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Abstract

The aim of this investigation was to assess the effects of gamma radiation on nanocomposite films (NC films) formed 
by PCL (polycaprolactone) with MCM-48 nanoparticles (PCL/MCM-48) and PCL with MCM-48 NPs modified with 
(3-aminopropyl)triethoxysilane (APTES) (PCL/MCM-48-NH2). The nanocomposite films were obtained using the 
solvent casting method. After preparing the films, they were irradiated at 25 kGy in the presence of air and analyzed 
by X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FT-IR), differential scanning calorimetry (DSC), 
thermogravimetric analysis (TGA), and scanning electron microscopy (SEM), transmission electronic microscopy 
(TEM), as well as for their mechanical properties. The exposure of NC films to gamma radiation at 25 kGy did not 
cause major changes in either thermal or mechanical properties such as tensile strength and modulus of elasticity. The 
results revealed that gamma radiation was a successful choice for the sterilization of these materials.
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1. Introduction

Polycaprolactone (PCL) is a synthetic polymer formed 
of hexanoate units linked by ester linkages[1,2]. It is a 
hydrophobic, semi-crystalline polymer, being biocompatible 
and biodegradable[3-5]. PCL is a biocompatible polymer[6], 
which is interesting for its use for implants[7], controlled 
drug release systems[8], scaffolds[9] and in food packaging[10]. 
PCL is degraded by microorganisms and enzymes[2,11]. This 
degradation may take years, depending on its molecular 
mass, crystallinity content and degradation conditions[2]. 
In the human body, PCL is degraded via hydrolysis of the 
ester bonds and eliminated from the body through the citric 
acid cycle[2]. For some applications, PCL does not have 
satisfactory thermomechanical properties[12]. One way to 
solve this lack of satisfactory thermomechanical properties is 
to add nanomaterials to the PCL, producing a final material 
called a nanocomposite[13,14]. Nanometric materials have a 
high surface area and volume, presenting distinct chemical 
and physical properties when they are on a micro or macro 
scale[15]. Nanosized particles known as nanoparticles (NPs) 
may also be used as fillers[16,17]. However, these materials 
have a high tendency to aggregate, which may render the 
dispersion in the polymer unfeasible, compromising the 

anticipated final properties of the material[18]. This dispersion, 
however, can be improved by changing the surface of 
the NPs from surfactant molecules or other modifiers by 
stabilizing and improving the dispersion of the NPs in the 
matrix, which provides strong repulsion between the NPs[15]. 
Ordered mesoporous silica are among the materials that have 
nanometric dimensions that can be added to the polymers. 
They were first synthesized in 1992 through the M41S[19] 
family of materials and used to promote the increase of 
thermal stability of polymers[20]. They have porous ordered 
structures of silicon oxide (SiO2)

[21], involving the silanols 
(Si-OH) groups[22]. One of the most popular members 
of this family is the MCM-48[19]. The nanoparticles of 
MCM-48 (MCM-48 NPs) have a cubic structure indexed 
in the spatial group Ia3d with 2 interpenetrating networks , 
biocompatibility and high thermal stability, which justifies 
their use as a thermal stabilizing agent for polymers[19,20,21,23]. 
Some authors attribute this effect to the mechanism of radical 
scavenging by MCM-48 NPs during thermal degradation[20]. 
This indicates a promising use of MCM-48 NPs to form NCs 
with PCL to obtain materials with better thermomechanical 
properties. Lopez-Figueras and co-workers, modified the 
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 surface of MCM-41 with N-[3-trimethoxysilyl) propyl]
ethylenediamine (EPTES), to increase the dispersibility of 
MCM-41 in the PCL[12]. The composites obtained with the 
modified silica had better thermal properties than the polymer, 
besides showing greater dispersion of the NPs in the PCL. 
The improvement in thermal properties and dispersibility 
was attributed to surface modification with EPTES and the 
performance of NPs as a barrier. Mallakpour and Khani, 
using the solvent evaporation method, produced films of NCs 
between PCL and amorphous SiO2 nanoparticles modified 
with vitamin B1. The films exhibited better thermomechanical 
properties than PCL, in addition to exhibiting in vitro 
bioactivity with the formation of hydroxyapatite, which 
reveals the potential of the materials obtained to be used 
in bone tissue engineering[24].

Most of the academic and manufacturing interest 
in PCL materials involves the use of these materials in 
medical applications such as drug delivery[25], implants[26], 
tissue engineering[27] and in food packaging[28]. For these 
applications, the materials need to be sterilized to kill 
microorganisms such as fungi, bacteria and viruses[29]. 
The standard procedure adopted for sterilization is the 
exposure of these materials to gamma radiation at 25 kGy[30]. 
This exposure kills microorganisms that can modify their 
chemical and physical properties, due to the origin of effects 
such as scission and cross-linking of polymer chains[30].

Thus, this study sought an innovative means to identify 
the effects of gamma radiation at 25 kGy on the structural, 
thermal and mechanical properties of NCs formed by PCL 
with MCM-48 NPs modified with APTES. The choice 
of dose at 25 kGy was established based on the concept 
of verification dose maximum (VDmax)

[31], to achieve an 
sterility assurance level (SAL) of 10-6 or better for bacteria. 
However for virus sterilization doses greater than 25 kGy 
are required, but the use of these doses is beyond the scope 
of our investigation[31].The films formed by PCL with 0.5% 
modified and unmodified MCM-48 NPs were produced by 
the solvent casting method and exposed to gamma radiation 
at 25 kGy in the presence of air.

2. Materials and Methods

2.1 Materials

All the reagents used were analytical grade and used as 
received. Tetraethylorthosilicate (98%), cetyltrimethylammonium 
bromide (98%), a non-ionic detergent (Pluronic® F-127), 
3-(Aminopropyl)triethoxysilane and ammonium hydroxide 
were acquired from Sigma Aldrich. Chloroform, ethanol, 
toluene and were purchased from Dinâmica.

2.2 Preparation of MCM-48 nanoparticles

The MCM-48 NPs were obtained according to the 
literature[21] with some modifications. To obtain MCM-
48, 0.5 g of cetyltrimethylammonium bromide, 2.05 g of 
F127 (Pluronic® F-127) was diluted in 96 mL of distilled 
water, then 43 mL of ethanol was added, together with 
10.05 g of 29% ammonium hydroxide solution. The mixture 
was stirred until homogeneous, followed by addition of 
1.8 grams of tetraethylorthosilicate. This mixture was stirred 

for 10 minutes and kept standing for 12 hours at room 
temperature. Thereafter, the mixture was centrifuged at 
6000 rpm for 30 minutes. A white solid was obtained which 
was then washed with distilled water and centrifuged again, 
under the same conditions as above, then dried at 70 °C for 
12 hours. This solid was added to the Teflon reactor with 
8.5 mL of distilled water, subjected in a sealed system to a 
temperature of 140 °C for 48 hours, with heating and cooling 
rates of 10 °C min-1 in a programmable oven. After this step, 
the solid obtained was heated at 550 °C for 4 hours in a 
programmable oven, with alterations in heating and cooling 
at a rate of 10 °C min-1.

2.3 Functionalization of MCM-48 nanoparticles

The MCM-48-NH2 NPs were synthesized according to 
the literature, with some modifications[32]. Basically 3 mL 
of APTES was added dropwise to a suspension formed by 
1 gram of MCM-48 NPs and 30 mL of dry toluene under 
nitrogen atmosphere. The mixture obtained was refluxed 
for 24 hours. Then the suspension was filtered and rinsed 
with ethanol. The resulting solid was dried under vacuum 
at room temperature and stored for further use.

2.4 Preparation of PCL, PCL/MCM-48 and PCL/MCM-
48-NH2 NCs films

Films of PCL, PCL/MCM-48 and PCL/MCM-48-
NH2 with 0.5% concentration of silica NPs relative to the 
polymer mass were produced. Predetermined amounts of 
MCM-48 and MCM-48-NH2 nanoparticles were added to 
5mL of chloroform and sonicated for 30 minutes. A solution 
of 2.5 g of PCL with 50 ml of chloroform was then added 
to this and the mixture stirred for 48 hours. After this step, 
the sample was poured into a petri dish and the chloroform 
was removed by evaporation in air at room temperature.

2.5 Methods and Analysis

2.5.1 Irradiation of samples

All samples were exposed to gamma radiation from 
a source of 60Cobalt (Gammacell GC220 Excel irradiator 
- MDS Nordion, Canada) at a dose of 25 kGy (rate of 
2.157 kGy h-1, during 11 h, 35 min and 24 s), in the presence 
of air at room temperature. The dose rate in the center of 
the gammacell irradiator was determined using a Radcal 
ionization chamber of 0.3cc volume, previously calibrated 
in the Ionizing Radiation Metrology Laboratory, located 
in the Department of Nuclear Energy-Federal University 
of Pernambuco.

2.5.2 Fourier Transform Infrared Spectroscopy

FT-IR spectra was measured with a FT-IR/FT-NIR 
Perkin Elmer Spectrum 400 Bruker spectrometer in the 
range of 4000–520 cm-1. Analyses were performed in the 
attenuated total reflectance mode by direct analysis of 
samples on ZnSe crystal.

2.5.3 X-ray diffraction

Diffractograms were acquired in a Bruker D8 Advance 
X-ray diffractometer with Cu Kα (0.15 nm), at the speed 
of 0.02◦ min-1.
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2.5.4 Thermogravimetric analysis

The thermogravimetric tests were obtained using a 
SHIMADZU DTG-60H instrument, between room temperature 
to 600 °C, under nitrogen atmosphere (100 mL.min-1) at a 
rate of 10 ºC min-1.

2.5.5 Differential Scanning Calorimetry

Heat flow curves were carried out in a differential scanning 
calorimeter, model 1 Star* system (Mettler Toledo) under 
a nitrogen atmosphere with the following steps: 1) 0 °C 
to 80 °C, at a rate of 10 °C min-1; 2) cooling to 0 °C, at a 
rate of 20 °C min-1; and 3) 0 °C to 80 °C, at a rate of 10 °C 

min-1[13]. The degree of crystallinity Xc of the films was 

determined based on the equation: 0
m

c
m

H
X

H

∆
=
∆

, where 0
mH∆ , 

equals the heat needed for a melting temperature for 100% 
crystalline PCL. The value used for the heat of fusion of the 
fully crystalline polymer was 139.3 g-1 [33].

2.5.6 Scanning Electron Microscopy (SEM)

The samples were sputtered on carbon tape on an 
aluminum support and coated with gold, using a Bal‑Tec 
SCD 050 sputter coater. Images were recorded by a 
scanning electron microscope (Tescan Mira3) with 10 kV 
accelerating voltage.

2.5.7 Transmission Electronic Microscopy (TEM)

TEM images for the NC films were obtained using a 
transmission electron microscope (Jeol, model JEM-2100), 
with 200 kV accelerating voltage. Drops of the NC films 
suspended in dichloromethane were deposited on copper 
grids, with slow evaporation of the solvent.

2.5.8 Mechanical measurements

Tensile tests were determined on an Instron machine 
EMIC, DL-500  N, using the ASTM D-882, crosshead 
speed of 5 mm min-1, at room temperature. For the tensile 
test, three samples of each film were analyzed. Duncan’s 
statistical test was used to identify the presence of significant 
statistical variations.

3. Results and Discussions

3.1 FT-IR analysis of NCs

The modification of MCM-48 NPs with the APTES (to 
obtain a better distribution in the PCL), forms a siloxane 
bond[34,35] between the APTES and the surface of MCM-
48 NPs. After modification with the APTES, the NPs and 
the PCL chain interaction occurs via hydrogen bonds, 
established with the amine group present in the NPs with 
the carbonyl groups of the PCL. The characterization of 
effects of gamma radiation on the structure, mechanical 
and thermal properties of all films will be presented in the 
next sections.

FT-IR spectroscopy was used to access the effects 
of gamma radiation on the chemical structure of films. 
Figure  1 displays the spectra for MCM-48 NPs and 
MCM-48-NH2 NPs. MCM-48 exhibited a peak around 

3430 cm-1, ascribed to Si-OH stretching[35], while the peaks 
at 1052 cm-1 and 800 cm-1 are related to Si-O-Si asymmetric 
and symmetric stretching vibration modes[35], respectively. 
In addition, in MCM-48-NH2, a new peak at 1555 cm-1 can 
be observed, due to N-H stretching, which suggests the 
surface modification of MCM-48 NPs with APTES[35].

FT-IR spectra of films are presented in Figure  2. 
PCL exhibited a peak at 1722 cm-1, ascribed to the carbonyl 
in the PCL, the peaks at 2948 and 2868 cm-1 originated from 
the C-H bonds of the polymer[36]. NCs films exhibited the 
same spectra of PCL before and after exposure to gamma 
radiation. In PCL membranes exposed to gamma radiation 
at 35 kGy and 65 kGy, the formation of peaks attributed 
to OH (hydroxyl) and COOH (carboxyl) groups has been 
observed[30], which is indicative of the radiolytic oxidation 
of PCL[37]. These findings in general has not been reported 
for PCL exposed at 25 kGy[29,30]. Mallakpour and Khani 

Figure 1. FT-IR spectra of (a) MCM-48 NPs; (b) MCM-48-NH2 
NPs.

Figure 2. FT-IR spectra of (a) PCL; (b) PCL/MCM-48; (c) PCL/
MCM-48-NH2; (d) PCL-25 kGy; (e) PCL/MCM-48-25 kGy; (f) 
PCL/MCM-48-NH2-25 kGy.
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obtained films of NCs formed from PCL with amorphous 
SiO2 nanoparticles and reported changes in peak position of 
C=O[24]. In view of the foregoing, it is possible to state that 
the chemical structure of the polymer is preserved after the 
exposure of PCL and NC films to gamma radiation at 25 kGy.

3.2 Thermogravimetric analysis

TGA and its derivative (DTG) curves were acquired to 
investigate the thermal stability of all samples. Figures 3a, b 
display the TGA and DTG curves for MCM-48 NPs 
and MCM-48-NH2 NPs. The MCM-48 NPs exhibited a 
mass loss around 100 °C, referring to the loss of water 
molecules adsorbed on the surface of the material. While 
the MCM-48-NH2 NPs presented additional mass losses 
between 200 to 600 °C, ascribed to the decomposition of 
the organic part, demonstrating the surface modification of 
MCM-48 NPs with APTES[35].

PCL and NCs films had one event of mass loss, 
between 200 to 500 °C, as observed in the DTG curves, 
which was ascribed to the thermal decomposition of the 
polymer[9,36] (Figures 4a, b). Table 1 reports 5% (T5), 10% 

(T10), 50% (T50) mass loss temperature for PCL and NCs 
films and also Tonset and Tmax. Table 1 displays that T5 and 
T10 of PCL occurred at 361 °C and 370 °C, respectively, 
while T10 for PCL/MCM-48-NH2 was 10 °C higher than 
PCL. The PCL/MCM-48 had a similar valor for T10 as 
compared to polymer. T5 exhibited few variations for NCs 
as compared to PCL matrices. This improvement in the 
T10 of the polymer in PCL/MCM-48-NH2, can be ascribed 
by a better distribution of nanoparticles in the PCL due 
a surface modification of MCM-48 with APTES, which 
prevented the aggregation of nanoparticles. This stability 
can be attributed to the interactions between polymers and 
nanoparticles through the hydrogen bonds formed with 
groups of NPs with PCL carbonyl groups. Lopes-Figueras 
and co-workers observed an increase in thermal stability of 
composites obtained with PCL and MCM-41 nanoparticles 
modified with EPTES, but these results were observed only in 
composites with content above 2% of modified MCM-41[12]. 
PCL and NCs exposed to gamma radiation had the same 
thermal degradation profile, with similar values for T5 and 
T10, as compared to the PCL and NCs films before irradiation 

Figure 3. (a) TGA curves of MCM-48 NPs, MCM-48-NH2 NPs; (b) DTG curves of MCM-48 NPs, MCM-48-NH2 NPs.

Figure 4. (a) TGA curves of PCL, PCL/MCM-48, PCL/MCM-48-NH2, PCL-25 kGy, PCL/MCM-48-25 kGy, PCL/MCM-48-NH2-25 
kGy; (b) DTG curves of PCL, PCL/MCM-48, PCL/MCM-48-NH2, PCL-25 kGy, PCL/MCM-48-25 kGy, PCL/MCM-48-NH2-25 kGy.
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(Figure 4a). In another study different from our results Lyu 
and co-workers found 3 mass loss events for composite films 
formed by PCL with grapefruit seed extract, this thermal 
behavior profile was attributed to the characteristic of the 
grapefruit seed extract used to obtain the films[38]. These 
results indicate that gamma radiation did not change the 
thermal properties of PCL and its NCs films.

3.3 X-ray diffraction patterns

X-Ray diffraction was used to determine the crystalline 
profile of NPs and NCs before and after exposure to gamma 
radiation. Figure 5 shows the diffractograms for NPs. The peak 
observed for MCM-48 NPs at 2.6° is attributed to plane (211), 
characteristic of the spatial group Ia3d of the cubic structure 
of silica[23,35,39]. The diffractogram for MCM-48-NH2 NPs 
exhibited one reflection angle, indicating that the structure 
of the silica had been preserved[35] (Figure 5). The intensity 
of the diffractogram for modified NPs decreased, which may 
be due to the organic groups on silica after modification 
with APTES[35].

The PCL has three reflections at 21.5◦, 22◦ and 23.8◦, 
relative to (110), (111) and (200) planes, respectively, of 
the orthorhombic crystal structure of PCL[40] (Figure 6). 
NCs films showed only the semi-crystalline behavior of 
PCL. The same results were observed for the PCL and 
NCs films after exposure to gamma radiation (Figure 6), 
indicating that the gamma radiation at 25 kGy had preserved 
the crystalline structure of polymer[30].

3.4 Differential Scanning Calorimetry (DSC)

DSC analyses were conducted to access the crystallinity of 
PCL, PCL/MCM-48 and PCL/MCM-48-NH2. Table 2 presents 
the values for Tm (melting temperature), Tc (crystallization 
temperature), ΔHm (melt enthalpy) and Xc (crystallinity 
percentage) for all films analyzed. Addition of MCM-
48 NPs modified with APTES increased the Tm of the PCL 
to 65.70 °C, with the same behavior being verified for 
the Tm of PCL/MCM-48-NH2-25 kGy. The results for Tm 
obtained by DSC indicate that the addition of NPs and the 

subsequent gamma radiation exposure of the NCs films did 
not significantly alter the crystalline structure of the PCL 
in the irradiated films, as observed in the section on X-ray 
diffraction (Section 3.3) also identified by Horacova and 

Table 1. Thermal properties of PCL, PCL/MCM-48, PCL/MCM-48-NH2 NCs films before and after irradiated at 25 kGy.
Sample T5 (◦C) T10 (

◦C) T50 (
◦C) Tonset (

◦C) Tmax (
◦C)

PCL 361 370 401 381 408
PCL/MCM-48 364 372 388 385 397

PCL/MCM-48-NH2 374 380 395 389 399
PCL-25 kGy 359 377 408 389 409

PCL/MCM-48-25 kGy 357 374 394 389 405
PCL/MCM-48-NH2-25 kGy 374 385 409 390 407

Table 2. Melting temperature, crystallization temperature, enthalpy of melting and percentage of crystallinity for PCL, PCL/MCM-48, 
and PCL/MCM-48-NH2 NCs films before and after irradiated at 25 kGy.

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

PCL 61.33 20.46 61.14 43.89
PCL/MCM-48 61.40 22.80 29.34 21.06

PCL/MCM-48-NH2 65.70 23.42 49.69 35.67
PCL-25 kGy 61.91 23.46 44.82 32.18

PCL/MCM-48-25 kGy 56.46 20.64 37.15 26.67
PCL/MCM-48-NH2-25 kGy 65.85 23.00 51.78 37.18

‘Figure 5. XRD curves of (a) MCM-48 NPs; (b) MCM-48-NH2 
NPs.

Figure 6. XRD curves of (a) PCL; (b) PCL/MCM-48; 
(c) PCL/MCM-48-NH2; (d) PCL-25 kGy; (e) PCL/MCM-48-25 
kGy; (f) PCL/MCM-48-NH2-25 kGy.
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co-workers[41]. The increase in Tm for NCs with modified 
NPs may be assigned to the wide dispersion of the NPs in the 
PCL, which facilitates the generation of thick crystals, which 
does not occur with unmodified NPs [42]. The crystallization 
temperature of PCL in the films increased with the addition 
of NPs. For irradiated samples, marginal variations were 
observed in Tc. The crystallinity content of PCL (43.89%) 
is in accordance with the reported[13,43]. For the irradiated 
PCL and PCL/MCM-48-25 kGy films, however, a reduction 
in the crystallinity content was observed. These results 
agree with the findings reported by Foggia and co-workers 
where they found that gamma radiation did not cause major 
changes in crystallinity and composition on biomedical 
poly-(e-caprolactone)/hydroxyapatite composites[44]. These 

findings indicate that the exposure of the PCL and NCs films 
to gamma radiation at 25 kGy did not produce significant 
changes in Tm, Tc and Xc for the analyzed samples.

3.5 Scanning Electron Microscopy (SEM)

The surface morphology of PCL and NCs films was 
evaluated by SEM analysis. Figure 7a shows the smooth surface 
of PCL. Figures 7b, c show the surface and cross-section 
morphology of PCL/MCM-48 and PCL/PCL-48-NH2 NCs 
films, respectively, where the images revealed that spherical 
NPs were randomly distributed on the PCL. Figure 8 shows 
that the surface morphology of nancomposite films irradiated 
at 25 kgy is preserved.

Figure 7. SEM images of (a) surface of PCL; (b) surface (left) and cross-section of PCL/MCM-48 (right); (c) surface (left) and cross-section 
(right) of PCL-MCM-48-NH2.
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3.6 Transmission Electron Microscopy (TEM)

Figure  9a,  b exhibit the TEM images for the 
PCL/MCM-48 and PCL/MCM-48-NH2 films, histograms 
for NPs size distribution and the mean value of the NPs 
in the films. The images obtained by TEM revealed that 
MCM-48 NPs and MCM-48-NH2 NPs maintained a spherical 
shape and random dispersion in the PCL. The mean particle 
size calculated for MCM-48 NPs and MCM-48-NH2 NPs 
on the films was 171.2 nm and 148.6 nm, respectively. 
NPs modified with APTES showed a reduction around 20 nm 
for the mean particle size. This reduction was attributed to 
the alteration of the NPs with APTES, which reduced the 
aggregation of the NPs and favored their interaction with 
the polymer, reducing the aggregation of NPs in the PCL[24].

3.7 Mechanical properties

The mechanical properties of PCL, PCL/MCM-48 and 
PCL/MCM-48-NH2 films are shown in Table 3. The parameters 
evaluated were tensile strength (σ), modulus of elasticity 
(ε) and elongation at break (Eb). The mean values were 
compared by the Duncan test, with a significance level 
of 5%. The Duncan test found that the tensile strength 
for irradiated and non-irradiated NC films did not have 
significant statistical differences. Duncan’s test also did not 
observe statistically significant variations for the modulus 
of elasticity for all samples analyzed. However, Duncan’s 
test indicated an increase in Eb for samples PCL/MCM-
48 and PCL/MCM-48-NH2, which is consistent with the 
literature[12,24,45]. The improvement in the mean Eb value 

Figure 8. SEM images of surface of PCL/MCM-48-25 kGy (left) and ) PCL/MCM-48-NH2-25 kGy (right).

Figure 9. TEM images of (a) PCL/MCM-48; (b) PCL/MCM-48-NH2.
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of these samples is attributed to the formation of hydrogen 
bonds between the MCM-48 and the PCL chains, favoring 
the interfacial adhesion between the components of the 
nanocomposites[24]. The reduction of Eb in the irradiated 
samples is attributed to the effects of gamma radiation on 
the films. These results indicate that gamma radiation at 
25 kGy did not modify the mechanical properties of tensile 
strength and modulus of elasticity of PCL and NCs films. 
This indicates that the use of gamma radiation at 25 kGy is 
a suitable method for the sterilization of the nanocomposite 
films formed by PCL with MCM-48 NPs modified with 
APTES.

4. Conclusions

PCL nanocomposites films with 0.5% of MCM-48 and 
MCM-48-NH2 NPs, were satisfactorily obtained by the 
solvent evaporation method and exposed to gamma radiation 
at 25 kGy. The images obtained by MEV and TEM revealed 
the presence of aggregates of NPs randomly dispersed in the 
films. TEM images exhibited that the MCM-48-NH2 NPs 
presented smaller particle size in the PCL, which was 
attributed to modification with the APTES. Samples irradiated 
at 25 kGy had the same spectral behavior in the infrared 
region as the non-irradiated samples, which is indicative 
of the maintenance of the chemical structure of the PCL. 
The same results were observed in the diffractograms of 
the irradiated films, indicating the maintenance of the semi-
crystalline character of PCL. The PCL MCM-48-NH2 film 
exhibited an enhancement to the thermal stability of PCL, 
due to modification with the APTES. The exposure of the 
PCL/MCM-48 and PCL/MCM-48-NH2 films to gamma 
radiation at 25 kGy did not cause major changes in the 
mechanical and thermal properties of NC films, demonstrating 
success of the sterilization method.
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