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The measure of contact angle of membranes was performed to analyze the effect of 
PANI, as well as plasma treatment on the surface behavior of blended mats. The values of 
contact angles for PCL and PCL-PANI mats are reported in Figure 7. As the histogram 
shows, the presence of PANI in the membrane results in an increase in the water contact 
angle of the mats from 119° ± 1° to 133.5° ± 2.2° (respectively, for PCL and PCL-PANI 
nanofibers). 

 
Figure 7. Water contact angle measures of PCL and PANI electrospun membranes before and after 
plasma treatment. Statistical difference (*** p < 0.001; **** p < 0.0001). 

The decrease in the water contact angle for treated PCL and PCL-PANI to 62.7° ± 6.3° 
and 67.1° ± 2° demonstrated the effective modification of the surface after plasma treat-
ment. 

The time durability after atmospheric plasma treatment of electrospun mats was as-
sessed by monitoring the WCAs of PCL_treat and PCL-PANI_treat samples up to 6 h. As 
shown in Table 3, no significant changes in WCA values were detected, demonstrating 
that the plasma treatment lasts as long as cells are seeded on the membranes. 

Table 3. Time durability after atmospheric Ar plasma treatment of PCL_treat and PCL-
PANI_treat. 

Time Water Contact Angle (Mean ± Standard Deviation °) 
 PCL_Treat PCL-PANI_Treat 

30 min 64.1 ± 4.1 65.6 ± 3.6 
1 h 63.5 ± 5.3 67.3 ± 2.9 
2 h 63 ± 6.7 67 ± 2.2 
4 h 62.7 ± 6.8 66.2 ± 4.6 
6 h 63.4 ± 2.6 66.8 ± 2.5 

Since an improvement in surface wettability leads to a greater interaction between 
water and the membrane, in vitro biodegradation of PCL_treated and PCL-PANI_treated 
was assessed through FESEM by measuring the diameter of 100 fibers per sample. As 
shown in Figure S5, the stability of treated mats in the physiological environment (PBS 
solution at 37 °C) was confirmed up to 7 days. Moreover, no significative variation in the 
PCL_treat and PCL-PANI_treat sample diameters (Table S2) was recorded. 

3.5. Evaluation of Cells Viability and Attachment 
The influence of PANI on the viability of HFF-1 fibroblasts was assessed with the 

resazurin assay. The viability of cells on TCP at 2 days was used as a control. As shown in 
Figure 8, the metabolic activity of the seeded cells on all the substrates was significantly 
increased during the culture period. A higher level of viable cells was detected for PCL-
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PANI_treat on day 2 and 3 compared to glass coverslip (GLASS)and PCL_treat, indicating 
that the blended scaffold better promotes attachment and growth of the cells. Moreover, 
cell viability for seeding at 7 days, was comparable for all the scaffolds, as well as for the 
control. 

 
Figure 8. Evaluation of HFF-1 viability on different substrates after 2, 3 and 7 days of culture. Sta-
tistical difference (* p < 0.05; ** p < 0.005). 

The morphology of HFF-1 fibroblasts on different culture substrates was assessed by 
staining cell nuclei and actin filaments with DAPI (blue) and phalloidin (green), respec-
tively (Figure 9).  

 
Figure 9. Fluorescent microscopy images of HFF-1 stained with FITC phalloidin (actin filaments) 
and DAPI (nuclei) after 2, 3 and 7 days of culture (scale bar = 50 µm, magnification = 20×). 

According to the results obtained from the resazurin assay, the number of cells on 
the PCL-PANI_treat mats was higher than that on the PCL_treat and GLASS samples at 
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not detected for PANI electrospun mats [51]. The hydrolytic degradation tests demon-
strated the stability of electrospun mats in the physiological environment (Figure 4). In-
deed, no significant changes in the average diameter of fibers after hydrolytic degradation 
were recorded, as shown in Table S1. However, a higher weight loss of PCL-PANI mats 
during incubation (Figure S2) was detected. Some studies investigated the correlation be-
tween scaffold morphology and weight loss, reporting that the reduction in nanofiber di-
ameter resulted in a more evident weight loss due to the increase in the ratio of surface 
area to volume of scaffolds [52,60]. Taking into account these considerations, the increase 
in weight loss of blended membranes could be determined by the decrease in diameters 
of the PCL-PANI nanofibers. Moreover, the increase in weight loss could be correlated to 
the decrease in pH values of the PBS solution during hydrolytic degradation [61] (Figure 
S3), attributed to the slight quantities of acid leaching from the surface of blended mem-
branes, which has already been observed in the literature [62]. Scaffold mechanical prop-
erties influence the behavior of the cell, such as cell attachment, proliferation and tissue 
growth [36]. In the presence of PANI, a change in the mechanical properties of electrospun 
mats was observed (Figure 5). PCL is a thermoplastic polymer with a slow degradation 
rate and high flexibility [63]. On testing the mechanical properties of scaffolds, it was con-
cluded that the presence of the brittle PANI in the PCL-PANI blend nanofibers produced 
less elastic and stronger mats [33,64]. The mechanical properties were maintained even 
after soaking samples in physiological condition for 1 week. No significant changes in 
measured values were detected (Figure S4). This result demonstrated that the mechanical 
stability of PCL-PANI mats was ascribed to PCL. Previous work showed that the reduc-
tion in mechanical properties of PCL-based nanofibers becomes significant after 2 months 
of hydrolytic degradation [65]. The surface wettability is one of the most important be-
haviors that affects the interactions between scaffolds and cells, and consequently, cell 
adhesion and viability. For this reason, in this work, we propose the surface modification 
of PCL-PANI nanofibers with cold atmospheric Ar plasma. Plasma treatment only modi-
fies the scaffold surface without altering its morphology. For this reason, the changes in 
morphology and degradation of the nanofibers after plasma treatment were assessed. Ac-
cording to Maffei et al. [40], the cold atmospheric plasma treatment did not affect the mor-
phology (Figure 6) or the degradation rate (Figure S5, Table S2) of the electrospun mats. 
The wettability of nanofibers was assessed by measuring the water contact angle of the 
mats. A decrease in the hydrophilicity of the scaffold was detected as result of the incor-
poration of PANI (Figure 7). Similar results were obtained by Farkhondehnia et al. [66] 
for composite PLGA/PCL/PANI nanofibrous scaffolds. Many studies reported that the 
hydrophobic properties of the surfaces (WCA > 90°) interfere with cell adhesion and at-
tachment on the scaffold [67,68]. On the other hand, when the WCA is between 60° and 
80°, higher levels of cell attachment are obtained [69]. The WCA of the PCL and PCL-
PANI mats decreased following surface modification with Ar plasma (Figure 7), main-
taining hydrophilic properties up to 6 h (Table 3). According to previous studies, the de-
crease in the contact angle of the PCL based mats after Ar plasma treatment can be related 
to the increase in the substrate surface energy and to the creation of binding sites, as well 
as the attachment of polar groups [70,71]. The biocompatibility of PANI-blended electro-
spun fibers has previously been reported by other groups. Farkhondehnia et al. [66] in-
vestigated the cytotoxicity of PLGA/PCL/PANI mats. They showed that A-172 nerve cells 
attached and proliferated on the blended fibers. In another piece of work by Chen et al. 
[33], it was proposed that the fabrication of aligned PCL-PANI nanofibers demonstrated 
that the increase in PANI content in the fibers did not affect the viability of C2C12 my-
oblasts. Here, the biocompatibility of scaffolds was assessed by culturing HFF-1 fibro-
blasts on plasma untreated and treated electrospun mats. The hydrophobicity of PCL and 
PCL-PANI mats hindered cell attachment to the scaffolds, resulting in a low viability at 2 
days of culture. Conversely, the results obtained from the viability assay on treated mats 
demonstrated the biocompatibility of blended fibers (Figure 8), showing that the presence 
of PANI did not exert any toxic effect on cells. After 2 and 3 days of culture, a greater cell 
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viability was detected on PCL-PANI_treat samples. As previously reported in the litera-
ture, the inherent electroactivity of PANI promoted the proliferation of cells cultured on 
PANI-based scaffolds [62,72–74]. Moreover, this result could be explained considering 
that the smaller diameters of PCL-PANI_treat fibers better mimic the natural ECM than 
the larger PCL_treat fibers and plane surface of the GLASS [64], thus, promoting cell at-
tachment and growth. No significant difference in cell viability was observed at 7 days 
when cells reached the confluence state. The morphological behavior of cells was investi-
gated through DAPI/Phalloidin staining. The nuclei and cytoskeletons of cells were de-
tected on the substrates. The cells cultured on PCL-PANI_treat showed a more elongated 
morphology than those on PCL_treat mats. Interestingly, as is evident in Figure 9, the 
PCL_treat fibers were more visible than PCL-PANI_treat fibers, due to autofluorescence 
of PCL [75]. According to a previous work by Li et al. [64], this phenomenon was slightly 
attenuated by the presence of PANI in the blended nanofibers due to the non-autofluores-
cence of PANI, as well as the smaller dimension of PCL-PANI_treat nanofibers. The 
FESEM images (Figure 10) of cells grown on mats confirmed the higher cell attachment 
on PCL-PANI_treat substrates. 

5. Conclusions 
In this work, the preparation and characterization of conductive membranes for tis-

sue engineering applications was performed. The electrospinning technique was selected 
for fabricating fibrous PCL-PANI blended membranes which exhibited fibers with smaller 
diameters compered to PCL fibers. The presence of PANI was confirmed through FTIR-
ATR spectroscopy, showing the main characteristic peaks of the doped form of the con-
ductive material (PANI-CSA). Moreover, the addition of brittle PANI resulted in an in-
crease in the mechanical stiffness of the PCL-PANI electrospun membranes. The WCA of 
PCL-PANI membranes confirmed the hydrophobic properties of PCL-PANI, which can 
hinder cell attachment and viability. Therefore, the electrospun mats were treated with 
atmospheric Ar plasma, resulting in a reduction in the WCA being obtained; from 133.5 ± 
2.2° for untreated samples, to 67.1 ± 2° for treated samples. The in vitro stability of PCL-
PANI and PCL-PANI_treated membranes was demonstrated by incubating samples in 
PBS solution for 7 days. The attachment and viability of HFF-1 cells were enhanced when 
compared to PCL alone, thanks to the combination of topographic and electroactive prop-
erties that the presence of PANI confers to electrospun scaffolds. This confirmed that the 
fabricated scaffolds represent promising substrates for tissue engineering applications. 

Supplementary Materials: The following are available online at www.mdpi.com/2306-
5354/8/2/24/s1, Figure S1: Dog-bone shape sample of PCL-PANI electrospun membranes, Figure S2: 
Evaluation of PCL and PCL-PANI mats weight loss % (WL %) after 1, 3 and 7 days of hydrolytic 
degradation, Figure S3: Evaluation of pH of PBS solution after 1, 3 and 7 days of hydrolytic degra-
dation of PCL and PCL-PANI. Table S1: Evaluation of PCL and PCL-PANI average diameter after 
1, 3 and 7 days of hydrolytic degradation by measuring the length of 100 fibres through ImageJ 
software, Figure S4: Evaluation of PCL and PCL-PANI mechanical stability, Figure S5: FESEM im-
ages of PCL_treat and PCL-PANI_treat mats after 1, 3 and 7 days of hydrolytic degradation, Table 
S2: Evaluation of PCL_treat and PCL-PANI_treat average diameter after 0, 1, 3 and 7 days of hydro-
lytic degradation by measuring the length of 100 fibres through ImageJ software. 
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