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Obstract

Polycaprolactone (PCL) to which has been added zinc oxide nanoparticles (ZnO NPs) produces nanocomposites 
(PCL/ZnO NCs). These nanocomposites can be used in biomedical applications and in the food packaging sector. 
However, for these materials to be used in these applications, they need to be sterilized. For this, gamma irradiation is 
the most common method. Thus it is important to evaluate the effects of gamma irradiation on the properties of PCL 
and PCL/ZnO that have been exposed to gamma irradiation. PCL/ZnO NCs films were obtained by solvent casting 
and exposed to gamma irradiation at 25 kGy and evaluated by Fourier transform infrared spectra (FT-IR), X-ray 
diffraction (XRD), thermogravimetric analysis (TGA), differential scanning calorimetry (DSC) scanning electron 
microscopy (SEM) and mechanical properties. Mechanical properties and crystallinity showed marginal variations 
for the irradiated samples. The results obtained demonstrate that gamma irradiation at 25 kGy, did not cause profound 
changes in nanocomposite properties.
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1. Introduction

Conventional synthetic polymers are widely used in 
our society due to characteristics such as low density, low 
cost of production, and facility for molding, among others. 
Due to their chemical constitution, however, they have a low 
rate of degradation, leading to environmental problems[1-3]. 
An alternative to these materials are the polymeric materials 
constituted by poly (α-hydroxy acids), which are biodegraded 
by microorganisms in CO2, water, and cellular components 
among other materials[4,5]. One of the main representatives 
of this class of polymers is polycaprolactone, which is a 
synthetic thermoplastic polymer. PCL is a hydrophobic, 
semi-crystalline polymer that can attain a degree of crystallinity 
of 69%[6,7]. It is commercially available, biocompatible, 
achieves crystallization and a has a melting point at low 
temperatures, is soluble at room temperature in solvents such 
as chloroform, dichloromethane, carbon tetrachloride, benzene, 
toluene, cyclohexanone and 2-nitropropane, which facilitates 
processing by solvent casting methods[6,8]. The principal way 
to obtain PCL mentioned in the literature occurs through the 
ring-opening polymerization of the ε-caprolactone monomer, 
which takes place in an inert atmosphere with heat supply 
and in the presence of a catalyst, resulting in a high molar 
mass polymer with improved mechanical properties[6,7]. 
The main property of PCL is its biocompatibility, which 

makes the material very interesting for applications such as 
for implants[9], controlled drug delivery systems[10], scaffolds 
in tissue engineering[11], and food-packaging[8]. However, 
PCL has low thermo-mechanical properties and high gas 
permeability[1]. The strategy adopted to control this is to 
add inorganic nanomaterials to the polymer[12], obtaining a 
nanocomposite and add also other polymers[13,14]. Among the 
nanomaterials that can be mixed with PCL, the nanoparticles 
of ZnO can be used[15]. ZnO is a biocompatible inorganic 
agent, semiconductor with a band-gap in the UV region, 
which makes it an efficient absorber of UV radiation[16]. 
When added to polymeric matrices, the nanocomposites 
(NCs) exhibit antibacterial activity, low toxicity, lower 
the gas permeability, gener- reactive oxygen species, cell 
adhesion and proliferation[12,17]. The particles with nanometric 
dimensions have a strong tendency to agglomerate due to high 
surface energy, which acts to prevent their dispersion in the 
polymer matrix, compromising the properties expected for the 
material[18]. This dispersion can be controlled by modifying 
the surface of nanoparticles (NPs)[19]. Neverthelles Elen 
and co-workers using a melt-blending technique reported 
a proper dispersion of ZnO NPs in the PCL matrix, without 
the use of modifiers for ZnO NPs[8]. Given the above-
mentioned characteristics, the nanocomposites produced 
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 from PCL with ZnO NPs can be employed in biomedical 
applications and in the food packaging sector, but need to 
be sterilized in order to be used[20,21]. The most common 
method of sterilization occurs by exposing these materials 
to gamma irradiation at the dose of 25 kGy[21]. Exposure of 
polymer materials to gamma irradiation can lead to changes 
in the molecular structure, altering both their physical and 
chemical properties[22,23]. The gamma rays produce excited 
and ionized species that lead to changes in the properties 
of the product, having as the main effect the scission and 
crosslinking of the polymer chains[24]. These effects depend 
on the type of radiation, polymer structure, applied dose, 
dose rate and irradiation conditions[23]. The scission of chains 
causes a reduction in the molar mass of the polymer[25], 
while cross-linking produces an increase in the molecular 
mass, increasing its mechanical properties and decreasing its 
solubility in organic solvents[26], which may not be desirable 
for applications in food packaging and biomedical use. It is 
important to evaluate the effects of gamma irradiation on 
the physical and chemical properties of polycaprolactone 
and its nanocomposites with ZnO NPs irradiated at 25 kGy. 
However, no studies have been reported on the effects of 
gamma irradiation on PCL/ZnO NCs. The objective of this 
paper is to report on the effects of gamma irradiation at 25 kGy 
on PCL and PCL/ZnO NCs films, prepared with different 
concentrations of ZnO by the solvent casting method. The films 
obtained were exposed to gamma irradiation at 25 kGy in 
the presence of air, at room temperature and evaluated by 
experimental techniques such as Fourier transform infrared 
spectra (FT-IR), X-ray diffraction (XRD), thermogravimetric 
analysis (TGA), differential scanning calorimetry (DSC) 
and scanning electron microscopy (SEM).

2. Materials and Methods

2.1 Materials

All the reagents used were analytical grade and used as 
received. Nanosized ZnO powder was acquired from Aldrich 
with particle size <100 nm. PCL was obtained from CapaTM 
(PCL 6500). Chloroform was purchased from Dinâmica.

2.2 Preparation of PCL and PCL/ZnO NCs films

PCL and PCL/ZnO NCs films in different concentrations 
(0.5; 1; 2 and 5%) were obtained by solvent casting. 
Pre-determined amounts of ZnO NPs were added to 5 mL of 
Chloroform and sonicated for 30 minutes. Then, a solution of 
2.5g of PCL in 50 mL Chloroform was added. The mixture 
was stirred for 48 hours. After the stirring period, the mixture 
was poured into a Petri dish, and the solvent was removed 
by slow evaporation in air at room temperature.

2.3 Irradiation of samples

PCL and PCL/ZnO NCs films were exposed to gamma 
irradiation from a source of 60Cobalt (rate of 2,157 kGy/h), at 
a dose of 25 kGy in the presence of air at room temperature.

2.4 Fourier transform infrared spectroscopy

The vibrational spectra in the infrared region (IR) were 
obtained in a Frontier-Perkin Elmer (with attenuated total 
reflectance universal accessory-UATR) spectrometer in the 

range of 4000-650 cm-1. Sixteen scans were performed with 
a resolution of 4 cm−1 for each spectrum.

2.5 X-ray diffraction

Diffractograms were recorded at room temperature 
in the range of 5° to 80° in a Bruker D8 Advanced X-ray 
diffractometer with Cu Kα (0.15 nm), at the speed of 0.02°/min.

2.6 Thermogravimetric analysis

The thermogravimetric analyses were performed in a 
SHIMADZU DTG-60H instrument, in the range from room 
temperature to 600 °C, using a platinum crucible with about 
10 mg of sample, under a dynamic nitrogen atmosphere 
(100 mL/min) and with a heating rate of 10°C/min.

2.7 Differential scanning calorimetry

Heat flux curves were obtained in a differential scanning 
calorimeter, model 1 Star* system (Mettler Toledo) under 
nitrogen atmosphere with the following programming: 
1) heating from 0 °C to 80 °C, at a rate of 10 °C/min; 
2) cooling to 0 °C, at a rate of 20 °C/min; and 3) heating from 
0 °C to 80 °C, at a rate of 10 °C /min. The crystallization 
percentage Xc (%) of the materials was calculated based on 
the following equation: , where , represents the heat needed 
for a melting point for 100% crystalline PCL. The value 
used for the heat of fusion of the fully crystalline PCL was 
139.3 J/g[27].

2.8 Scanning Electron Microscopy (SEM)

The samples were prepared on carbon tape on an aluminum 
support and coated with a 10-20 nm gold film, using a 
Bal-Tec SCD 050 sputter coater. Images were recorded by 
a scanning electron microscope (Tescan Mira3) operating 
at a voltage of 10 KV.

2.9 Transmission Electronic Microscopy (TEM)

TEM image for the NC film were obtained in a 
transmission electron microscope (Jeol, model JEM-2100), 
with a voltage of 200 kV. Drops of the films of NC suspended 
in dichloromethane were deposited on carbon grids, with 
subsequent evaporation of the solvent.

2.10 Mechanical measurements

Tensile properties were determined following the ASTM 
D-882 with an Instron machine EMIC, DL-500 N, crosshead 
speed of 5 mm/min, at room temperature. For the mechanical 
test, three samples of each composition were analyzed.

3. Results and Discussion

3.1 Preparation of PCL and PCL/ZnO nanocomposite 
films

PCL/ZnO NCs films have a white color with an average 
thickness of 0.15 mm before and after exposure to gamma 
radiation (Figure 1). The characterization of the thermal and 
physical properties for the films of PCL and PCL/ZnO NCs, 
before and after irradiation at 25 KGy, will be discussed in 
the following sections.
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3.2 FT-IR analysis of  NCs

FT-IR spectroscopy was used to evaluate the effects 
of gamma irradiation on PCL and PCL/ZnO NCs films. 
Figure 2 shows the spectra for PCL and PCL/ZnO NCs 
before irradiation. Pure PCL showed a peak at 1725 cm-1, 
relative to the stretching mode of C=O in the polymer, while 
the peaks at 2870 and 2850 cm-1 are attributed to the C-H 
bonds of the polymer[28].

The same spectrum for PCL was observed in PCL 
irradiated at 25 KGy (Figure 3). FT-IR analysis of PCL/ZnO 
NCs before and after exposure to gamma irradiation showed 
the same spectrum for pure polymer, with no shift in the 
peak positions (Figures 2 and 3, respectively). This contrasts 
with the work of Augustine and co-workers, who observed a 
shift in peak position of C=O to a lower energy level as the 
nanoparticles of ZnO content increased[28]. These findings 
suggest that gamma irradiation at 25 KGy did not cause 
structural changes in the polymer chains.

3.3 X-ray diffraction patterns

The crystallinity of NCs films before and after 
exposure to gamma irradiation was analyzed by XRD. 
The diffractograms for films are shown in Figures 4 and 5. 
Pure PCL has three reflection angles near 21.5°, 22° and 
23.8°, relative to (110), (111) and (200) planes of the 
orthorhombic structure of the polymer, respectively[28]. 
The diffractogram for ZnO NPs shows the characteristic 
crystalline behavior of ZnO[28]. NCs with up 0.5% of ZnO 
showed only the semi-crystaliine behavior of the polymer; 
this may be due to the low concentration of NPs, resulting 
in the suppression of the ZnO diffraction[12] (Figure 4). With 
the addition of more than 1% of nanoparticles, however, 
it was possible to observe the peaks related to ZnO. These 
peaks were more intense until the content increased to 5% 
of the nanoparticles.

The diffractograms for the irradiated samples at 25 KGy 
were very similar to samples before irradiation, indicating 
that the gamma irradiation at 25 KGy did not create new 
crystalline symmetries(Figure 5)[20].

3.4 Thermogravimetric analysis

The TGA results of PCL and of PCL and PCL/ZnO NCs 
films before and after exposure to gamma irradiation are 
shown in Figures 6 and 7. PCL and PCL/ZnO NCs exhibited 

the same thermal degradation profile, showing a mass loss 
step in the range of 200 to 500 ° C. This event was ascribed 
to polymer chain decomposition[12,29] (Figure 6). The Thermal 
stability of the all samples was analyzed by comparing 
the 10% (T10) and 50% (T50) weight loss temperature of 

Figure 1. Films of PCL and PCL/ZnO NCs before and after exposure to gamma radiation.

Figure 2. FT-IR spectra of (a) pure PCL; (b) PCL/ZnO 0.5%; 
(c) PCL/ZnO 1%; (d) PCL/ZnO 2%; (e) PCL/ZnO 5%.

Figure 3. FT-IR spectra of (a) pure PCL-25 kGy; (b) PCL/ZnO 
0.5%-25 kGy; (c) PCL/ZnO 1%-25 kGy; (d) PCL/ZnO 2%-25 kGy; 
(e) PCL/ZnO 5%-25 kGy.
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the films (Table1). In addition, residual mass is reported. 
Table 1 shows that T10 and T50 of PCL start at 370 °C and 
400 °C, respectively, while all NCs showed lower values of 
T10 and T50. The addition of ZnO NPs decreased the thermal 
stability of the PCL, higher loadings of NPs decreased the 
T10 and T50 of the NCs. This behavior can be attributed to the 
interaction established between the interface of the ZnO NPs 
and the polymer, which decreased the interaction between 
semi-crystalline polymer chains. Also, the ZnO promoted 
an oxidative catalysis of NCs, which was in agreement with 
previous studies reported in the literature[15,30].

Figure 7 shows that the NCs irradiated at 25 KGy 
had the same thermal degradation profile, but with lower 
T10 and T50, than the NCs films before irradiation. These 
findings can be described by the creation of reactive centers 
during radiation exposure, which anticipate the thermal 
degradation of the polymer[21].

3.5 Differential scanning calorimetry

DSC curves were obtained to quantify the crystallinity 
of PCL and PCL/ZnO NCs films. Table 2 demonstrates the 
results for Tm (melting temperature), Tc (temperature of 
crystallization), ∆Hm (enthalpy of melting) and Xc (degree 

of crystallinity) for all samples. Melting temperature of the 
polymer increased with the addition of up to 1% of ZnO NPs. 
However, the addition of more than this caused a decrease in 
the melting point temperature. The increase in the melting 
point temperature for NCs with a low NPs concentration 
may be due to the formation of thick crystals, shifting the 
melting point to a higher temperature[17]. Nevertheless, the 

Figure 4. XRD pattern of (a) pure PCL; (b) PCL/ZnO 0.5%; 
(c) PCL/ZnO 1%; (d) PCL/ZnO 2%; (e) PCL/ZnO 5%; (f) ZnO NPs.

Figure 5. XRD pattern of (a) pure PCL-25 kGy; (b) PCL/ZnO 
0.5%-25 kGy; (c) PCL/ZnO 1%-25 kGy; (d) PCL/ZnO 2%-25 kGy; 
(e) PCL/ZnO 5%-25 kGy.

Figure 6. Thermogravimetric analysis of (a) pure PCL; (b) PCL/
ZnO 0.5%; (c) PCL/ZnO 1%; (d) PCL/ZnO 2%; (e) PCL/ZnO 5%.

Figure 7. Thermogravimetric analysis of pure (a) PCL-25 kGy; 
(b) PCL/ZnO 0.5%-25 kGy; (c) PCL/ZnO 1%-25 kGy; (d) PCL/ZnO 
2%-25 kGy; (e) PCL/ZnO 5%-25 kGy.

Table 1. Thermal properties of PCL and PCL/ZnO NCs films.

Sample T10 (°C) T50 (°C)
Residual 
mass (%) 
at 600 °C

PCL 370 400 1.94
PCL/ZnO 0.5% 326 389 1.90
PCL/ZnO 1% 331 378 1.77
PCL/ZnO 2% 333 372 2.20
PCL/ZnO 5% 326 358 4.86
PCL-25 kGy 376 407 1.55
PCL/ZnO 0.5%-25 kGy 293 344 1.51
PCL/ZnO 1%-25 kGy 282 326 1.46
PCL/ZnO 2%-25 kGy 274 318 2.28
PCL/ZnO 5%-25 kGy 285 330 5.18
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addition of more than 1% of NPs produced agglomerates, 
which hindered the crystallization of polymer, producing 
crystals with a thinner lamellar, decreasing the melting 
point temperature, corroborating with the results obtained 
by Augustine and co-workers[17]. PCl and PCL/ZnO NCs 
irradiated at 25 kGy exhibited marginal variations in the 
melting point temperature. The temperature of crystallization 
for films before exposure to gamma irradiation increased 
with the addition of 0.5% and 1% of NPs, revealing that NPs, 
in low concentration, had a nucleating effect on the PCL17. 
Irradiated PCL/ZnO NCs films had a small decrease in the 
temperature needed for crystallization when compared to the 
irradiated PCL film. This was attributed to an enhancement 
in the crystallinity of the PCL being exposed to radiation. 
The percentage of crystallinity for PCL (43.89%) is in 
accordance with the literature[8]. The crystallinity of the 
PCL/ZnO NCs showed a comparable crystallinity, around 
40%. PCL irradiated film decreased in crystallinity by 32.18%. 
Neverthelles irradiated NCs films that had almost the same 
crystallinity, with the exception of PCL/ZnO 1%-25 kGy, 
which exhibited 48.54% for Xc. These findings suggest that 
gamma irradiation at 25 kGy, did not cause changes in the 
temperature of the melting point, crystallization temperature 
or percentage of crystallinity in all the samples analyzed.

3.6 Scanning electron microscopy

The distribution of ZnO NPs in the polymer matrix 
was evaluated by scanning electron microscopy. Figure 8 
shows the surface morphology of the PCL/ZnO as 5% before 
exposure to irradiation. Figure 8 demonstrates the presence 
of some nanoparticle aggregates dispersed randomly in the 
polymer matrix. NPs can form aggregates due to their high 
surface energy and the strong interactions between particles, 
which hinders their dispersion in the polymer matrix[18].

3.7 Transmission electron microscopy

Figure 9 shows TEM image of the PCL/ZnO at 5% 
before exposure to radiation. The TEM image reveals a 
distribution of ZnO NPs aggregates, randomly dispersed 
in the PCL matrix.

3.8 Mechanical properties

The effects of gamma irradiation on the mechanical 
properties of PCL and PCL/ZnO films were investigated 
and are summarized in Table 3. The properties analyzed 

were tensile strength (σ) and elastic modulus (ε). The mean 
values of the mechanical properties were compared with the 
Duncan test with a significance level of 5%. The Duncan 
test verified that the tensile strength increased by 2.0% for 
the PCL/ZnO and decreased by 5.0% for the PCL/ZnO. 

Table 2. Melting point temperature, crystallization temperature, 
enthalpy of melting and percentage of crystallinity for PCL and 
PCL/ZnO NCs films.

Sample Tm(°C) Tc (°C) ∆Hm (J/g) Xc (%)

PCL 61.33 20.46 61.14 43.89
PCL/ZnO 0.5% 63.47 22.58 57.34 41.11
PCL/ZnO 1% 65.46 21.15 55.02 39.50
PCL/ZnO 2% 63.67 23.26 55.40 39.80
PCL/ZnO 5% 61.72 20.73 55.15 39.59
PCL-25 KGy 61.91 23.46 44.82 32.18
PCL/ZnO 0.5%-25 kGy 62.41 22.56 58.08 41.70
PCL/ZnO 1%-25 kGy 62.07 23.10 67.62 48.54
PCL/ZnO 2%-25 kGy 61.82 23.46 56.90 40.85
PCL/ZnO 5%-25 kGy 63.91 21.06 58.19 41.77

Figure 8. SEM image of PCL/ZnO 5%.

Figure 9. TEM image of PCL/ZnO 5%.

Table 3. Mechanical properties obtained for PCL and PCL/ZnO 
NCs films.

Sample σ (MPa) ε (MPa)
PCL 6.65±1.23a 168.83±16.35b,c,e,f

PCL/ZnO 0.5% 10.69±3.33a,b 144.23±22.25a

PCL/ZnO 1% 9.22±1.43a,b 162.30±7.96a,b,c

PCL/ZnO 2% 13.15±3.81b 173.60±4.38c,e,f

PCL/ZnO 5% 7.84±0.25a 183.33±11.24e,f

PCL-25 kGy 9.97±0.84a,b 165.06±14.51a,b,c

PCL/ZnO 0.5%-25 kGy 8.15±1.10a 155.13±5.09a,b,c

PCL/ZnO 1%-25 kGy 8.50±1.58a 148.10±11.10a,b

PCL/ZnO 2%-25 kGy 7.00±1.77a 165.66±6.81a,b,c

PCL/ZnO 5%-25 kGy 6.70±4.13a 188.5±9.00f

The mean with the same letter in the same column did not differ at 
p <0.05 for the Duncan’s test.
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This can be explained by the formation of agglomerates in 
higher concentrations, preventing stress transfer to NPs, 
reducing σ28. Nevertheless, the irradiated samples did not 
present significant statistical variations as compared with 
pure PCL. There was an increase in ε for PCL/ZnO 2%; 
PCL/ZnO 5%; and PCL/ZnO, 5%-25 kGy. The highest 
value for ε indicated that the NCs films were more rigid as 
a consequence of the high loadings of the NPs.

4. Conclusions

PCL/ZnO NCs films were obtained by solvent casting 
method with different contents of ZnO NPs and irradiated at 
25 kGy. SEM images revealed that aggregates of ZnO NPs 
were dispersed randomly in the polymer matrix. FTIR gamma 
irradiation at 25 kGy did not cause structural changes in the 
polymer chains. XRD showed that gamma irradiation did not 
create new crystalline symmetries in the NCs. The addition 
of ZnO NPs into the PCL Matrix decreased the thermal 
stability in irradiated and non-irradiated samples. DSC 
measurements revealed that the crystallinity of PCL/ZnO 
NCs films had small variations in all samples before and 
after exposure to gamma irradiation. The same behavior 
was verified for mechanical properties. This suggests that 
gamma irradiation at 25 kGy is a successful method for the 
sterilization of PCL/ZnO NCs films without changes in the 
properties of the materials.
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