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Abstract: Green electrospinning has attracted great interest since non-toxic solvents were shown to
be applicable in the fabrication of fibrous materials while ensuring health safety and environmental
protection. Less harmful reagents such as acetone (AC) and acetic acid (AA) have been employed
in this field in recent years. However, research in this area is still rare, yielding only preliminary
results. In this study, two different types of solvents (pure AC and an AA/AC mixture) were used to
fabricate electrospun polycaprolactone (PCL) membranes. Sample morphology, wettability, tensile
strength, and chemical composition were compared between two types of membranes. Cell-scaffold
interaction was also examined by cell adhesion and proliferation assays. The results demonstrate that
the two types of solvents had significant effects on membrane morphology, physical strength, and cell
adherence behaviors, which should be considered for different application purposes.
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1. Introduction

Electrospun polycaprolactone (PCL) membranes have been broadly applied in biomedical
engineering due to their excellent biocompatibility, high mechanical strength, and slow degradation
rate[1,2]. Common solvents used to dissolve PCL pellets for electrospinning include dimethylformamide,
tetrahydrofuran, chloroform. In fact, these types of solvent are extensively employed because they
are considered good solvents for obtaining a fine membrane morphology (bead-free and smooth
fibers) and avoiding clogging at the needle tip, which is ideal for automatic operation and massive
production [3]. However, these solvents are extremely devastating to human health and harmful to the
living environment [4,5]. Alternatively, relatively safe chemicals such as acetone (AC) and acetic acid
(AA) were discovered to be applicable for electrospinning of PCL [6]. Unlike AC which can be used
as an independent solvent for PCL, studies suggest using AA in combination with other solvents at
appropriate ratios rather than in pure form to avoid non-fiber formation [7] or eliminate needle-tip
clogging [8]. Furthermore, the use of AA in solvents to dissolve PCL can allow the co-electrospinning
of PCL and natural polymers such as chitosan [9], gelatin [10], and collagen [11] using only one single
homogenous electrospinning solution rather than two solutions, because these polymers are also
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easily dissolved in AA. Compared to the toxic solvents mentioned above, AC and AA are much less
detrimental to human health, showing potential as alternative solvents in electrospinning. However,
research on PCL membranes using solvents containing AC and AA and systematic comparisons
between them are still sparse, and results are strongly dependable on each electrospinning apparatus
design. In particular, no research has been done on cell-material interaction, which has impeded our
understanding of their potential applications in various areas including the biomedical, clinical, and
surgical fields.

In this study, electrospun PCL membranes were fabricated using two different types of
eco-friendly solvents containing AC and AA, whose effects on cell adhesion and proliferation were
preliminarily examined in relation to membrane morphology and its wettability, chemical, and
physical characteristics.

2. Materials and Methods

2.1. Materials

Acetone (99%), acetic acid (99.5%), and ethanol (99.7%) were purchased from Xilong Chemical Co.
Ltd., Shantou, China. Poly (e-caprolactone) (PCL, Mn 80.000), glutaraldehyde (25%), and resazurin
(80%) were purchased from Sigma-Aldrich Co. Ltd., Dorset Gillingham, UK.

2.2. Methods

2.2.1. Fabrication of Electrospun Membranes

PCL pellets were dissolved in pure AC (solvent I, PCL-AC) and in a mixture of AA/AC at a ratio
of 7:3 v/v (solvent II, PCL-7AA/3AC). The electrospinning parameters were pre-investigated to obtain
bead-free fibers for both types of solvents. Briefly, 10 mL of 15% w/v PCL solution was horizontally
electrospun at 15 kV voltage, 1 mL/h flow rate (552226, Harvard Apparatus 22, USA) onto a stationary
drum collector at 10 cm distance.

2.2.2. Sample Characterization

Fiber diameter and pore size of the PCL membranes were determined by Scanning Electron
Microscope (SEM, JSM-IT100, JEOL Ltd., Japan) at 3 separate locations and 10 measurements per
location. To be specific, the values of pore size were represented by the diameter of the inscribed circle
of each triangle formed by three intersecting fibers. For wettability analysis, a high-resolution camera
was used to capture the image of a water drop on the membrane surface, and the contact angle was
determined using Image J. Stress—strain curves were obtained (TA.XTplus, Stable Micro Systems Co.,
UK) to examine the physical strength of the membranes. Chemical compositions were examined by
Fourier-Transform Infrared Spectroscopy (FI-IR, Spectrum GX, PerkinElmer Inc., USA).

2.2.3. Cell Attachment and Proliferation Assays

The membranes (1.5 x 1.5 cm?) were sterilized in ethanol 70% for 4 h and exposed under UV light
for 1 h per each surface.

For the cell adhesion assay, 1 x 10° of murine skin fibroblasts L929s in 1 mL media were seeded
onto the top surface of the membranes. After 4 h, the membranes were washed with PBS, fixed in
glutaraldehyde 4% for 20 min and an increasing series of ethanol, 50%, 60%, 70%, 80%, 90%, 95% (3 min
each) and 100% (3 times, 10 min each) for SEM analysis.

For the cell proliferation assay, a special cell culture tool was designed and 3D-printed from
poly(lactic-co-glycolic acid) to avoid the floating of the membranes in cell culture medium (Figure 1).
A total of 5 X 10* of L929 cells in 1 mL of medium were seeded onto the membrane surface through
the upper open end of the tool. Culture medium was also placed in the culture well and changed
every 2 days. Atday 1, 3, 5, and 7, the membranes were transferred to a new 24-well plate, and 1 mL
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of medium containing 100 pL of resazurin solution (0.2 mg/mL) was added to measure the cellular
metabolic activity in relation to the cell population on the membrane. After 4 h incubation, fluorescent
intensity in each well was recorded at Ex 530 nm/Em 590 nm (Varioskan LUX, Thermo Fisher, USA).
The experiment was done in triplicate for statistical analysis.
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Figure 1. Schematic of the 3D-printed cell culture tool.

3. Results and Discussion

3.1. Surface Morphology

Figure 2 shows that in general, there was a significant difference in fiber diameter and pore
size between the two membranes. On average (Figure 2B), the PCL-AC membrane possessed a fiber
diameter that was approximately 4 times larger and pore size 7 times bigger in comparison to the
PCL-7AA/3AC membrane. In particular, histograms illustrated an irregular trend in the distribution
of fiber diameter and pore size in the PCL-AC membrane. The most frequent fiber diameter values
were in three distinct ranges: 500-1000, 1500-2000, and 3000-3500 nm, while the dominant pore sizes
ranged broadly from 6 to 14 um. For the PCL-7AA/3AC membrane, more than 75% of fibers were
less than 500 pm in diameter, and the dominant pore sizes fell between 1.2 and 1.8 um. Thus, it was
clearly noticed that the addition of AA dramatically reduced the fiber diameter from the microscale to
the nanoscale, which was also found in other reports [7,12]. This could be attributed to the reported
association between viscosity of the polymer solution and average fiber diameter [13]. At the same
PCL concentration, the addition of AA in the solvent decreased the viscosity of the polymer solution
compared to when using acetone alone [8]. This led to the increase in the solution’s surface tension
pointing inward and narrowing the fiber width [14]. Furthermore, another difference was the increase
in conductivity of the PCL solution when using the AA/AC solvent. PCL chains carrying a negative
charge from the carboxylic group of AA accelerated the stretching, elongation, and thinning of the PCL
fibers [3]. The combination of the surface tension force of the solution and the repulsive electrostatic
force among PCL chains resulted in a significant decrease in the fiber diameter of the PCL-7AA/3AC
membrane [3]. On the other hand, the erratic size of PCL-AC fibers could be attributed to the fact that
solution clogging occurred at the needle tip, which was not seen for the PCL-7AA/3AC membranes.
This was due to a higher evaporation rate of AC compared to AA, relative to the solution feeding
rate [15]. The excessive amount of polymer accumulating at the needle tip resulted in the formation of
an unstable Taylor cone and thus produced larger fibers in the PCL-AC membrane [8].
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Figure 2. (A) Scanning Electron Microscope (SEM) images of electrospun polycaprolactone (PCL)
in acetone (AC), (PCL-AC), (al) and PCL dissolved in acetic acid (AA)/AC (7:3, PCL-7AA/3AC) (a2)
membranes, (B) Average fiber diameter and pore size, and (C) Histogram of fiber diameter and pore
size distribution of PCL-AC (c1,c2) and PCL-7AA/3AC (c3,c4) membranes.

3.2. Wettability, Chemical, and Physical Properties

In Figure 3, wettability test and FT-IR results displayed no significant difference between the
two membranes. Both PCL-AC and PCL-7AA/3AC surfaces were hydrophobic, with average contact
angle values of 118° and 116°, respectively. The chemical composition of the two membranes was
the same, with similar dominant peaks characteristic of PCL at 2940, 2864, 1722, and 1240 nm [16].
No distinctive peaks of AC or AA were found for either of the two membranes, demonstrating that
the solvents were completely removed. However, a noticeable difference was encountered in terms
of physical strength. The PCL-AC membrane could endure up to 12.4 MPa before being torn apart
completely. The deformation ratio at break of the PCL-AC membrane was about 167% of its original
length. Meanwhile, the PCL-7AA/3AC membrane possessed far weaker strength, could endure only
7.8 MPa, and its maximum strain was 60%. Reports have shown that there is a relationship between
fiber diameter and tensile strength. In contrast to the PCL-7AA/3AC membrane with low tensile
strength, the PCL-AC membrane consisted of thicker fibers with fibers point bonding and some fusion
of adjacent fibers [17], which increased the fiber interconnectivity and therefore resulted in higher
tensile strength [18]. In another study, A. R. Hernandez found that PCL was hydrolyzed and degraded
into oligomeric fragments in both alkaline and acidic solutions [19]. Therefore, the presence of the
carboxylic group of AA in the solvent could aid in cutting down the long PCL chains into shorter
ones [20] with lower molecular weights, and this helps explain the significant decrease in tensile
strength of the PCL-AA membranes [21].
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Figure 3. (A) Water contact angle, (B) FI-IR spectra, and (C) Tensile curves of PCL-AC and
PCL-7AA/3AC membranes.

3.3. In Vitro Studies

Figure 4 illustrates the cell-material interaction for the two types of membrane. SEM images show
that a very small number of cells were found on the surface of the PCL-AC membrane. Regarding
the morphology, the cells were not able to spread but shrank to nearly round shapes. In contrast,
the PCL-7AA/3AC membrane displayed a higher significant number of L929 cells adhering on the
surface, which were fully stretched and, hence, larger in size. As shown by the proliferation assay
(Figure 4B), the proliferation rate calculated from the fluorescent signal every 2 days was approximately
equal for the two types of membrane. This indicates that the influence of the two types of membrane
on biocompatibility and cell proliferation rate was not significantly different. However, the number of
cells found on the PCL-7AA/3AC membrane was always higher than the number of cells found on the
PCL-AC membrane at all time points. This could be due to the clear difference in the number of cells
initially adherent to the surface, which was supported by SEM images. These results indicate that
the PCL-7AA/3AC membrane was more supportive of cell attachment than the PCL-AC membrane.
This agrees with other studies that showed that the smaller pore size of the PCL-7AA/3AC membranes
increases the surface area, increasing the surface for initial cell attachment [22]. Although the larger
fiber diameters in the PCL-AC membrane also increased the surface area for cell adhesion, this effect
might have been restricted by the hydrophobicity of the fibers [23] and outweighed by the large mean
pore size [24]. Moreover, compared to the size of L929 cell pellets shortly post-seeding (8-10 um) [25],
the PCL-AC pores were larger, while the PCL-7AA/3AC membrane acted as a barrier, retaining the
cells on the surface. This indicates that the seeded cell pellets might infiltrate directly through the large
pores of the PCL-AC sample [26] and helps explain the equal proliferative rates of the two membranes,
which needs to be examined further in subsequent studies.
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Figure 4. (A) SEM images of 1929 cell attachment on PCL-AC (al, a2) and PCL-7AA/3AC (a3, a4)
membranes after 4 h incubation and (B) Proliferation of 1.929 cells on PCL-AC and PCL-7AA/3AC
membranes for 1, 3, 5, 7 days.

First and foremost, the use of relatively safe solvents like AC and AA is beneficial and sustainable,
in line with the search for green solutions in all fields, including electrospinning research, to eliminate
the harmful effects of toxic organic solvents on human health and the living environment. The presented
results indicate that the applications of the two fabricated membranes can be diverse. The clinical
study of Khan et al. reported that although sample extracts showed no sign of toxicity in vivo, chitosan
films prepared from AA caused skin irritation in patients due to the acetate anions remaining on the
films [27]. As demonstrated in Figure 3B, the solvent was completely removed from the PCL-7AA/3AC
membrane during the electrospinning process, which implies a possible use of the 7AA/3AC mixed
solvent in co-electrospinning of PCL and other natural polymers like chitosan, gelatin, and collagen
for clinical applications such as wound dressings, without causing allergy. In addition, the small
pore size of the PCL-7AA/3AC membrane suggests its potential clinical and surgical use as a barrier
membrane, for example in guided bone regeneration for atrophic jaw reconstruction [28]. For this
purpose, PCL-7AA/AC was effective not only in retaining the cells on the surface but also in supporting
cell adhesion and proliferation, an important and necessary factor determining the success of a barrier
membrane in guided bone regeneration [29]. Meanwhile, the high tensile strength and hydrophobic
properties of the PCL-AC membrane suggest its applications in the textile industry, for example,
for waterproof clothing. In biomedical engineering, the PCL-AC membrane with big pore sizes suitable
for cell infiltration can be used as a scaffold for the fabrication of artificial tissues [30-32] or as a
template for wound healing applications [2,33].

4. Conclusions

In this study, different types of solvents were shown to have significant effects on the morphology
of PCL membranes and thus affect cell-membrane interaction. Utilizing pure AC as a solvent yielded
microfibers and large pore size with high stress—strain values. Meanwhile, although the mixture of
7AA/3AC used as a solvent reduced the fiber size to the nanoscale, supporting initial cell adhesion,
the fibers had significantly lower tensile strength as a tradeoff.
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