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Abstract 

The endorsement of functional features such as biocompatibility, mechanical integrity, or electrical 

conductivity to tissue engineering (TE) scaffolds is essential to stimulate cell adhesion and proliferation. 

In this study, electrospun nanofibers based on polycaprolactone (PCL) and gelatin (Ge) (ratios 60/40, 

50/50, and 40/60), and polyaniline (PAni) particles (0.25, 0.50, and 1.00 %wt) were prepared. The time of 

dissolution in an acid solvent mixture before electrospinning allowed for obtaining nanofibers with 

controlled features. Changes in the molar mass (Mn from 90·103 to 15·103 g·mol-1), in the crystalline 

microstructure (Xc from 60 to 25%) and the surface morphology (diameter from 250 to 50 nm) due to the 

controlled hydrolytic action on PCL were found. In vitro degradability and biocompatibility were 

favoured as the dissolution time and gelatin percentage increased. The presence of PAni was revealed as 

non-cytotoxic and promoted a controlled increase of the electrical conductivity, that contributed to in vitro 

cardiomyocyte proliferation. Cellular centres in the vicinities of PAni microparticles could be identified in 

the scaffold with the 40/60 PCL/Ge scaffold with PAni (1.00 %wt), keeping the macrophages profile 

unaltered, which may determine the satisfactory resolution of cardiac injury and point out these scaffolds 

as appropriate candidates for cardiac TE. 

Keywords 

Tissue engineering, electrospinning, conductive scaffold, polycaprolactone (PCL), gelatin (Ge), 

polyaniline (PAni) 
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List of abbreviations 

Acronym Description 

AA Acetic acid 

ATCC American Type Culture Collection 

ATR Attenuated total reflectance 

DAPI 4’,6-diamidino-2-phyenylindole 

DC Direct Current 

dn/dc Refractive index increment 

DSC Differential scanning calorimetry 

DT Dissolution time 

DTG Derivative thermogravimetric curve 

DTS Dielectric thermal impedance spectroscopy 

ECM Extracellular matrix 

FA Formic acid 

FBS Foetal bovine serum 

FE-SEM Field-emission scanning electron microscopy 

FT-IR Fourier transform infrared spectroscopy 

GAPDH Glyceraldehyde-3-phosphate dehydrogenase 

Ge Gelatin 

hm Melting enthalpy 

LALS Low angle light scattering 

LDH Lactate dehydrogenase 

lc Lamellar thickness 

Mn Average molar mass in number 

MTT Methyl-thiazolyl-tetrazolium assay 

Mw Average molar mass in weight 

PAni Polyaniline 

PBS Phosphate buffered saline 

PCL Polycaprolactone 

PCR Polymerase chain reaction 

PFA Paraformaldehyde 

PPy Polypyrrole 

PTFE Polytetrafluoroethylene 

RALS Right angle light scattering 

RGD Arginylglycylaspartic acid 

RPMI Roswell Park Memorial Institute 

SEC Size exclusion chromatography 

TE Tissue engineering 

TGA Thermogravimetric analysis 

THF Tetrahydrofuran 

Tm Melting temperature 

Tp Peak temperature 

Xc Crystallinity degree 

ρ Density 

elec Electrical conductivity 

[η] Intrinsic viscosity 
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1. Introduction 

As an interdisciplinary field, tissue engineering (TE) considers three basic components to develop bio-

functional substitutes for restoring tissue function: cells, biomaterials, and biomolecules. The application 

of biomaterials in TE is predominately in the form of scaffolds, which act as the temporary structure or 

physical guidance of the tissue to be formed. However, designing an ideal scaffold that mimics the 

structure and bio functions of the native extracellular matrix (ECM) is still a challenge. A suitable scaffold 

for TE should (i) provide a physical environment and bioactive components to support and stimulate the 

cell adhesion and tissue formation; (ii) offer mechanical strength similar to the tissue it temporarily 

replaces; (iii) allow the cells to restore the tissue architecture and be assimilated in a delimited time-span 

[1]. 

The combination of electrospinning and synthetic and natural polymers has brought new possibilities in 

the tissue regeneration field [2]. In this line, the development of novel electrospinning strategies for the 

production of functionalized scaffolds revealed promising results for biomedical applications. The 

preparation of polymer blends, copolymers or composites [3–6], the use of specific experimental setups 

for co-axial or tri-axial spinning [7] or random/aligned fibre collection [8], and the possibility of resorting 

to methods of chemical modification in solution are some of the existing approaches for obtaining 

electrospun functionalised scaffolds [9,10]. 

Among other possibilities, the use of biodegradable polyesters and the combination with natural polymers 

have gained great attention [11]. In particular, blending of polycaprolactone (PCL) and gelatin (Ge) 

through a hydrolytic-assisted method for tailoring the physicochemical features of the scaffolds resulted in 

nanofibers that combine high structural integrity as well as high in vitro and in vivo biocompatibility with 

low cost and high availability [12–14]. Whilst PCL has appropriate mechanical properties, 

biocompatibility, and slow biodegradability, the lack of hydrophilic functional groups in its structure 

requires its combination with hydrophilic and biocompatible materials [15–19]. Such is the case of Ge, 

which is composed of Arginyl-Glycyl-Aspartic amino acid sequences (RGD), that offer biochemical 

signals to promote cell adhesion, migration, proliferation, and differentiation [20]. In this regard, 

bicomponent PCL/Ge nanofibrous scaffolds have been proposed as a versatile substrate for the recovery 

of skin [21–24], muscle [25], cardiovascular [26,27], nerve [28,29], bone [30–33], and cartilage [34]. 

In some tissue engineering applications, the functionalisation of the scaffolds is essential to boost cell 

adhesion and proliferation [35]. In particular, there are tissues in which electrical stimuli play a key role 

during regeneration [36–42]. Some conductive synthetic polymers such as polyaniline (PAni) or 

polypyrrole (PPy) have been reported in the bibliography as good candidates for being used in the tissue 
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engineering field [43–47]. In such polymers with conjugated molecules, intrinsic charge carriers may be 

introduced in their structure, so that the bandgap is reduced and the system becomes conductive. This 

process is usually known as doping and it involves the formation of a polymer salt by exposing the 

polymer to the dopant in solution or by an electrochemical process. Doping allows electrons to flow due to 

the formation of conduction bands, that make the polymer conductive. As doping occurs, the electrons in 

conjugation can jump around the polymer chains. In particular, for PAni, the emeraldine salt conducting 

form is obtained from the modification of the insulating form emeraldine base, containing two amine 

nitrogen atoms followed by two imine nitrogen atoms [48]. These materials provide electrical conductivity 

to the scaffold when added in small amounts along with good biocompatibility and relatively easy 

assimilation by the human body [49]. However, when they are in excess, phase separation may occur, 

biodegradability and biocompatibility possibly will be concerned and toxicity and reduced cell viability 

can happen [50]. It must be also considered that, when combined with other hydrophilic polymers such as 

gelatin, that retain water molecules, electric conductivity will be boosted [51]. In the literature, several 

articles about the preparation of nanofibrous scaffolds, patches, and gels containing dispersed PAni 

microparticles or nanofibers in different biopolymer matrices have been reported, most of them with 

promising results in the tissue regeneration field [52–54]. 

The novelty of this work is the development of conductive polycaprolactone/gelatin/polyaniline 

nanofibres as functional scaffolds with tailored physicochemical properties using a hydrolytic-assisted 

electrospinning process, for bringing a suitable performance for cardiac tissue regeneration. Consequently, 

the aim of this study was,  to obtain electrospun PCL/Ge/PAni scaffolds, and assess their behaviour under 

the blending, functionalization, and tailoring perspectives, as schematized in Figure 1. According to 

previous studies [13], balanced compositions of PCL and Ge of 60/40, 50/50, and 40/60 %wt were chosen. 

PAni content varying between 0.25 and 1.00 %wt, and dissolution time in 1:1 formic acid (FA) and acetic 

acid (AA) varying from 24 to 96 h were considered. The evaluation of the nanofibers was performed in 

terms of electrical conductivity, chemical structure, fibre morphology, thermal properties, and molar mass. 

As well, the evaluation of the in vitro behaviour of the scaffolds under simulated physiologic conditions 

and the study of the in vitro biocompatibility, cytotoxicity, and macrophage profiles were assessed. 

 

Figure 1. Scaffold preparation scheme according to the blending, functionalisation, and tailoring approach. 
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2. Materials and methods 

2.1. Materials 

Polycaprolactone (PCL) was provided by Sigma-Aldrich as 3 mm diameter pellets (Mn = 80000 g·mol-1, 

Tm = 60 °C, ρ = 1.145 g·mL-1 at 25 °C). Gelatin (Ge) type A, derived from acid-cured porcine skin, was 

provided by Sigma-Aldrich, with solubility in H2O at 50 mg·mL-1 and gel strength 300. Polyaniline 

(PAni) emeraldine salt was provided by Sigma-Aldrich as powder with average diameter 3-100 µm (Mw > 

15000 g·mol-1, conductivity 2-4 S·cm-1, Tm > 300 °C, ρ = 1.360 g·mL-1 at 25 °C). Formic acid was 

provided by Scharlau (≥98%) (ρ = 1.220 g·mL-1). Acetic acid (ρ = 1.050 g·mL-1) was provided by Panreac 

(≥99%). 

2.2. Polymer solution and electrospinning 

The solutions for electrospinning were prepared in formic/acetic acid (1:1), with a polymer concentration 

of 15 %wt, with PCL and Ge weight proportions of 60/40, 50/50, and 40/60, respectively [13]. 

Subsequently, different weight percentages of PAni (0.25, 0.50, and 1.00 %wt) concerning the total solid 

concentration were added to the solutions, as shown in Table 1. Solutions were stored in an oven at 30 °C 

under magnetic stirring and were electrospun after 24, 48, 72, and 96 h of dissolution time. 

Given the insolubility of the PAni microparticles in the selected solvent mixture along with the hydrolytic 

degradation of the PCL molecules, high PAni concentrations would result in the formation of aggregates 

and/or precipitation into the syringe during electrospinning, respectively. In this regard, the reduction of 

the solution viscosity during the different stages defined from 24 to 96 h under stirring at 30 ºC before 

electrospinning would result in lower entanglement capability of the PCL fraction and subsequent lower 

entrapment ability to hold PAni microparticles. The reduction of the intrinsic viscosity ([η]) of the PCL 

fraction as a function of dissolution time is shown in Figure S1 in the Supporting Information. Although 

intrinsic viscosity of the PCL was significantly reduced, the presence of Ge helped to hold the PAni 

particles in the suspensions. Indeed, dissolutions remained reasonably stable under static conditions up to 

60 min, necessary for the steady-state electrospinning. As a visual example, Figure S2 shows the 

suspension stability of the 50/50 PCL/Ge compositions containing PAni after being stirred for 72 h at 30 

ºC and left in static conditions resembling those into the syringe. 
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Table 1. Composition of the electrospun scaffolds for each dissolution time stage (24, 48, 72, and 96 h). 

PCL 

(%wt) 

Ge 

(%wt) 

PAni 

(%wttotal) 

60 40 

- 

0.25 

0.50 

1.00 

50 50 

- 

0.25 

0.50 

1.00 

40 60 

- 

0.25 

0.50 

1.00 

Electrospinning was performed in a horizontal compact lab-scale setup Bioinicia Fluidnatek® LE-10, 

which assembled a high voltage source, a programmable syringe pump, an HSW Norm-Ject 20 mL Luer 

Lock syringe, connected to a gauge 21 metallic needle employing Teflon® tubing and a grounded flat 

collector. The tip-to-collector distance was maintained constant at 17 cm. The voltage and the flow rate 

varied from 0.7 to 1 mL·h-1 and 19 to 25 kV respectively, to establish a steady-state condition. To obtain 

scaffolds with similar consistence, 4 mL of solution were electrospun in all cases. According to the 

perceived solution stability, the dissolution was magnetically stirred into the syringe every 30 min during 

electrospinning. The nanofibrous scaffolds were collected onto waxed paper and the residual solvent was 

allowed to evaporate at room temperature for 2 h, before storing them into zip bags for further analyses. 

The electrospinning process was performed at 22 ºC and 35% of relative humidity. All the samples 

showed a smooth surface with a circular shape of 10 cm in diameter. 

2.3. Physico-chemical characterisation 

2.3.1. Dielectric thermal impedance spectroscopy (DTS) 

The impedance measurements were performed using a Novocontrol Broadband Dielectric Impedance 

Spectrometer (BDIS) connected with a Novocontrol Alpha-A Frequency Response Analyser. A BDS-

1200 Novocontrol parallel-plated capacitor with two plated electrodes system was used as a dielectric cell 

test. The thicknesses of the scaffolds were evaluated using a micrometre Mitutoyo Comparator Stand 215-

611 BS-10M taking the average of six measurements in different positions of the sample. The analyses 

consisted of a single sweep at room temperature (25±1 °C) in a frequency range from 10-2 to 107 Hz. The 

electrical conductivity (σelec) was measured at low frequencies, where the measured real part of the 

conductivity (σʹ) reaches a plateau that is correlated to the direct current (DC) conductivity (σ0). 
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2.3.2. Fourier transform infrared spectroscopy (FT-IR) 

The scaffold composition was analysed using Fourier transform infrared spectroscopy (FT-IR) in a 

Thermo Nicolet ™ 5700 FT-IR equipment, coupled with an attenuated reflectance (ATR) module for 

measuring solid samples. The IR spectrum was obtained in the range from 4000 cm-1 to 400 cm-1, with a 

resolution of 4 cm-1, over 64 scans. Initially, the background was analysed. Then, up to five measurements 

were made from different points of the sample and the average spectra were taken as representative. 

2.3.3. Thermogravimetric analysis (TGA) 

The presence of the different components of the scaffold was indirectly analysed utilizing thermo-

oxidative decomposition behaviour in a Mettler-Toledo TGA 851 thermogravimetric analyser. The 

samples, with a mass between 3 and 5 mg, were introduced into 70 μL alumina crucibles. They were then 

subjected to a dynamic assay, based on a heating segment from 25 ºC to 800 ºC with a heating rate of 10 

ºC·min-1. The analyses were carried out under an oxidative atmosphere with a feeding rate of oxygen of 50 

mL·min-1. The samples were studied in triplicates and the averages of results were taken as representative. 

2.3.4. Field-emission scanning electron microscopy (FE-SEM) 

The surface topology of the scaffolds was analysed by a field emission scanning electron microscope (FE-

SEM) model Zeiss Ultra 55. The samples were coated in a Leica EM MED020 sputter coater to create a 

metallic layer of platinum during 10 s under an inert atmosphere and vacuum conditions. Once the 

samples were coated, they were placed onto the sample holders and introduced into the FE-SEM 

equipment. The micrographs were taken using a working distance between 4 to 5 mm, a voltage of 1 kV, 

and a magnification of 10000×. The diameter of the nanofibers was measured from the average of random 

locations (n=100) with the aid of the software Image J®. 

2.3.5. Differential scanning calorimetry (DSC) 

The crystalline structure was analysed from a calorimetric perspective, using a Mettler-Toledo DSC 820e 

differential scanning calorimeter. The samples, with a mass of around 5 mg, were introduced into 40 μL 

aluminium crucibles perforated on top. The method of analysis consisted of a heating scan between 10 ºC 

and 120 ºC with a rate of 10 ºC·min-1. The test was carried out under an inert nitrogen atmosphere with a 

flow rate of 50 mL·min-1. The samples were analysed in triplicates and the averages of results were taken 

as representative. 

The crystallinity degree (Xc) was evaluated from the melting enthalpy results, using Equation 1, 
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𝑋𝑐  (%) =
1

𝑤𝑃𝐶𝐿
·

∆ℎ𝑚

∆ℎ𝑚
0 · 100   (1) 

where wPCL is the weight percentage of the PCL in the scaffold, ∆hm is the analysed melting enthalpy and 

∆hm
0 is the melting enthalpy of a perfect crystal of PCL (148 J·g-1) [55]. 

The lamellar thickness (lc) was calculated by applying the Thomson-Gibbs equation (Equation 2), based 

on the temperatures associated with the peak of the melting transitions [56–59], 

𝑙𝑐(𝑇𝑚) = [(1 −
𝑇𝑚

𝑇𝑚
0 ) ·

𝛥ℎ𝑚𝑣

2∙𝜎𝑒
]

−1
   (2) 

where Tm is the melting temperature; Tm
0 is the equilibrium melting temperature of an infinite crystal (348 

K), e is the surface free energy of the basal plane where the chains fold (106·10-3 J·m-2) and ∆hmv is the 

melting enthalpy per volume unit (1.63·108 J·m-3) of PCL [60]. 

2.3.6. Size exclusion chromatography (SEC) 

The molar mass was assessed through size exclusion chromatography (SEC) in a Malvern Instruments 

Omnisec Resolve chromatograph, which combined an integrated pump, a degasser, an autosampler, and a 

column oven, along with a Malvern Instruments Omnisec Reveal multi-detector ‒Ultraviolet (UV), 

Refractive Index (RI), Low and Right-Angle Light Scattering (LALS and RALS) and Viscosity (VISC)‒. 

Two columns from Malvern Instruments (T2000 and T4000) were considered (300×8 mm). 

Tetrahydrofuran (THF) was used as a mobile phase at a flow rate of 1 mL·min-1 and column temperature 

of 35 ºC. The samples were dissolved in THF at concentrations of ~2.0 mg·ml-1 and were filtered through 

0.45 µm polytetrafluoroethylene (PTFE) filters. For calibration, a monodisperse polystyrene standard with 

a dn/dc value of 0.185 was used. Two replicates per sample were performed and the obtained data were 

analysed with the aid of the Omnisec V10™ software. 

2.4. In vitro validation 

2.4.1. Degradation in simulated physiologic conditions 

The scaffolds were subjected to hydrolytic degradation in phosphate buffer solution (PBS), according to 

the international standard ISO 10993-13:2010, method 4.3 [61]. The initial electrospun scaffolds were cut 

into rectangular specimens with a mass of around 10 mg. The specimens were weighed (m0) and placed in 

a previously weighed vial (mvial). 10 mL of degradation medium were introduced and then the vials were 

sealed with PTFE threaded plugs and placed in a thermostatically controlled oven at 37 ºC. The pH of the 

PBS solution was adjusted to 7.4 with NaOH 1 M. The effects of the hydrolytic degradation were 

evaluated after 100 days of immersion. Then, the scaffolds followed a washing-drying-keeping procedure. 
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Accordingly, samples were dried under vacuum to constant mass into their degradation vials (mdry) and 

saved for further analyses. The mass variation of the specimens was calculated according to Equation 3. 

𝑅𝑒𝑚𝑎𝑖𝑛𝑖𝑛𝑔 𝑚𝑎𝑠𝑠 (%) =
𝑚𝑑𝑟𝑦−𝑚𝑣𝑖𝑎𝑙

𝑚0
· 100  (3) 

2.4.2. Biocompatibility 

HL-1 cardiac muscle cell line was used to analyse the cellular adhesion and proliferation. Cells were 

cultured in a Claycomb medium (Sigma-Aldrich) supplemented with 10% foetal bovine serum (FBS, 

Gibco), 2 mM L-Glutamine, and 100 U·ml-1 ‒ 100 µg·ml-1 Penicillin-streptomycin (P/S). Afterwards, 

40000 cells were seeded onto 1 cm2 of the scaffolds in triplicates, as previously described [13,62]. 

Subsequently, cells were fixed with 2% paraformaldehyde (PFA) after 48 and 96 h, and cellular nuclei 

were stained with 4’,6-diamidino-2-phenylindole (DAPI). Images were acquired through a Leica DM2500 

fluorescence microscope. To evaluate the cellular viability, the thiazolyl blue tetrazolium bromide assay 

(MTT, Sigma-Aldrich) was carried out after 48 and 96 h, following the manufacturer’s recommendations. 

Absorbance was measured at 550 nm using a plate reader HaLo Led 96 (Dynamica Scientific Ltd.) and 

proliferation was evaluated as the ratio of MTT values obtained at 96 h/48 h. Experiments were carried 

out in triplicates of three independent experiments and the averages were considered representative. 

2.4.3. Lactate dehydrogenase activity assay 

The lactate dehydrogenase (LDH) activity released from HL-1 Cells seeded onto the scaffolds into the 

medium was tested using the LDH cytotoxicity detection kit (Merck). Briefly, cells were seeded as 

described in the previous section and, after 48 h, supernatants were transferred to a 96 well plate and 

incubated with specific reagents and protected from light for 30 min at 25 ºC. Then, absorbance was 

measured at 494 nm using the HaLo Led 96 (Dynamica Scientific Ltd.) plate reader. For normalization, 

total protein was extracted from cells and quantified with the Pierce™ BCA Protein Assay Kit (Thermo 

Scientific). Experiments were performed in triplicates of three independent experiments and the averages 

were considered representative. 

2.4.4. Macrophage M1 and M2 profile 

THP-1 Cells from the American Type Culture Collection (ATCC) were cultured in Roswell Park 

Memorial Institute (RPMI) medium supplemented with 10% FBS and were stimulated into the M0, M1, 

and M2 phenotypes as described by Graney et al. [63]. Briefly, 200000 cells were seeded onto the 

scaffolds in triplicates and were treated for 24 h with 200 ng·ml-1 phorbol 12-myristate-13-acetate to 

differentiate to M0. Then cells were incubated for 48 h in 100 ng·ml-1 lipopolysaccharide and 100 ng·ml-1 

interferon-ɣ (M1) or 40 ng·ml-1 interleukin-4 (M2). Afterwards, RNA was isolated using an RNeasy Plus 



O. Gil-Castell, N. Mascia, C. Primaz, F. Vásquez-Garay, M.G. Baschetti, A. Ribes-Greus. Brewer's spent grains as 

biofuels in combustion-based energy recovery processes: Evaluation of thermo-oxidative decomposition. Fuel, 2022; 

312(122955) 

12 

kit (Qiagen). cDNA was produced using PrimeScriptTM RT Reagent kit (Takara Bio), and real-time 

polymerase chain reaction (qPCR) was performed using TB Green® Premix Ex TaqTM (Takara Bio) on a 

ViiA 7 Real-Time PCR System (ThermoFisher Scientific). Primers were provided by Condalab, and 

glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as a reference gene. Experiments were 

performed in triplicates of three independent experiments and the averages were considered 

representative. 

2.4.5. Statistical analyses for the biological validation 

Data are represented as mean ± standard deviation (SD). Statistical analyses were carried out using 

GraphPad Prism 8® software. Statistical significance was determined with the non-parametric one or two-

way ANOVA and appropriate post hoc analysis. Differences were considered statistically significant at p 

< 0.05 with a 95% confidence interval. 

3. Results and discussion 

The produced PCL/Ge/PAni nanofibres were evaluated in terms of electrical conductivity, chemical 

structure, morphology and dimensions, crystalline structure, and molar mass. As well, the in vitro 

degradation in simulated physiologic conditions was assessed and the in vitro biocompatibility was 

analysed in terms of cell proliferation, lactate dehydrogenase assay, and macrophage profile. 

3.1. Electrical conductivity 

The functionalisation of the scaffolds as a result of the addition of polyaniline (PAni) was evaluated 

through dielectric thermal impedance spectroscopy (DTS) and the electrical conductivity (σelec) was 

calculated. The obtained σelec values measured at low frequencies (10-2 Hz) are plotted in Figure 2. 

 

Figure 2. Electrical conductivity (σelec) of the scaffolds as a function of the PCL/Ge composition and the PAni 

content. 
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In general, even with the low content of PAni (≤1.00 %wt), a significant increase in the electrical 

conductivity of the nanofibres was perceived [47]. Although the obtained values were below the electrical 

conductivity of pure PAni, around 2-4 S·cm-1, a substantial increase of the σelec was found in the scaffolds 

containing PAni microparticles. In particular, for the 60/40 composition, the electrical conductivity 

increased by 6.38 in comparison with plain PCL/Ge with the addition of PAni (1.00 %wt). As the Ge 

content augmented, the increase in the electric conductivity was less intense, and values higher than the 

double were found (×2.16 and ×2.33) for the 50/50 and 40/60 PCL/Ge compositions. The contribution of 

water molecules retained in the Ge structure along with its intrinsic polyampholyte character may 

promote this higher conductivity in compositions with a high Ge percentage [64]. Altogether, these results 

corroborated the presence of PAni in the scaffolds and validated the functionalisation strategy for 

increasing the electrical conductivity of the nanofibres for electrical-stimulated cell growth applications 

[48]. 

3.2. Structure and composition 

The combination of polycaprolactone (PCL), gelatin (Ge), and polyaniline (PAni) in different percentages 

may result in functional scaffolds with dissimilar structures. Moreover, the effect of the dissolution time 

may promote differences in the chemical structure of the nanofibres. Therefore, the evaluation of both the 

presence of characteristic functional groups as well as the composition is of great importance for the 

chemical identification and compatibility evaluation, respectively [65–69]. In this regard, Fourier-

transformed infrared spectroscopy and thermogravimetric analyses were carried out. As an illustrative 

example, the results obtained for the nanofibres electrospun after 24 h of dissolution time are shown in 

this section. The observed tendencies applied to the other dissolution times. 

In terms of composition, the FT-IR spectra of the PCL/Ge scaffolds (60/40, 50/50, and 40/60) as a 

function of the PAni content were analysed and plotted in Figure 3. The pure PCL has the main 

absorption bands at 1727 cm-1, associated with C═O stretching vibration in carbonyl groups, 2865 cm-1 

correlated to the symmetric CH2 stretching, and 2950 cm-1 due to the asymmetric CH2 stretching [70]. The 

pure Ge reveals the peaks at 1627 cm-1 for amide I, 1540 cm-1 for amide II, and 3300 cm-1 for amide A 

bands [71]. These signals are mainly correlated to the stretching vibrations of C═O bonds, the coupling of 

the bending of N─H and the stretching of C─N bonds, and the N─H stretching vibration, respectively 

[70]. The pure PAni spectrum shows its main bands in the region of 1551, 1445, and 1286 cm-1, 

corresponding to the ring-stretching vibrations of the quinoid and benzenoid rings of aniline and nitro 

aniline, respectively [45]. As well, the bands at 2916 and the 780 cm-1 correspond to the vibration of the 

C‒H aromatic ring and the C‒H in-plane bending vibration [72].  
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The characteristic peaks of both the PCL and the Ge molecules were represented in the spectra of the 

obtained nanofibres, in which the intensity of the peaks varied as a function of the composition of the 

scaffold [65]. Moreover, a slight shift of the carbonyl group of the ester bond towards a higher wavelength 

(1720 in PCL to 1724 cm-1 in the blends) may suggest hydrogen-bonding interactions between both 

components. In general, the peaks associated with the PAni were absent for all the compositions. This 

observation may be correlated to the low concentration of the PAni particles (≤1.00 %wt) along with a 

good dispersion into the PCL/Ge matrix. Moreover, given the similarities in the wavelength of the bands, 

the characteristic PAni peaks may have been overlapped by the more intense bands of the PCL and Ge. 

 

Figure 3. Stacked FTIR spectra of the scaffolds as a function of PCL/Ge proportion and the PAni content for a 

dissolution time of 24 h. Plots are labelled according to the PCL/Ge composition as a) 60/40; b) 50/50; and c) 

40/60. 

Afterwards, the evaluation of the thermo-oxidative stability was considered as a useful approach for 

assessing the composition of the scaffolds through the stages for the thermal decomposition of the 

different components. The stacked thermo-gravimetric and first derivative thermo-gravimetric curves 

(DTG) of the PCL/Ge scaffolds (60/40, 50/50, and 40/60) as a function of the PAni content are plotted in 

Figure 4. The decomposition stages were furtherly characterised in terms of peak temperatures (Tp) and 

mass-loss (∆m), which are gathered in Table 2. Figures S3 and S4 in the Supplementary Material show 

the thermogravimetric and DTG curves as a function of the PAni content for further dissolution time. 
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Figure 4. Stacked thermo-gravimetric and first derivative thermo-gravimetric curves (DTG) (inset) of the scaffolds 

as a function of PCL/Ge proportion and the PAni content for a dissolution time of 24 h. Plots are labelled according 

to the PCL/Ge composition as a) 60/40; b) 50/50; and c) 40/60. 

Table 2. Mass loss percentage (∆m) and peak temperature (Tp) of the different thermo-oxidative decomposition 

stages as a function of the scaffold composition for a dissolution time of 24 h. 

  Stage 1 Stage 2 Stage 3 Stage 4 Res. 

PCL/Ge PAni ∆m1 Tp1 ∆m2 Tp2 ∆m3 Tp3 ∆m4 Tp4 R 

(%) (%) (%) (°C) (%) (°C) (%) (°C) (%) (°C) (%) 

60/40 

- 4.14 55.94 18.86 327.13 56.68 393.61 20.03 503.09 0.29 

0.50 3.59 59.81 18.66 321.41 56.16 394.19 21.38 504.27 0.21 

1.00 3.07 75.71 18.57 318.09 56.35 400.55 21.36 507.70 0.65 

50/50 

- 4.30 74.73 23.66 323.57 43.76 393.91 27.63 527.23 0.65 

0.50 4.33 72.80 26.19 320.01 39.67 391.21 28.79 527.12 1.02 

1.00 5.32 79.37 29.00 321.38 33.48 394.06 31.67 531.03 0.53 

40/60 

- 4.90 73.95 25.00 323.03 40.11 394.67 29.45 528.32 0.54 

0.50 5.25 72.18 28.55 315.95 37.90 400.13 27.49 528.06 0.81 

1.00 5.67 75.95 28.70 315.74 34.08 399.62 31.30 537.54 0.25 

The pure PCL possesses two-stage decomposition, while the pure Ge has three mass-loss stages [14]. The 

PCL/Ge/PAni scaffolds showed an intermediate behaviour in which the contributions to the different 

stages were related to the PCL and Ge proportions. Although incomplete miscibility was reported for the 

PCL/Ge system [73], according to the obtained results they may be classified as compatible, an 

intermediate state between miscibility and immiscibility in which they exhibit macroscopically uniform 

properties. 

The evaluation of the mass loss curves of the PCL/Ge/PAni scaffolds showed the first stage from 50 to 

150 ºC due to the evaporation of moisture [74,75]. Indeed, as the Ge content increased in the blend, a 

higher contribution to this stage was found. Particularly, water content grew up to 6% in the scaffolds with 

the higher content of Ge. Stage 2 from 250 to 350 °C may be ascribed to a complex decomposition 
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process including protein chain breakage and peptide bond rupture of the Ge molecules [74]. Next, the 

thermo-oxidative degradation of the PCL backbone was found, defined as stage 3, and was partially 

overlapped with stage 2 in the range from 300 to 450 ºC. Finally, stage 4 involved the thermo-oxidative 

degradation of the previously formed residues from 450 ºC onwards. Given the overlapped behaviour of 

the decomposition reactions, a direct assignation of each stage to a given component may not be assumed. 

However, the progressive perceived pattern, especially in the mass loss of stages gathered in Table 2, may 

suggest an appropriate blending strategy. The contribution of the PAni could be perceived in the higher 

moisture release temperature, especially for the 60/40 PCL/Ge scaffolds with PAni (1.00 %wt), which 

may be ascribed to stronger scaffold-water interactions. Moreover, it slightly moved the decomposition 

temperatures of stages 3 and 4 towards higher values. This behaviour could be correlated to the superior 

thermal stability of PAni, in which backbone decomposition occurs above 300 ºC and up to 650 ºC 

[76,77]. Finally, a decomposition residue was found below 1% in all the samples, which corroborates the 

complete thermo-oxidation of the scaffolds at the end of the assay. 

3.3. Nanofibrous morphology, crystalline structure, and molar mass 

In this section, the variations of the nanofibrous morphology, the crystalline structure, and the molar mass 

of the PCL fraction were assessed for the different compositions and dissolution times. 

The morphology of the electrospun nanofibres is known to play a key role during application. For 

satisfactory cell attachment and proliferation, nanofibres must mimic the extra-cellular matrix in size and 

structure [78]. Therefore, the surface of the scaffolds was studied through field-emission scanning electron 

microscopy (FE-SEM). The obtained electron micrographs are shown in Figure 5. Moreover, the 

nanofibre diameter was evaluated, which results are shown in Figure S5 and Figure 6 as histograms and 

average values, respectively 

The fibre diameter was found in the nanometric scale for all the compositions. Indeed, although the 

diameter increased as a function of the Ge content, the average size was always below 300 nm. A higher 

percentage of Ge in the blends has been reported in the literature to promote higher solution conductivity 

and lower viscosity, and subsequently lower fibre diameter after electrospinning [79,80]. However, the 

higher diameter found in the produced nanofibres in this study when Ge content increased may be due to 

their flat ribbon-like shape instead of circular fibre cross-sections [81]. This flat morphology may have 

been produced as a consequence of the impact of the wet electrospinning jet with the collector, causing the 

flattening of the fibres that resulted in greater diameter. The presence of remnant solvent in the jet during 

collection may have contributed to produce flatted shapes instead of fibres with a purely circular cross-

section. Complementarily, after spinning, the solvent contained in the fibres diffuses out into the 
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atmosphere, and the resulting barometric pressure may distort the cylindrical fibres to the perceived flat 

morphology [82]. 

The effect of the addition of PAni was insignificant in terms of the average fibre diameter. Although the 

addition of PAni could have increased the conductivity of the electrospinning solution and therefore result 

in lower fibre diameter, a clear effect was not perceived. These observations can be due to the low 

amounts of PAni (≤1.00 %wt), along with a relatively low total solid concentration of the electrospinning 

solutions (~15 %wt), and suitable dispersion of the PAni particles into the PCL/Ge mixture. 

In agreement with previous studies [12,14], significant variations were found in the fibre diameter of the 

scaffolds as a function of the dissolution time for all the compositions. Thinner and more homogeneous 

fibres were found as dissolution time increased. Particularly, fibre diameter distributions became narrower 

and were significantly displaced to dimensions in the actual nanoscale range (<100 nm). In general, bead-

free fibrous structures were obtained for the scaffolds prepared up to 72 h of dissolution in the acid solvent 

system. The hydrolytic degradation of the ester bonds of the PCL macromolecular chains, when diluted 

into the 1:1 formic/acetic acid mixture, reduced the solution viscosities, which caused a lower fibre 

diameter. Therefore, the control of the dissolution time before electrospinning stands out as a reliable 

parameter to tailor the dimensions of PCL/Ge/PAni scaffolds. 
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Figure 5. Surface morphology of the scaffolds as a function of the PCL/Ge composition, the PAni content, and the 

dissolution time (DT) (10000×). 
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Figure 6. Average nanofibre diameter as a function of PCL/Ge proportion, the PAni content and the dissolution 

time. Plots are labelled according to the PCL/Ge composition as a) 60/40; b) 50/50; and c) 40/60. 

The structure of the scaffolds was furtherly assessed and the thermal properties and crystallinity were 

analysed through differential scanning calorimetry (DSC). The first heating calorimetric thermograms of 

the PCL/Ge scaffolds (60/40, 50/50 and 40/60) as a function of the PAni content (0.50 and 1.00 %wt) and 

dissolution time are plotted in Figure 7. 

 

Figure 7. Stacked calorimetric thermograms of the first heating scan as a function of PCL/Ge proportion, the PAni 

content and the dissolution time. Plots are labelled according to the PCL/Ge/PAni composition as a) 60/40; b) 

60/40/0.50; c) 60/40/1.00; d) 50/50; e) 50/50/0.50 ; f) 50/50/1.00 ; g) 40/60; h) 40/60/0.50; i) 40/60/1.00. 
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Slight differences were perceived as a function of the PCL/Ge composition (60/40, 50/50 and 40/60), 

correlated to the prevalence of each component in the blend, as perceived in previous sections. The 

endothermic melting peak of the PCL between 50 and 65 ºC moved towards lower temperatures and the 

melting enthalpy decreased for higher Ge proportion. Moreover, a wide transition from 30 to 110 ºC due 

to the release of moisture gained importance as the Ge content increased, highlighting its hydrophilic 

behaviour [14]. Some studies in the literature dealing with gelatin reported the characteristic helix to coil 

transition in the vicinities of 35 ºC [30,83]. However, this transition was absent in the obtained 

thermograms [84]. The denaturalisation of the helix conformation may have occurred during the 

dissolution of the Ge into the formic/acetic acid mixture. 

The contribution of the PAni was not perceivable in the thermograms. Although slight modification of 

thermal transitions was perceived in other studies dealing with crosslinked Ge nanofibres with a 

proportion of PAni varying from 15 to 45 %wt [52], the low percentage considered in this study (<1.00 

%wt) may not be high enough to alter the thermal transitions of the scaffolds. 

Considering the dissolution time, while the wide endotherm of Ge remained unaltered, the melting peak of 

the PCL was sharpened and displaced towards lower temperatures for longer dissolution. As the PCL 

melting transition is strictly related to its crystalline structure, the reduction of the length of 

macromolecular PCL segments due to the hydrolytic chain scission during dissolution may have affected 

the resultant amorphous-to-crystalline ratio of the nanofibres [85–87]. From an application perspective, 

amorphous regions are predominantly hydrophilic, labile to hydrolytic degradation and therefore more 

biocompatible. Nevertheless, although the crystalline domains with a highly ordered and compact 

structure bring mechanical support, they are less permeable to water molecules and therefore more 

resistant to hydrolytic degradation and with less biological compatibility [88]. Therefore, the evaluation of 

the crystalline structure is crucial to infer the future biodegradation and bioassimilation performance as 

well as biocompatibility of the scaffolds during application [89]. 

Given the amorphous structure of the Ge, the crystallinity degree (Xc) and the lamellar thickness (lc) of the 

PCL fraction were evaluated. These indicators have been previously proposed for monitoring the service 

behaviour of some biopolymers [90,91]. Consequently, the obtained results of the Xc are plotted in Figure 

8 and lc is gathered in Table 3. 
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Figure 8. Crystallinity degree (Xc) of the PCL fraction as a function of PCL/Ge proportion, the PAni content, and the 

dissolution time. Plots are labelled according to the PCL/Ge composition as a) 60/40; b) 50/50; and c) 40/60. 

Table 3. Lamellar thickness (lc) in nm of the PCL fraction of the scaffolds as a function of PCL/Ge proportion, the 

PAni content, and the dissolution time. A standard deviation between 1 and 5% was omitted for the sake of clarity. 

PCL/Ge PAni Dissolution time (h) 

(%wt) (%wt) 24 48 72 96 

60/40 

- 34.87 35.22 33.93 29.88 

0.50 33.40 36.21 34.42 29.64 

1.00 33.11 33.48 32.05 31.70 

50/50 

- 29.99 29.99 29.97 28.39 

0.50 30.96 30.64 32.24 26.89 

1.00 33.09 30.96 30.09 29.72 

40/60 

- 29.93 28.43 28.39 26.59 

0.50 31.04 29.37 29.30 27.25 

1.00 31.30 29.00 28.74 28.18 

The differences in the crystalline fraction due to the PCL-to-Ge proportion in the blends were significant, 

regardless of the content of PAni. As the Ge content increased, the crystallisation of PCL was hindered 

and the crystallinity degree (Xc) significantly decreased from 50 to 35% for the 60/40 to the 40/60 

composition. Besides, the reduction of crystallinity was accompanied by a crystalline structure with a 

lower lamellar thickness (lc) as the Ge content increased, moving from ~35 nm to ~29 nm from the 60/40 

to the 40/60 composition [73]. The presumable diffusion of the PCL macromolecules into the Ge matrix 

may have hindered the PCL crystallisation and resulted in the generation of crystalline domains with 

lower lc [14]. 

The potential of the control of the dissolution time to tailor the crystalline morphology of the nanofibres 

was corroborated in terms of the percentage and size of the crystalline population. On the one hand, 
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scaffolds with 60/40 and 50/50 compositions showed an increasing tendency of the Xc due to the 

hydrolytic degradation of the PCL chains. Shorter macromolecular segments with enhanced mobility were 

more capable of forming crystalline domains than longer segments [17]. However, with a higher 

proportion of Ge in the 40/60 PCL/Ge scaffolds, the above-perceived crystallisation behaviour was 

altered. In this composition, the dissimilar and hydrolysed short PCL segments may have completely 

diffused into the Ge phase, which prevented the PCL from substantial crystallisation. Regarding the 

lamellar thickness, although dissimilarities were found for shorter dissolution times, it generally decreased 

as hydrolytic degradation progressed. This performance may be also ascribed to the generation of thinner 

crystalline structures composed of shorter hydrolysed polymer chains, which would result in higher 

biocompatibility and quicker bioassimilation periods. 

Afterwards, the crystalline structure was correlated to the molar mass of the PCL fraction. For this 

purpose, size exclusion chromatography (SEC) was conducted, which results in terms of the average 

molar mass in number (Mn) are plotted in Figure 9. The Mn of the virgin PCL pellet was included for 

comparison purposes. 

 

Figure 9. Average molar mass in number (Mn) of the PCL fraction in the 60/40, 50/50, and 40/60 PCL/Ge scaffolds 

as a function of the PAni content and the dissolution time. Plots are labelled according to the PCL/Ge composition as 

a) 60/40; b) 50/50; and c) 40/60. 

In general, the hydrolytic degradation of the PCL during dissolution into the formic/acetic acid mixture 

was verified. Considering the molar mass of the PCL pellet before dissolution as Mn of 90·103 g·mol-1, the 

PCL macromolecules were degraded faster at the early stage of the solution preparation and tended to 

decrease slowly thereafter [86,92]. This hydrolytic reaction may occur as a depolymerisation process and 

random chain scission mechanism, highly catalysed by the formic/acetic acid solution. Moreover, the ester 

bond breakage of the PCL molecules may result in the generation of new carboxylic ending groups, 

responsible for auto-catalytic degradation [93]. Results followed an exponential decreasing model as a 

function of the dissolution time, as proposed by Lavielle et al. [86] and corroborated in previous studies 

with pure PCL nanofibres [12]. It must be highlighted the proper correlation (>98% coincidence) between 
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the expected theoretical and experimental values regardless of the presence of Ge and PAni. Moreover,  a 

linear correlation between the intrinsic viscosity ([η]) variation and the average molar mass in weight 

(Mw) of the PCL fraction was observed as dissolution time increased [86]. These results, plotted in Figure 

S6 in the Supplementary Material, may allow for the intrinsic viscosity approximation as a function of the 

PCL molar mass, a parameter that significantly influences the fibre morphology after electrospinning. 

Although hydrolysis and subsequent viscosity reduction of the Ge as a function of time when diluted in 

such acid solvent have been reported before [94], previous studies demonstrated that the addition of Ge to 

the blend contributed to retaining enough viscosity for suitable electrospinning [14]. This observation was 

also verified in this work in the micrographs shown in Figure 5, where more homogeneous nanofibres 

were obtained for higher dissolution time as Ge content increased. This phenomenon is particularly 

relevant for high dissolution times when the PCL molecules may be severely hydrolysed and the Ge 

molecules contribute to holding the molecule entanglements that allow for appropriate electrospinning. 

Although other features such as the electrical conductivity, structure, and fibre morphology of the 

scaffolds changed due to the Ge and PAni contributions, as seen in previous sections, the tailoring 

approach for the molar mass modulation of the PCL fraction was not altered either by the presence of Ge 

or PAni.  

3.4. In vitro degradation in simulated physiologic conditions 

At this point, the long-term in vitro degradation of the electrospun PCL/Ge/PAni scaffolds was studied in 

simulated physiologic conditions through immersion in phosphate-buffered saline (PBS) medium during 

100 days, under standardised conditions given by the ISO 10993-13:2010-method 4.3 [61,95]. The 

resulting variations of the mass and the pH of the degradation media are plotted in Figure 10. 

 

Figure 10. Relative mass variation (bars) of the scaffolds and pH (scatter) of the degradation media after 100 days in 

simulated physiological conditions (phosphate-buffered saline (PBS) at 37 ºC). Error bars (<3%) in pH results were 

omitted for the sake of clarity. Plots are labelled according to the PCL/Ge composition as a) 60/40; b) 50/50; and c) 

40/60. 
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The variation of the Ge content in the scaffolds strongly determined their mass loss in physiologic 

conditions. Indeed, the mass loss can be directly assigned to the initial Ge percentage in the nanofibres, 

that was released during immersion [20]. Hence, the high hydrophilicity and solubility of Ge in aqueous 

solutions were demonstrated. 

Regarding the PAni presence in the nanofibres, a lower remaining mass could be detected as it increased 

in the composition, especially in the 40/60 PCL/Ge scaffolds for high dissolution time. Although this 

observation was not critical, it may be hypothesised that the PAni preferably interacted with Ge molecules 

and highly hydrolysed PCL chains, which were then released during immersion. This observation may 

suggest that the dispersion of the PAni particles occurs preferably into more hydrophilic domains [96].  

Considering the dissolution time, slightly higher mass loss was appreciated for all the compositions as it 

increased. Therefore, a more pronounced disintegration was perceived for scaffolds prepared after 48 and 

72 h of dissolution. This behaviour can be ascribed to the release of low molar mass hydrolytically 

degraded PCL segments. Finally, the scaffolds electrospun after 96 h were completely disintegrated in all 

cases during the first 20 days, and mass loss could not be evaluated. 

The pH of the degradation media remained between 7 and 7.5 for all the studied compositions after 100 

days of immersion, in line with that of the initial PBS solution, adjusted to 7.4. This behaviour 

corroborated the slow degradation of the PCL molecules in simulated service conditions and highlighted 

the buffer ability of the PBS for the released acid oligomers from the PCL hydrolysis. Overall, the pH 

maintenance may suggest that these scaffolds would not cause acute inflammatory reactions due to the 

possible release of hydrolysed by-products. 

The average molar mass in number (Mn) of the PCL fraction was complementarily analysed after 100 days 

of immersion in simulated physiological conditions. The effect of the dissolution time could only be 

analysed in the nanofibres obtained after 24, 48, and 72 h of dissolution time. As cited before, those 

electrospun after 96 h of dissolution could no longer be evaluated. The obtained values of Mn along with 

the variation in percentage (∆Mn) are gathered in Table 4. 
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Table 4. Average molar mass in number (Mn) and percentage variation after 100 days in simulated physiological 

conditions (phosphate-buffered saline (PBS) at 37 ºC). 

PCL/Ge PAni Dissolution time (h) 

(% wt) (% wt) 24 48 72 

  
Mn 

(g·mol-1) 

∆Mn 

(%) 

Mn 

(g·mol-1) 

∆Mn 

(%) 

Mn 

(g·mol-1) 

∆Mn 

(%) 

60/40 

- 16221 -56.87 11121 -49.72 9021 -43.72 

0.50 15498 -53.32 12341 -45.63 8003 -53.58 

1.00 13936 -60.26 13109 -42.12 8493 -49.83 

50/50 

- 14575 -62.77 8628 -62.26 7080 -56.75 

0.50 13242 -61.81 8953 -56.56 7613 -55.09 

1.00 13728 -63.24 9152 -57.61 7081 -57.37 

40/60 

- 13352 -64.91 6896 -69.89 6761 -52.35 

0.50 10220 -70.50 7338 -69.74 6041 -57.19 

1.00 11863 -65.76 8874 -60.33 6165 -57.66 
 

The average molar mass in number (Mn) generally decreased from 15000 to 6000 g·mol-1. This molar 

mass decrease (∆Mn) of the PCL was found in the range from 70 to 45% due to the hydrolytic chain 

scission during immersion in simulated physiologic conditions. Although high dispersion was found in the 

results, it may be intuited a more significant degradation for higher Ge composition and shorter 

dissolution time. On the one hand, the higher proportion of the hydrolytic media in comparison to the 

percentage of PCL along with the predominant amorphous structure revealed before for rich-Ge scaffolds 

may be responsible for this performance. On the other hand, higher degradation could be perceived the 

lower was the dissolution time before electrospinning. In the less hydrolytically degraded PCL during 

processing (24 h of dissolution time), the molar mass decrease was more significant (around 10%) than in 

the nanofibres electrospun after higher dissolution time (72 h) regardless of the composition. The PCL 

chains with a higher molar mass showed a greater number of ester bonds available for being hydrolysed. 

According to the exponential decreasing pattern suggested in the previous section, the less degraded 

segments during processing may have a higher margin for being hydrolytically degraded in simulated 

physiologic conditions. Overall, even though these small differences were highlighted, such scaffolds with 

this low molar mass of the PCL fraction would be completely resorbed in a short period (<15 days) during 

in vivo subdermal or heart implantation [13]. 
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3.5. In vitro biocompatibility 

The influence of the PCL-to-Ge ratio and, especially the effect of PAni on the biocompatibility of the 

scaffolds was assessed in the electrospun nanofibres after 24 and 48 h of dissolution time. 

3.5.1. Cell proliferation 

The biocompatibility of the scaffolds was firstly assessed through the in vitro MTT cell proliferation assay 

by comparing the absorbance at 550 nm after 48 h and 96 h of cell culture [13,97]. The normalised cell 

proliferation rates (in comparison to the PCL/Ge scaffolds without PAni, electrospun after 24 h) are 

plotted in Figure 11 as the ratio of cells measured at 96 h divided by those found after 48 h. 

 

Figure 11. Normalised cell culture ratio for the 60/40, 50/50, and 40/60 PCL/Ge scaffolds as a function of the PAni 

content and dissolution time. Plots are labelled according to the PCL/Ge composition as a) 60/40; b) 50/50; and c) 

40/60. 

In terms of PCL-to-Ge ratio, biocompatibility increased for higher Ge percentages, and therefore the 40/60 

PCL/Ge composition was the most biocompatible [13]. The presence of gelatin with its more hydrophilic 

behaviour and structure containing highly biocompatible Arginyl-Glycyl-Aspartic amino acid sequences 

(RGD), offered biochemical signals for the adhesion, migration, and proliferation of HL-1 Cells, an 

immortalized line from murine atrial cardiomyocytes [20]. 

If compared to their respective PCL/Ge composition, the addition of PAni resulted in dissimilar 

tendencies. Although all the compositions maintained the proliferative properties of the cells, a particular 

performance was perceived for each PCL/Ge composition. While for the 60/40 scaffolds the PAni slightly 

decreased the cell proliferation (10-20%), for the 50/50 the effect was unclear (±10%) and for the 40/60 

the PAni contributed to the cell spread. For these compositions with a higher Ge percentage, the presence 

of PAni boosted proliferation. Indeed, the cell culture ratio progressively increased with the addition of 

PAni, up to 40% for the 1.00 %wt of these conductive microparticles. Previous works have shown the 

potential of conductive scaffolds to promote cell attachment and proliferation [36,41]. 
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In general, proliferation rates were slightly better for higher dissolution time, particularly for the 40/60 

PCL/Ge scaffolds. The generation of carboxyl groups from hydrolysed PCL molecules may have 

increased hydrophilicity and therefore biocompatibility of the nanofibres. Although the hydrolytic 

breakage of PCL changed the nanofibre morphology and microstructure and subsequently determined the 

biodegradation behaviour of the scaffolds, comparable proliferations ratios were found regardless of the 

dissolution time. 

To visually corroborate the cell attachment to the scaffolds, cells were seeded, fixed after 48 and 

96 h of culture, and finally stained with DAPI [98]. The obtained images are shown in Figure 12 

as a function of the PCL/Ge composition, PAni content, and dissolution time. Cells could be 

observed in all the studied scaffolds. In terms of composition, proliferation increased as a 

function of the Ge content, given its higher biocompatibility. Indeed, whilst in the 60/40 PCL/Ge 

composition cells could be hardly observed, in the 40/60 nanofibres the cell population increased 

and occupied more surface of the scaffolds after 96 h of culture. Regarding the dissolution time, 

similar images were obtained both for scaffolds electrospun after 24 and 48 h. All these results 

were in line with those previously described for the MTT assay. 

The presence of PAni was revealed to have not impaired the cellular growth in any of the 

compositions. Indeed, it could be intuited that when PAni was incorporated into the scaffolds, 

grouped cell cores were visible. In particular, this behaviour could be observed for the 50/50 and 

40/60 PCL/Ge compositions and the highest PAni content (1.00 %wt). These cellular centres may 

have grouped in the vicinities of the PAni microparticles, which allowed for stimulation through 

successful beating propagation. 
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Figure 12. Nuclear staining with DAPI during culture (48 and 96 h) of 40000 cells·cm-2 onto the 60/40, 50/50, and 

40/60 PCL/Ge scaffolds with different PAni content as a function of the dissolution time. 
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3.5.2. Cellular cytotoxicity 

Several studies remark the necessity of the combination of more than one method for assessing the in vitro 

biocompatibility with specific cell lines and dissimilar applications [99]. Therefore, the lactate 

dehydrogenase assay (LDH) was complementarily performed to furtherly characterise the effect of the 

different PCL/Ge composition and PAni content when in contact with the cells. This enzyme is used as a 

biomarker of cellular cytotoxicity as it is released into the media from damaged cells. The LDH release 

was measured in the supernatants 48 h after cells platting and the obtained results are plotted in Figure 13. 

Given that cells grew dissimilarly onto the scaffolds, as shown in previous sections by DAPI nuclear 

staining, the release of LDH was normalised against the total amount of protein. 

 

Figure 13. Graphical representation of LDH release assay in HL-1 Cells cultured onto the scaffolds as a function of 

the PCL/Ge composition and the PAni content. Control cells were seeded in gelatin pre-coated wells. Data were 

normalised against the total amount of protein. 

Non-significant differences in the LDH release were observed regardless of the PCL/Ge composition. 

Values of protein release in the different scaffolds ranged from 1.60±0.32 to 2.17±0.08, whereas an LDH 

of 2.70±0.90 was measured in control cells. Although a slightly increasing tendency was found as a 

function of the PAni content for the LDH measured in the 40/60 scaffolds, it was below that of the control 

in all cases. Indeed, cells plated onto all the analysed scaffolds released less LDH compared with cells 

directly platted onto gelatin pre-coated wells. These results are in accordance with previous studies where 

human umbilical vein endothelial cells were able to grow and proliferate onto PCL/PAni scaffolds without 

altering the LDH release [100]. 

3.5.3. Analysis of macrophage M1 and M2 profile 

A major hallmark for myocardial infarction is the massive inflammatory cells infiltration into the 

myocardium layer [101]. Macrophages play a crucial role during disease progression, and macrophages 
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profiles during cardiac injury determine its satisfactory resolution [36]. It is known that some scaffolds 

may alter the macrophage polarization so that those which do not alter or promote macrophage 

polarization through an M2 and reduce the M1 phenotype would be preferred [102]. 

In this section, the effect of combined PCL, Ge, and PAni on the macrophage profile was ascertained. 

Therefore, the PCL/Ge/PAni scaffolds with compositions 40/60/1.00, 50/50/1.00, and 60/40/1.00 were 

cultured and evaluated. In particular, the expression profile of TNFα and CD206 proteins, as expressed by 

M1 and M2 type macrophages respectively, were analysed through qPCR, and the obtained results are 

plotted in Figure 14. 

 

Figure 14. Gene expression associated with a) M1 (TNFα), and b) M2 (CD206) markers. GAPDH was used as a 

reference gene for normalisation. ****p < 0.0001. 

In general, results revealed that none of the scaffolds impaired macrophage polarization. On the one hand, 

significant differences were observed between the control and cells seeded onto the scaffolds when 

assessing the change in TNFα, which is a specific marker of the M1 profile. Macrophages seeded on 

scaffolds containing PAni (1.00 %wt) showed less expression of the proinflammatory cytokine TNFα than 

control cells. Moreover, all the analysed compositions revealed an analogous behaviour, so that the 

contribution of the different percentages of PCL and Ge was negligible. On the other hand, a similar 

tendency was observed when assessing CD206, a specific marker of the M2 profile, in which non-relevant 

differences were observed between cells used as control cells and those seeded onto the scaffolds. 
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4. Conclusions 

Tailored functionalised nanofibrous PCL/Ge/PAni scaffolds were prepared through electrospinning after 

dissolution into a formic/acetic acid mixture. The relative PCL-to-Ge ratio, the addition of PAni, and the 

extent of the dissolution time in the hydrolytic acid solvent were considered as key parameters for the 

design of the nanofibres in terms of morphology, molar mass and crystalline structure. Particularly, the 

addition of PAni up to 1.00 %wt preserved structural and morphological features and offered a positive 

functionalisation in terms of controlled increase of electric conductivity. 

The in vitro evaluation revealed degradation during immersion in physiologic conditions, which could be 

modulated through the scaffold composition and the dissolution time. Complementary MTT and LDH 

assays revealed high biocompatibility and non-cytotoxicity. Scaffolds were able to maintain cells in a 

proliferative state and preserve cardiomyocytes in culture. Moreover, the addition of PAni (1.00 %wt) and 

the higher presence of Ge enhanced cell proliferation and allowed for the generation of cellular centres, 

without altering the polarization profile of the macrophage. Considering the benefits of PAni in the 

increase of conductivity, and the promising signs in terms of biocompatibility, it may be stated that the 

40/60/1.00 PCL/Ge/PAni scaffold is the best candidate for the proliferation of HL-1 Cells with potential 

uses in the cardiac tissue engineering field. Further studies will allow for understanding the role of PAni to 

modulate the electrophysiological properties of cardiomyocytes. 
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