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Obstract

Polymer blends, derived from the combination of two or more polymers, yield novel materials with properties distinct from 
that of the original polymers. These materials have garnered interest in the medical field. However, for such applications the 
biocompatibility of the material must be evaluated. In this study, we prepared polymer blends from poly(ε-caprolactone) 
(PCL) and polypyrrole-block-poly(caprolactone) (PPy-b-PCL) using the casting method. The observed compatibility 
resulted from specific interactions between the carboxylic group of PCL and the amine group of PPy-b-PCL, as well as 
between the pyrrole ring of PPy-b-PCL and the CH2 group of PCL. Micro-Raman imaging revealed homogeneity in surface 
morphology, whereas thermogravimetric analysis indicated that the formation of polymer blends enhances the material’s 
thermal stability. Importantly, the results demonstrated that the addition of PPy-b-PCL does not affect the cytotoxicity to 
bovine fibroblasts, suggesting their biocompatibility and potential application in cattle veterinary devices.
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1. Introduction

Polymer blends are created by combining two or more 
polymers to yield a new material with properties distinct 
from that of the original polymers[1,2]. The fabrication of 
these blends is a cost-effective method for generating new 
polymer materials, as it eliminates the need to synthesize 
new polymers[3]. During the production of a blend, two 
factors must be considered: miscibility and compatibility. 
Thermodynamically miscible polymers intermingle at the 
molecular level, a process that should result in negative 
Gibbs free energy. The final properties of miscible blends 
typically represent an average of the properties of the blend 
components. Conversely, immiscible mixtures form a 
heterogeneous system, where the properties of the constituent 
components are retained[4]. The term compatibility, however, 
has various interpretations in the literature. Some authors 
describe compatible polymers as those that do not show 
significant phase separation upon mixing or when the 
desired physical properties are attained[5]. A definition of 
compatibility suggested by Coleman and Painter involves 

the application of infrared spectroscopy. Accordingly, if 
two polymers are compatible, the spectrum of the mixture 
should exhibit changes when contrasted with the spectra 
of the pure polymers[6].

Polymeric systems have garnered significant interest in 
the medical field, finding applications in the development of 
controlled release systems, mucoadhesive films, bioseparation, 
vascular prostheses, hemodialysis membranes, urinary 
catheters, dressings, and orthopedic implants, among others[7,8]. 
However, the biocompatibility of these materials must be 
evaluated before use. The in-vitro cytotoxicity assay serves 
as the initial test to determine the biocompatibility of any 
material intended for biomedical devices[9].

The literature describes numerous cytotoxicity tests, 
most of which measure cell death or other detrimental effects 
on cell function. Consequently, if a material demonstrates 
inertness in cell culture under these test conditions, its 
potential for use in biomedical devices is enhanced[10]. 
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 The primary cause of polymer cytotoxicity is the presence 
of charged functional groups within the polymer structure. 
These groups can interact with the cell membrane, potentially 
causing rupture, interfering with the transport of vital materials 
to the cell, or chelating essential cellular nutrients[11].

Poly(ε-caprolactone) (PCL) is a biodegradable and 
bioabsorbable polymer that has gained attention due to its 
low cost. In realistic applications, PCL with a high molecular 
weight is preferred because it improves the mechanical 
properties resulting from the entanglement of the polymeric 
chains[12]. This linear, semi-crystalline synthetic polyester 
possesses an orthorhombic crystalline structure and can 
be readily prepared through the catalytic polymerization 
of the caprolactone monomer. Its hydrophobic nature and 
high crystallinity ensures that it undergoes hydrolysis at 
a slow pace[13,14]. Because of these interesting properties 
this polymer has been used alone and in combination 
with a range of materials in different types of biomedical 
applications[15].

Conductive polymers are utilized in neural tissue engineering 
due to their superior electrical properties[16]. Polypyrrole 
(PPy), in particular, has garnered significant attention in 
the medical field. This is attributed to its ease of synthesis, 
potential for chemical modifications, well-documented 
in vitro and in vivo biocompatibility, and relatively high 
conductivity under physiological conditions[17-19]. However, 
PPy is not biodegradable, which is a desirable property for 
tissue engineering constructs. This makes it necessary to 
reduce its content to the lowest possible levels[20,21]. In this 
context, some polymeric materials using PPy have been 
reported in literature. Hydrogels containing low concentrations 
of PPy promoted cell adhesion, growth, and neuronal 
differentiation of human bone marrow mesenchymal stem 
cells. Therefore, they may serve as a useful platform to study 
the effects of electrical and mechanical signals on these cells 
and to develop multifunctional scaffolds for neural tissue 
engineering[22]. Collagen/PPy-b-PCL hydrogels containing 
0.5, 1.0, and 2.0% PPy-b-PCL were developed and showed 
good printability and biocompatibility. Thus, they have 
the potential to be used in the bioprinting of neural tissue 
constructs, for the repair of damaged neural tissues, and 
drug testing or precision medicine applications[23].

The aim of this study was to fabricate and characterize 
films of polymer blends composed of copolymer PPy-b-PCL 
(biodegradable and conductive polymer) and PCL. The 
analysis focused on assessing compatibility, supramolecular 
interactions, and potential cytotoxic effects on bovine 
fibroblasts.

2. Materials and Methods

2.1 Materials

The PCL (MW = 80,000 g.mol-1), PPy-b-PCL (MW = PPy: 
4,000 g.mol-1 and PCL: 2,000 g.mol-1), Dulbecco’s Modified 
Eagle Medium-F12 (DMEM), fetal bovine serum (FBS) 
and penicillin-streptomycin antibiotics were procured from 
Sigma–Aldrich® (St. Louis, MO, USA) and used without 
further purification. Dichloromethane and ethanol, purchased 
from Vetec®, was employed as a solvent, also without 
further purification. The reference controls, high-density 

polyethylene (HDPE) and polyurethane, which contained 0.1% 
zinc diethyldithiocarbamate (ZDEC), were obtained from 
the Food and Drug Safety Center (Kanagawa, Japan). 
Phosphate buffered saline (PBS) was purchased from LGC 
Biotechnology (São Paulo, Brazil).

2.2 Preparation of polymer blends

Polymer blends were prepared using the solvent 
evaporation technique. In this method, the selected polymers 
are dissolved in a specific solvent and the solution is stirred 
for a certain period of time to obtain a homogeneous solution. 
After the solvent had evaporated, the resulting product was 
collected[24]. Thus, five distinct solutions (2.0% m/v) of 
PCL and PPy-b-PCL in dichloromethane were prepared 
by combining the polymers in weight ratios of 0/100, 1/99, 
3/97, 5/95, and 100/0 for PPy-b-PCL and PCL, respectively 
(Table 1). The mass of PCL was calculated assuming a purity 
of 100%. However, since PPy-b-PCL is a dispersion with 
a purity range of 0.3-0.7%, we used a purity value of 0.7% 
to determine the mass of the solution needed to obtain the 
required amount of PPy-b-PCL for the polymer blend. These 
solutions were stirred (120 rpm) for approximately 24 hours 
before being transferred to Petri dishes to facilitate solvent 
evaporation at room temperature (26 °C). The blends were 
subsequently collected as cast films[25,26].

2.3 Cytotoxicity test

Primary fibroblast cell cultures derived from bovine 
skin biopsies were acquired from the cell bank of the 
Laboratory of Animal Reproduction and Biotechnology of 
Brazilian Agricultural Research Corporation. The cells were 
cultured at 37 °C, 5% CO2 and 95% humidity, in Dulbecco’s 
modified Eagle’s medium supplemented with 10% fetal calf 
serum and 100 units mL-1 penicillin–streptomycin and were 
cryopreserved at the second passage. Prior to their utilization, 
fibroblasts were thawed and cultured until the third passage.

The direct contact assay was performed with a monolayer 
of bovine fibroblasts. Briefly, 4x105 cells/well were seeded 
uniformly into six-well plates (35 mm diameter) and cultured 
for 48 h. Subsequently, polymer films (1.0 cm x 1.0 cm) were 
carefully placed at the center of the wells and incubated for 
24 h. Following this, the films were removed, the culture 
medium was discarded, and the plates were washed with 
phosphatebuffered saline and stained with a solution of 
0.2% crystal violet in ethanol for 20 min. The cytotoxicity 
of the polymer films was determined by observing the 
cells by phase contrast and by qualitative means, the zone 
index value (Table 2). This analysis was performed under 
an inverted light microscope (ICM 405, Zeiss, Germany) 
with a camera (Axiocam ERC 5 s, Zeiss, Germany) 
attached to a computer for the images to be captured. 

Table 1. Polymer blend films composition and code.
Films PPy-b-PCL (%) PCL (%)
PCL 0.0 100.0

1 PPy-b-PCL/ 99 PCL 1.0 99.0
3 PPy-b-PCL/ 97 PCL 3.0 93.0
5 PPy-b-PCL/ 95 PCL 5.0 95.0

PPy-b-PCL 100.0 0.0
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Image capture and the distance between viable cells and 
films were measured using Zen 2.3 lite software. For positive 
and negative controls, we used polyurethane containing 
0.1% ZDEC (zinc diethyldithiocarbamate) and HDPE 
(high- density polyethylene), respectively[27].

2.4 Vibrational spectroscopy

Fourier transform infrared (FTIR) spectra were obtained in 
an ALPHA FT-IR Bruker Spectrometer in the 4000-600 cm-1 
region. For the samples, we used the method of attenuated 
total reflection (ATR), with a resolution of 2 cm-1 and 64 scan 
accumulations. Raman measurements were performed on a 
Bruker RFS 100 equipment excited with a Nd+3/YAG laser 
operating at 1064 nm, equipped with a CCD detector cooled 
with liquid nitrogen and a spectral resolution of 2 cm-1. 

An average of 1024 scans were collected with a laser power 
of 50 mW directed at the sample.

2.5 Micro-Raman imaging

The measurements were performed on Brucker 
SENTERRA equipment attached to the microscope. The 
Raman image was acquired by mapping one hundred 
points of the sample using an optical lens 50 times, laser 
excitation at 785 nm, average 25 co-additions and 3 seconds 
of exposure for each point, a laser power of 10mW and 
spectral resolution of 4 cm-1.

2.6 Thermogravimetric analysis

Thermogravimetric analyses (TGA) were performed in 
a Shimadzu TG-60 instrument under nitrogen atmosphere in 
a flow of 50.0 mL.min-1, with a heating rate of 10 °C.min-1, 
from 25 to 600 °C.

3. Results and Discussions

The infrared and Raman spectra of the polymers are 
depicted in Figures 1 and 2, respectively, with tentative 
band assignments presented in Table 3, derived from a 
comparison with literature data[10,28-35].

Table 2. Cytotoxicity index by reactivity grades classification.
Grade Description of the reactive Zone Cytotoxicity

0 No zone rises around the sample Without
1 Limited under the sample area Slightly
2 Zone not greater than 2 mm Mildly
3 Zone between 2 and 10 mm Moderately
4 Zone between 10 and 20 mm Severely

Figure 1. Infrared absorption spectra of PCL (a) PPy-b-PCL (b), 1 PPy-b-PCL/ 99 PCL (c), 3 PPy-b-PCL/ 97 PCL (d) and 
5 PPy-b-PCL/ 95 PCL (e).
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In the infrared spectra of polymer blends, the only 
discernible changes pertain to the bands associated 
with the C–H bond vibration. A new band at 2895 cm-1 
is observable in the polymer blend spectra, along with 
the narrowing of the band at 1470 cm-1, emergence of 
shoulders at 1458 and 1463 cm-1, and shift of the band 
at 1361 cm-1 to 1365 cm-1. The Raman spectrum of the 
5 PPy-b-PCL / 95 PCL blend exhibits changes; the bands 
at 1587, 1237, and 936 cm-1, associated with the polymer 
PPy-b-PCL, shift to larger wavenumbers, while the bands 
at 1722, 1441, and 1305 cm-1, associated with the polymer 
PCL, shift to 1728, 1446, and 1310 cm-1, respectively. 
Consequently, the vibrational spectroscopy data suggest the 
existence of two types of intermolecular interactions: hydrogen 
bonds between the carbonyl of PCL and the amine group 
of PPy-b-PCL, and CH–π type interaction between the 
PPy-b-PCL pyrrole ring and the CH2 group of PCL (Figure 3). 
Studies on blends using PCL and PPy, a material similar to 
the one in this study, revealed the presence of hydrogen 
bonds in the polymeric mixtures and the absence of PPy 
domains in the mixtures due to this interaction. Furthermore, 
the formation of the polymer blend has led to enhanced 
physical and chemical properties[36,37].

Heterogeneity often arises in the composition and 
morphology of polymer blends. In this context, it is believed 
that the general material properties generally depend to 
a large extent on the relevant microscopic heterogeneity. 
Therefore, to better understand the influence of heterogeneity 
on material properties, it is desirable to obtain sample 
information with high spatial resolution. Thus, micro-Raman 
image analysis can be used to study the spatial distribution 
of molecular species within polymer mixtures[38]. Figure 4 
shows the micro-Raman image of the polymer blends, 
focusing on the PPy-b-PCL band at 1588 cm-1. This was 
chosen because it is a region in which only PPy-b-PCL 
shows a signal and because this component is present in a 
smaller proportion. In the Raman image of all the mixtures, 
100 points were analysed and in all of them the presence 

of bands at 1588 cm-1 was observed, with more or less 
intensity, represented by blue to pink colouration on the 
contour map. This fact indicates the presence of PCL-b-PPy 
at all points of the sample and the non-heterogeneity at 
a spatial resolution of approximately 1mm[39]. There are 
no studies in the literature on the morphology of blends 
formed between PCL and PCL-b-PPy. However, a study 
of the morphology of PCL/PPy blends (95/5, 90/10 and 
85/15) showed that PPy is homogeneously distributed in 
the host matrix and does not show PPy agglomerates in 
isolated domains[36].

Figure 2. Raman spectra excited at 1064 nm of PCL (a), PPy-b-PCL 
(b), 1 PPy-b-PCL/ 99 PCL (c), 3 PPy-b-PCL/ 97 PCL (d) and 
5 PPy-b-PCL/ 95 PCL (e).

Table 3. Main infrared absorption and Raman wavenumber values (in cm-1) of samples.
PPy-b-PCL PCL

Tentative assignment
FTIR Raman FTIR Raman

2942/2867 2919/2866 ν(CH2)
1720 1722 1722 ν(C=O)
1556 1587 ν(C=C)

1470/1395/1361 1467/1441/1417 δ(CH2)
1489/1380 ν(C-N)

1454/1170 vibration of the pyrrole ring
1305/1284 ω(CΗ)

1257 1328 1290 ν(C-C)
1237 δ(NH)

1031 1238/1107/1045 1110/1039 ν(C-O-C)
1237/1097/1058/968 1061 δ(CH)

1161 ν(C-O)
913/957 ν(C-COO)

965 960/930 δ(C-O-C)
936 pyrrole ring deformation

790 ω(=C-Η)
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Figure 3. Illustration of CH–π and hydrogen bonding interactions between PCL (A) and PPy-b-PCL (B).

Figure 4. Micro-Raman Imaging of 1 PPy-b-PCL/ 99 PCL (a), 3 PPy-b-PCL/ 97 PCL (b) and 5 PPy-b-PCL/ 95 PCL (c).
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Figure 5 depicts the TGA (Thermogravimetric analysis) 
and DTG (derivative thermogravimetry) curves, respectively, 
for PCL, PPy-b-PCL, and their blends, with corresponding 
thermal data provided in Table 4. The TGA curve for PCL 
exhibits a single decomposition step characteristic of this 
compound, related to random fission of the polymeric chain 
and subsequent formation of CO2, H2O, 5-hexenoic acid, 
and caprolactone[40]. However, while PCL fully degrades 
at 550 °C, PPy-b-PCL experiences a 45% mass loss at the 
same temperature. The thermal data analysis for the polymer 
blends reveals their distinct behavior compared to that of 
the pure polymers. The Tonset temperature for all blends 
is very close to that of the polymer with the higher Tonset 
(PCL), which can be explained by the low concentration 
of PPy-b-PCL in the polymer films. In terms of DTG curve 
analysis, the Tdmax1 temperature (maximum degradation rate 
temperature) for the polymer blends exceeds that of the 
PCL polymer. This increase in the maximum degradation 
temperature values may be related to the compatibility of 

these two polymers and the presence of intermolecular 
interactions between them[41-43].

Optical micrographs (Figure 6) demonstrate that the 
polymer films produced do not cause any morphological 
changes in the shape of the fibroblasts, which would 
indicate signs of cytotoxicity, in accordance with the 
morphological criteria established in the literature[44,45]. 

Figure 5. TGA (a) and DTG (b) curves of the samples.

Figure 6. Inverted optical microscope images of negative control (a), positive control (b), 1 PPy-b-PCL/ 99 PCL (c), 3 PPy-b-PCL/ 97 PCL 
(d) and 5 PPy-b-PCL/ 95 PCL (e).

Table 4. Thermal data of the samples.

Samples
TGA DTG

Tonset (°C) Tdmax1 (°C)

PCL 386 396
1 PPy-b-PCL/ 99 PCL 383 408
3 PPy-b-PCL/ 97 PCL 386 413
5 PPy-b-PCL/ 95 PCL 382 409

PPy-b-PCL 207 238
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Similar to the negative control, the cells proliferated 
adequately in the wells. Conversely, cells cultured with 
the standard toxic polymer (positive control) exhibited a 
spherical shape and detached from the culture dish surface. 
The micrograph images enabled the measurement of the 
distance between viable cells and the polymer films. These 
results were compared with reference values (Table 1) 
to ascertain the toxicity levels of the samples (Table 5), 
which demonstrated no toxic effects on cells. PLC is 
described as a non-toxic polymer in the literature[10] and 
PPy exhibits low toxicity[46]. Therefore, the results suggest 
that the addition of PPy-b-PCL to PCL does not alter its 
cytotoxicity. This finding aligns with other studies in the 
literature, indicating that the addition of PPy does not 
modify the cytotoxicity of the material[23,47].

4. Conclusions

In this research, the compatibility of PPy-b-PCL/ 
PCL blends was investigated using FTIR and Raman 
spectroscopy, micro-Raman imaging, and TGA analysis. 
The results from these methods indicated that PCL and 
PPy-b-PCL form compatible blends. Spectroscopic 
analysis revealed that this compatibility arises from 
specific interactions between the carboxylic group of 
PCL and the amine group of PPy-b-PCL, as well as 
between the pyrrole ring of PPy-b-PCL and the CH2 
group of PCL. Micro-Raman imaging demonstrated 
homogeneity in the surface morphology of the polymer 
blends. Additionally, TGA analysis indicated that the 
formation of these polymer blends enhances the thermal 
stability of the material. Importantly, the results showed 
that the addition of PPy-b-PCL does not affect cytotoxicity 
to bovine fibroblasts, suggesting their biocompatibility 
and potential use in cattle veterinary devices.
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