2 Preparation of the PLA Micro/Nanofibrous Membranes

In order to investigate the effect of different solvents on the spinnability, morphology and properties of
PLA micro/nanofibers, 6% PLA solutions were dissolved in seven different solvents or solvent mixtures,
respectively. Besides, it is reported that the addition of inorganic salts will be in favor of electrospinning
process and can effectively eliminate the beaded fibers due to increasing the conductivity of polymer
solutions [28], so CaCl, was added in S7 compared with S6 to study whether the morphology and
properties of obtained outcome change. The specific formulation of the electrospinning solutions in this
paper was listed in Tab. 1. Each solution was stirred for 4 h at room temperature to form the final
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well-dissolved solution. Then, the corresponding solution was fed into a 10 mL plastic syringe controlled by a
syringe pump at a feeding rate of 0.5—1.0 ml/h. The needle was subjected to a high-voltage DC power of 15 kV
and the collector for the deposition of resultant fibers was positioned 15 cm away from the needle tip. All
experiments were carried out for 6 h in a chamber with relative humidity (RH) 50% at room temperature.
Further, the micro/nanofibrous membranes were vacuum dried for 12 h to remove any residual solvent.
Finally, all samples with different solvent parameters were labeled as shown in Tab. 1, respectively.

Table 1: The sample formulation of spinning solutions with different solvent parameters

Sample number Solution concentration Percentage of different solvents
CF DCM DMF Ethanol CaCl,
S1 6% PLA 100%
S2 6% PLA 90% 10%
S3 6% PLA 80% 20%
S4 6% PLA 100%
S5 6% PLA 90% 10%
S6 6% PLA 90% 10%
S7 6% PLA 85.7% 9.5% 4.8%

2.3 Characterization and Measurements

All samples from the electrospun micro/nanofibers were mounted on a copper plate and sputter-coated
(X-MAXS50, Oxford, UK) for 90 s with a gold layer 20-30 nm thick prior to imaging (Quanta-450-FEG,
Oxford, UK). The morphology was observed using a scanning electron microscopy (SEM) at 20°C, 60%
RH. In order to display the diameter distribution and the average diameters, the micro/nanofibers were
measured from randomly collected SEM images by means of the ImageJ software and expressed as mean
+ standard deviation (SD).

The micro/nanofibrous membranes (50 mm x 10 mm) were put before all tests in standard conditions (20
+ 2°C, RH 65 + 5%) for 24 h, and then measured on a mechanical testing instrument (Instron 3365, USA)
equipped with a 2 cN load at a 10 mm/min stretching speed. The clamping length was 20 mm. The results
were the average tensile data from at least five specimens. The breaking stress and breaking elongation of all
samples were calculated according to the following equations:

the breaking strengh (N)

The breaking stress(MPa) =
¢ breaking stress(MPa) membrane thickness (mm) x membrane width (mm)

(1

the breaking length
The breaking elongation(%) = thz ;Z;;?fg f:fgth((ig)) x 100% )

The micro/nanofibrous membranes were cut into 20 mm x 20 mm samples, and then the thickness of the
membranes was tested with a micrometer on five different points of membranes. Finally, each sample of
membranes was weighed on the electronic balance and the average weight was taken from three groups
of each sample. The porosity of micro/nanofibrous membranes was calculated according to the
following equations:



632 FDMP, 2021, vol.17, no.3

e=1-2 3)
Po
m
- 4
P=dxs 4)

where ¢ is the porosity of micro/nanofibrous membranes, p, is the density of PLA raw material, p, m, d, S is
the density, the mass, the thickness and the surface area of micro/nanofibrous membranes, respectively.

The contact angle was obtained from the Contact Angle Analyzer (OCA-40, DataPhysics, Germany).
Pure distilled water with 5 pL. volume was dropped on the membrane surface (10 mm % 10 mm). The
determination of all contact angles was finished within 5 s after each drop to ensure that the droplet did
not soak into the sample. The final contact angles used were based on the mean of 3 determinations.

3 Results and Discussions

3.1 Morphological Analysis of Electrospun PLA Micro/Nanofibers

Fig. 1 shows the images of the SEM morphology and diameter statistics of the electrospun PLA
micro/nanofibers. It can be seen from Fig. 1 that the micro/nanofibers in each sample has different degrees
of adhesion with the dendritic structure, which will be in favor of increasing the stress of the fibrous
membranes. Based on the result of data statistics, the average fiber diameters of S1, S2, S3, S4, S5, S6 and
S7 are 2062 + 843 nm, 1178 + 424 nm, 809 + 309 nm, 4308 + 1406 nm, 948 + 422 nm, 623 + 251 nm
and 883 + 319 nm, respectively. This is an interesting phenomenon indicating that the fiber diameter can be
adjusted by changing the type and mixture ratio of solvents. Furthermore, the diameter comparison among
S1, S2 and S3 shows that with the decrease of the DCM component, the tightness between fibers increases
while the diameter of fibers decreases and the diameter distribution becomes narrow. On the other hand,
dramatic drop of the fiber diameter from S4 to S5 is observed. With the reduction of CF content, the fiber
diameter decreases sharply but the degree of adhesion between fibers rises rapidly. When ethanol was added
into the solvent in S6 sample, the spindles which form the cross-over points between fibers like liquid drops
obviously appear on the surface of micro/nanofibers. The reason for this special structure may be that the
moisture in the air inhibits the evaporation of ethanol under the condition of 50% RH, which leaves part
ethanol exist in the form of liquid state when final fibers arrive on the collector, and results in the
inadequate stretch [29] and the formation of adhesion. However, the spindle structure disappears in
S7 which contains 4.8% CaCl,, but the situation of the adhesion between fibers still exists. This can be
attributed to the conductivity improvement of the spinning solution in the presence of calcium ions, which
will be benefit to the spinnability and ultrafine fibers’ formation.

3.2 Porosity Analysis of PLA Micro/Nanofibrous Membranes

The porosity of micro/nanofibrous membranes refers to the ratio of the pore volume to the total volume of
micro/nanofibrous membranes, which can reflect the permeability and gas exchange ability. One of advantages
of ultrafine fibers obtained by electrospinning is the high porosity. Tab. 2 shows the porosity of electrospun
PLA micro/nanofibrous membranes. It can be seen from Tab. 2 that the porosity of the fibrous membranes
has a great relationship with the surface morphology and the diameter of the micro/nanofibers. The overall
trend is that the smoother the surface structure of micro/nanofibers with bigger diameter, the less the
porosity of micro/nanofibrous membranes. Except for S6 with 68.21% porosity, the porosity of other
samples is above 80% due to the high and fast evaporation of CF and DCM. On the other side, ethanol was
added in both S6 and S7. When the RH is 50%, the volatilization of ethanol is limited, which leads to more
adhesion between fibers and causes side-by-side fibers, resulting in the decrease of porosity of S6. But
S7 contains calcium ions, which can improve the conductivity and spinnability during the electrospinning
process and lessen the irregular structure like spindles on the surface of micro/nanofibers. The results show
that the dissolution of PLA with different solvents has a significant influence on the internal structure of
micro/nanofibrous membranes, which causes the different porosity.



FDMP, 2021, vol.17, no.3 633

w
(]
1

w
o
1

N
(4]
1

Fibers’ number

\
\
- L

° %
i} 1000 2000 3000 4000 5000 6000 7000 8000
Diameter/nm

25

20

-
(4]
!

Fibers’ number
5

N
500 1000 1500 2000
Diameter/nm

N
o
1

-
(4]
L

-
o
!

Fibers’ number

N
[} 200 400 600 800 1000 1200 1400 1600 1800
Diameter/nm

Figure 1: (continued)



634 FDMP, 2021, vol.17, no.3

g st

N
(4]
!

o
/

; MAMHMhHHIT
o MANIT

o 1000 2000 3000 4000 5000 6000 7000 8000
Diameter/nm

! S5

Fibers’ number

0 \‘l\ N
[ 500 1000 1500 2000 2500 3000

Diameter/nm

- se

NN

N
(3]
!

NN

NI

NThT T T T,
7

N
o
!

-
(5]
!

Fibers’ number

g\ .
02oo 400 600 800 1000 1200 12'00 1600 18':o 2000
Diameter/nm

Figure 1: (continued)



FDMP, 2021, vol.17, no.3 635

S7

N

.. -

200 400 600 800 1000 1200 1400 1600 1800
Diameter/nm

Figure 1: The morphology and diameter statistics of the electrospun PLA micro/nanofibers under different
solvent conditions

Table 2: The porosity of the PLA micro/nanofibrous membranes under different solvent conditions

Sample number p(g/em?) &(%)

S1 0.224 82.11
S2 0.107 91.43
S3 0.195 84.39
S4 0.248 80.14
S5 0.231 81.51
S6 0.397 68.21
S7 0.127 89.82

3.3 Mechanical Property of PLA Micro/Nanofibrous Membranes

The tensile test data of 7 kinds of PLA micro/nanofibrous membranes are shown in Tab. 3. In S1, S2 and
S3, with the decrease of the fiber diameter and the diameter distribution, the breaking stress should have
increased. However, due to the high porosity and the uneven pore distribution inside the
micro/nanofibrous membrane in S2, deformation and weak strength of fibers in the tensile process results
in the decrease of the breaking stress. Moreover, the comparison of the breaking stress between S6 and
S7, indicates that the spindle structure causes further stretch of charged jets, which increases both the
final stress and the breaking elongation.

3.4 Contact Angle of PLA Micro/Nanofibrous Membranes

The contact angle is used to assess the surface wettability of materials. If the water droplets on the
material surface have a contact angle of less than 90°, the material is considered hydrophilic. Otherwise,
it’s hydrophobic. Fig. 2 shows the contact angle of the PLA micro/nanofibrous membranes under seven
solvent conditions. Naturally, PLA is a hydrophobic material. So the contact angle of all membranes is
greater than 90°, indicating a hydrophobic property. In S1, S2 and S3, the hydrophobicity of the
micro/nanofibrous membranes increases first and then decreases. This can be owed to the degree of
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fibers” smooth and fineness. But S2 with highest porosity owned the biggest contact angle due to the uneven
pore distribution. Besides, S4 and S5 show the same trend to S1 and S3 in the contact angle, namely the
contact angle decreases when the fiber diameter decreases. In S6, the contact angle is least, which is
related to the water conductivity of the spindle structure and the ethanol used. Fan et al. [30] thought that
the boundary-induced forces by adjacent nanofibers are randomly directed for a randomly distributed
nanofiber membrane. This is due to the the geometric potential theory. Yao et al. [31] found it is the
pressure difference pushing the particles and solvents from the centre to the boundary of charged moving
jets, leading to the formation of non-smooth surface of micro/nanofibers with high surface energy
(geometric potential). So the different shapes of micro/nanofibers generated by different solvent
evaporation bring about different contact angles.

Table 3: The tensile data of PLA micro/nanofibrous membranes under different solvent conditions

Sample number The breaking elongation/% The breaking stress/MPa

S1 34.61 £0.57 1.31 +£0.34
S2 32.60 £0.42 0.64 £0.22
S3 48.98 £ 1.39 528 +1.13
S4 16.67 £ 0.27 0.88 £0.02
S5 42.30 £ 0.38 1.83 £0.16
S6 4233 +0.46 3.21+0.23
S7 35.24 £ 0.51 1.57 £0.27
L)
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105 4

100 A

Contact angle/°
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90 T T T T T
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Figure 2: The contact angle of the PLA micro/nanofibrous membranes under different solvent conditions

4 Conclusion

As a parameter affecting properties of the spinning solution, the selection of solvents used in
electrospinning is critically important for the formation of micro/nanofibers. The effect of different
solvents and solvent mixtures on the morphology and properties of electrospun PLA micro/nanofibers
was successfully evaluated. The morphological structure, surface smooth degree of micro/nanofibers can
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be effectively controlled by changing the solvent type. Moreover, different solvent conditions also play an
essential role in the porosity, the mechanical and wettable property, which will provide a guidance for the
choice of PLA micro/nanofibrous membrances for different applications.
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