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ABSTRACT

Poly(e-caprolactone) (PCL) based composites containing different graphene oxide (GO) contents (0.1, 0.2
and 0.5 wt%) were produced by the solution mixing method followed by compression molding and enzymati-
cally degraded in a pH 7.4 phosphate buffer solution containing Pseudomonas lipase at 37 °C. Morphological
changes, molecular weight, calorimetric and mechanical properties were analyzed according to graphene oxide
content. The study of tensile properties showed that the composites increased their Young’s modulus, while
tensile strength and elongation at break decreased to significantly less than that of neat PCL. PCL composite
crystallinity was evaluated by differential scanning calorimetry (DSC). It was found that incorporating GO can
reduce nucleation activity as well as crystallization rates, from 67.6% for neat PCL to 50.6% for a composite with
0.5 wt% GO content. For enzymatic degradation, the weight loss data showed that incorporating GO into the
PCL significantly altered enzymatic degradation. The presence of GO did not alter PCLs hydrolysis mechanism,
but did slow down composite enzymatic degradation in proportion to the percentage of filler content.

Keywords: Polycaprolactone, Graphene Oxide, Enzymatic Degradation, Pseudomonas lipase, Molecular

Weight, Morphology, Mechanical Properties.

1. INTRODUCTION

PCL and other biodegradable polyesters are being
produced on a semi-commercial scale in order to solve
at least part of the problem of plastic waste accumulation.
The polyesters also have the additional advantage that
almost all the monomers used in their preparation can
be obtained from renewable resources [1-2]. PCL is a
hydrophobic, semi-crystalline polymer with a crystallinity
that tends to fall as molecular weight is raised. It has good
solubility, a low melting point (59-64 °C) and its excellent
blend-compatibility has made it the subject of many stud-
ies on potential biomedical applications, including drug
delivery and bone repair, as it is compatible with both hard
and soft materials [3-4].

Choosing the right biomaterial is essential to the success
of tissue engineering applications [5-6]. The design
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and development of multi-component polymer systems
is a suitable method of developing innovative multi-
functional biomaterials, as conventional polymer mate-
rials with only one component cannot be used in all
cases [7-10]. Introducing nanofillers into biodegrad-
able polymer is a particularly promising method of
obtaining nanocomposites with specific tissue engineering
properties [11]. Polymer nanocomposites can be obtained
by combining polymer and inorganic/organic fillers on the
nanometer scale [12-13]. These nanofillers are classified
into different categories according to their dimensions:
nanoparticles, nanotubes, and nanolayers [2]. Graphene-
derived fillers are also promising polymer fillers due
to their functional groups on the surface of graphene
sheets, which can facilitate their compatibility with the
polymer matrix.

GO, a widely studied form of graphene, contains a
single layer of carbon atoms obtained from an original
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graphene lattice that has been oxidized to form C-O
bonds [14]. In its bulk form, known as graphite oxide, it
has been a popular subject of study since Brodie first syn-
thesized it in 1885 [15]. Several models of the GO struc-
ture have been developed, which often partially exclude
each other, but despite the effort, its structure has remained
elusive [16] and a matter of debate [17]. It is thought that
hydroxyl and epoxy groups are present in the highest con-
centration on the basal plane, with carboxylic acid groups
around the sheet periphery. GO has an expanded interlayer
spacing relative to graphite, which depends on humidity
due to intercalation of water molecules [18] and makes it
highly hydrophilic [14, 19]. The functional groups found
on the surface of GO sheets, such as carboxyl, hydroxyl
and epoxide, improve its dispersibility in organic sol-
vents [20]. It also has good processability since it interacts
well with organic polymers [18, 21].

The essential requirement for obtaining hybrid mate-
rials is that the reinforcement disperses correctly in the
matrix, as well as ensuring that the components interact
well [18, 20-29]. In recent years, a variety of process-
ing methods have been proposed to disperse graphenes in
polymer matrices, e.g., in situ polymerization, melt blend-
ing and solution mixing [30-33]. Solution mixing involves
an additive dispersing phase, then dissolving the matrix
polymer in co-solvents to recover the composites by evap-
orating the solvent or coagulating it with non-solvents.
This approach can disperse the particles better than melt
processing, although the particles may reaggregate due to
slow solvent evaporation. Its main advantage is that it
can synthesize polymer-based intercalated nanocomposites
with low or even no polarity [21]. The different processes
have been shown to cause different degrees of nanofiller
dispersion in the matrix and thus have different effects on
the properties of polymer composites [34-35]. Sonication
or high-speed shearing in conjunction with solution-phase
mixing has been proposed to enhance dispersity and give
GO better solubility with non-polar solvents [36].

GO has also been used as a filler material for polymers,
since it was found to improve its mechanical and electrical
properties at low filler loadings [37]. Wan and Chen pro-
duced PCL/GO films with various 0.3-2 wt% GO loadings
by solvent casting before compression molding to study
their mechanical properties and bioactivity; the resulting
PCL/GO composites showed that GO’s reinforcing effect
on PCL could be attributed to the strong interfacial interac-
tions between both phases, characterized by Fourier trans-
form infrared spectroscopy [38]. PCL and GO composites
were successfully synthesized by ring opening polymer-
ization of e-caprolactone with GO as the initiator. GO was
found to have an astounding effect on PCL crystallization
due to its good dispersion in the composite [39]. Kumar
et al. showed how reduced GO and amine-functionalized
GO affected the dynamic mechanical behavior, wettabil-
ity and stem cell response of compression-molded PCL
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composites [40], while Song et al. produced a series
of electrospun PCL/GO scaffolds; the addition of low-
concentration GO improved the mechanical properties and
the overall morphologies of PCL/GO composite nanofiber
scaffolds [41]. Ramazani and Karimi incorporated GO and
reduced GO nanofillers into PCL, followed by electrospin-
ning and created electrically conducting scaffolds [42].

Although much work has been done on preparing
graphene derivative composites, less attention has been
given to the biodegradation of these materials [43—44]. The
polyester degradation mechanism takes place in two steps,
random hydrolysis ester cleavage and weight loss through
the diffusion of oligomeric sort from the volume [45].
It is accepted that in the later stages of in vivo degra-
dation, enzymatic activity is involved [46]. Polyesters’
enzymatic degradation depends on their chemical struc-
ture, the hydrophilic/hydrophobic balance of the main
chain, molecular weight, specific solid-state morphology
and crystallinity, among others. The degradation rate can
also be affected by certain aspects of the crystalline struc-
ture and morphology, such as spherulite size and lamellar
structure [47]. The enzymatic degradation of PCL poly-
mers has been mostly studied, especially in the pres-
ence of lipase-type enzymes [48-52]. Three types of
lipase have been reported to significantly accelerate PCL
degradation: Rhizopus delemer lipase [53-54], Rhizopus
arrhizuslipase [50], and Pseudomonas lipase [47, 48, 51].
Pristine, highly crystalline PCL, was reported to totally
degrade in 4 days in the presence of Pseudomonas (PS)
lipase [48-49], in contrast to hydrolytic degradation in
the absence of enzymes, which lasts more than two
years [49, 55].

In a previous in-depth study, a number of nanocom-
posites produced by the solution mixing method with
various graphene oxide filler contents were analyzed for
possible use in biomedical applications; the aspects studied
included morphological changes, crystallization, infrared
absorbance, molecular weight, thermal properties, and bio-
compatibility, according to the GO content [56]. The
method of sample preparation we report here includes
some refinements with respect to the previous work in rela-
tion to improving GO dispersion through sonication and
press molding [56]. Some previous studies analyzed the
influence of enzymatic degradation on different samples
based on pure PCL [57] and the accelerated degradation
at extreme pHs of pure PCL without GO [58]. In this
work we studied the enzymatic degradation of a series
of PCL/GO hybrids containing different graphene oxide
filler concentrations (0, 0.1, 0.2 and 0.5 wt% of GO) to
gain a better understanding of the degradation process.
An in-depth study was made of morphology, weight loss,
molecular weight distribution analyzed by gel permeation
chromatography (GPC), thermal and mechanical properties
as a function of GO content.
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2. EXPERIMENTAL DETAILS

2.1. Materials

PCL pellets (Polysciences) (M,, = 43.000-50.000), diox-
ane solvent (Fisher) and powdered graphene oxide
(Graphenea) were all used as received. According to
company information, GO was obtained from graphite
which was chemically processed to obtain monolayer
flakes. Lipase from Pseudomonas (powder, EC3.1.1.3.,
40 units/mg) was purchased from Sigma Aldrich, sodium
azide (NaN;) 99% from Aldrich, phosphate buffer saline,
PBS 1x solution, pH 7.4, from Fisher and type I ultrapure
water from a Direct-Q 3 water purification system (Merck
Millipore).

2.2. PCL/GO Composites Preparation

A mixture of powdered GO and type I ultrapure
water were sonicated for 2 hours in a Sonopuls ultra-
sonic homogenizer (Bandelin HD3200) operating at a
high-frequency power of 100 W, pulsation time on/off
0.5/0.5 seconds, respectively, equipped with a TT13FZ
probe. In order to dissipate the internal heat induced by
sonication, the mixture was placed in a glass containing
ice that was replaced at 10-minute intervals. The mixture
was centrifuged in an Eppendorf 5804R at 10000 rpm for
10 minutes. The supernatant was retired and the precipitate
was placed in a petri dish under vacuum at 40 °C. PCL/GO
samples were prepared by solution mixing followed by
solvent evaporation as follows: PCL pellets were dis-
solved in dioxane, after which three solutions with differ-
ent percentages of sonicated GO dispersed in dioxane were
ultrasounded for 20 min in a VWR USC600TH Ultra-
sonic Bath (VWR International). Finally, PCL/dioxane and
GO/dioxane solutions were mixed in different proportions
(0, 0.1, 0.2 and 0.5 wt% GO) and hand-stirred. The sam-
ples were continuously extracted for 30 min at 40 °C to
eliminate air and remained under vacuum for seven days
to purge all the solvent.

The resulting samples were melted at 80 °C and com-
pression molded by a Gumix Model TP-250/200/1-E press.
This process was repeated at least twice (rotating the sam-
ple) to eliminate any bubbles. Individual cylindrical 4 mm
diameter and 0.5 mm average thickness replicates were
then drilled. The films were labeled according to GO
content (wt%) as follows: PCL (neat PCL), PCL/GO-0.1
(0.1 wt% of GO), PCL/GO-0.2 (0.2 wt% of GO), and
PCL/GO-0.5 (0.5 wt% of GO).

2.3. Incubation into Degradation Solutions

Samples of between 6 and 8 mg known dry weight were
placed in sealed vials containing 5 mL of a PBS solution
in the presence of PS lipase and incubated at pH 7.4 and
at 37+0.5 °C, on a rotary shaker at 100 rpm. The enzyme
concentration was 1 mg/mL of solution medium. Every 8§,
24, 48, 72 and 168 hours, three replicates of the solution
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were washed with distilled water and vacuum-dried at
ambient temperature until reaching constant weight.

2.4. Morphology: Field Emission Scanning Electron

Microscope (FESEM) and Transmission

Electron Microscopy (TEM)
Hybrid morphology was examined on a Zeiss Ultra
55 FESEM, (Zeiss Oxford Instruments, Abingdon, UK) at
an acceleration voltage of 2 kV and working distance of
5 mm. The sample surface was sputter-coated with carbon.
For the TEM observations, samples were sliced by a cryo-
genic Leica EM UC7 (Wetzlar, Germany) ultramicrotome
fitted with a Leica EM FC7 low-temperature sectioning
system. A Diatome diamond knife was used to section the
samples at a temperature around —70 °C, after which they
were placed on a copper grid. A JEOL JEM-1010 trans-
mission electron microscope took images at 100 kV.

2.5. Weight Loss
After degradation, the samples were dried in a vacuum
oven, at room temperature, until constant weight. A Met-
tler Toledo semi microbalance with a readability of 0.01
mg was used to weigh the samples. The percentage weight
loss was determined by comparing dry weight (w,) at
a specific time with the initial weight (w,), according
to Eq. (1)

Wo

Yo% . 100 (1)

Wy

weight loss (%)

2.6. Molecular Weight Analysis by GPC

The weight average molar mass of the samples was deter-
mined by gel permeation chromatography at 30 °C on a
Waters Breeze GPC system with a 1525 Binary HPLC
pump (Waters Corporation, Milford, MA, USA) equipped
with a 2414 refractive index detector and Waters Styragel
HR THF columns. Tetrahydrofuran (THF) at a flow rate
of 1 mL/min was used as the eluent. The calibration
curve was prepared according to Shodex monodisperse
polystyrene standards (Showa Denko K.K. Kawasaki,
Japan). PCL molecular weights were calculated from the
Mark-Houwink-Sakurada parameters provided by Huang
et al. [59] (k=2.9-107* [dL/g], a = 0.7).

2.7. Differential Scanning Calorimetry (DSC)

The samples thermal properties were studied on an
indium-calibrated Mettler Toledo differential scanning
calorimeter (DSC, Perkin Elmer, Uberlingen, Germany).
Samples at room temperature were heated to 100 °C at a
scan rate of 10 °C/min and then cooled down to —10 °C
at a scan rate of —10 °C/min and reheated again to 100 °C
at a scan rate of 10 °C/min. Crystallinity was calculated in
the first and second heating scan and cooling scan assum-
ing a proportional relationship to the experimental heat of
fusion, using a value of 139.5 J/g for the reported heat of
fusion 100% crystalline PCL [60].
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2.8. Mechanical Testing

The mechanical properties were measured on a Universal
Tensile Testing Machine (Microtest, Deben UK Ltd.) 2000
N load cell at a crosshead speed of 0.4 mm/min. Sheets
of about 3.5 x 1.4 thick, 35 mm length were measured
at room temperature. Young’s modulus, elongation at
break and tensile strength were taken from the stress—
strain curves, the Young’s modulus being the slope of
the linear part of the stress—strain curve in the range
between 2 and 8 MPa. Five specimens were tested for
each sample and the average values and standard deviation
were calculated.

3. RESULTS AND DISCUSSION

3.1. PCL/GO Composites Fabrication

PCL/GO nanocomposites were subjected to enzymatic
degradation at 37 °C in a pH 7.4 phosphate buffer solu-
tion containing PS lipase. The samples were produced
following the guidelines of a previous work [56]. The
differences with respect to this previous work consisted
firstly in the improvement of GO dispersion, for which
the sonication process was prolonged and carried out with

Table I. Elastic modulus, tensile strength, and elongation at break
as a function of GO content. The standard deviation is represented in
brackets.

Elastic modulus/ Tensile strength/ Elongation at
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a rod sonicator. Secondly, for the final preparation of the
samples a steel mold was made and the previously molten
material was pressed to eliminate air bubbles and achieve
a thinner uniform surface to increase the surface/volume
ratio, which affects the percentage of weight loss during
degradation, mainly when a surface degradation process is
expected.

3.2. Mechanical Testing Prior to Degradation

The mechanical properties under tensile deformation cal-
culated from stress—strain curves are presented in Table I.
It can be seen that the elastic modulus increased with
GO content, from 1.87 MPa for neat PCL to 3.16 MPa
for PCL/GO-0.2 composite. For the PCL/GO-0.5 sam-
ple, the Young’s modulus increased by about 70% with
respect to PCL. These results are in agreement with previ-
ous findings which showed that low GO content can raise
the elastic modulus [38, 42]. As reported, an increase in
the elastic modulus of PCL/GO nanofibers is attributed
to the intrinsic properties of the filler, GO dispersion
and distribution and adhesion of nanosheets to the PCL
matrix [42, 61]. However, adding GO makes the material
less elastic and more fragile, as confirmed by the reduced
tensile strength and elongation at break (Table I). PCL
is able to sustain large deformations. As seen in Table I,
adding nanofillers reduced the break elongation, probably
due to the lack of interaction between GO nanoparticles
and the macromolecular chains. It is worth noting that
the changes introduced in the sample preparations with

Sample MPa MPa break/% respect to the previous work [56] produced less fragile
PCL 1.87 (0.38) 31.70 (0.78) 43.1 (9.7) PCL/GO-0.5 samples, as they could be handled and their
PCL/GO-0.1 2.54 (0.36) 12.5 (2.4) 7.55 (0.60) mechanical properties could be measured, whereas the
jFCILiG oA LI (2 LD (@2) 10 (1) same composition in the previous work produced brittle
PCL/GO-0.5 3.14 (0.14) 17.2 (6.0) 10.5 (4.9) samples
t0 (Oh) t1(8h) | t2(24h) | t3(48h) | t4(72h) | ¢5(168h)
PCL fooe | (‘
'!5:5 .
PCL/GO-
0.1
PCL/GO-
0.2
PCL/GO- ‘
0.5

Fig. 1.
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Representative images of samples before degradation and after various degradation times.
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0h (1000x) 0h (1000x) 0 h (1000x) 0 h (1000x)

PCL

PCL/GO-
0.1

PCL/GO-
0.2

PCL/GO-
0.5

Fig. 2. FESEM images of the neat PCL and PCL/GO composites before starting degradation and after 72 hours of enzymatic degradation at two
different magnification levels (white bars represent 30 and 3 microns).

3.3. Morphology: Visual Examination, voids, cracks, and cavities are signs of the enzyme-induced
FESEM and TEM action, followed by medium penetration into the surface

The macroscopic images of the samples are shown in  micropores.

Figure 1. While the color of the pure PCL sample was The surface morphology of the samples was analyzed

white, the composites showed a dark color which became by FESEM before and after enzymatic degradation by PS

deeper as GO content was increased. lipase. Figure 2 shows FESEM images of the composites

The enzymatic PCL composites were degraded for 168 before degradation and after 72 hours of degradation in
hours. After immersion, in Figure 1 it can be seen that the enzymatic solution. It can be seen that the smoother
the degraded samples presented surface irregularities and surface of the non-degraded samples become rougher, with
erosion from the outer edges, which reduced the thickness pores and channels, under the enzyme action, showing
over degradation time. Surface erosion and formation of  the crystalline spherulites in relief. After 72 hours of

Fig. 3. TEM images of PCL/GO-0.2; (left) at 800x; (center) at 3000x; and (right) at 10000x magnifications. Scale bar represents 5 microns,
500 nm and 100 nm for left, center and right images, respectively.
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100
—a—PCL

80 —+—PCL/GO-0.1
< —+—PCL/GO-0.2
2 60 —e—PCL/GO-0.5
2
)
S 40 |
=

20 A

0

0 20 40 60 80 100 120 140 160 180
Degradation time/hours

Fig. 4. Weight loss profile as a function of degradation time. Error
bars represent standard deviation. Black: Neat PCL; red: PCL/GO-0.1;
blue: PCL/GO-0.2; green: PCL/GO-0.5.

degradation, PCL, and PCL/GO-0.1 had rougher surface
textures. As degradation progressed, many large distorted
pits and caverns appeared. The FESEM PCL/GO-0.2 and
PCL/GO-0.5 composite images showed different behavior
to that of neat PCL and in the PCL/GO-0.1 composite.
In these images (see Fig. 2) these two composites seem
to have less surface erosion than the neat PCL and
PCL/GO-0.1. After 0.1 wt% higher GO content there
seems to be a change in the degradation trend.

Biodegradable polyesters are known to have different
degradation kinetics and erosion mechanisms [62-64], the
two most predominant pathways being bulk and surface
degradation. In surface degradation, diffusion is much
slower than the reaction and water enters the polymer at a
slower rate than hydrolysis takes place. As a consequence,
the sample experiences a thinning effect and this form of
degradation is considered advantageous for the controlled
supply of drugs, since the surface degradation of a mate-
rial is more predictable than that of bulk degradation [65].
Visual and FESEM inspection revealed that the overall
degradation of the composites was predominantly a surface
phenomenon.

TEM images on a nanometric scale provide an
observation of the dispersion of nanofillers within the

0.007

— PCL_0 hours ( )
0.006] — PCL/GO-0.1_0 hours a
— PCL/Go-0.2_0 hours
0.005] — PCL/GO-0.5_0 hours
c
§ 0.004;
=
o
S 0.003]
('
0.002]
0.001]
0° T T T T
3 35 4 45 5 55 6

Log (Mw/Da)
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polymeric matrix. A representative TEM image of the
PCL/GO-0.2 composite, is shown in Figure 3. It can
be seen that the GO is not homogeneously distributed
throughout the whole PCL matrix, but is locally well
dispersed.

3.4. Weight Loss

The enzymatic degradation of the composites was studied
using PS lipase in buffer solution. The hydrolysis was fol-
lowed by mass variations at different degradation times.
Figure 4 contains a weight-loss graph as a percentage of
the initial mass according to enzymatic degradation time
in hours.

Neat PCL was found to degrade fastest (89% weight
loss in 168 hours), while the slowest (48% weight loss
in 168 hours) was seen in PCL/GO-0.5 composite. The
weight loss of the neat PCL, PCL/GO-0.1 and PCL/GO-
0.2 composites were quite similar during the first 45 hours
of degradation, after which the degradation rate slowed
down in the PCL/GO-0.2 composite 83% in 168 hours).
Neat PCL showed the fastest enzymatic degradation, while
PCL composites degraded more slowly. This behavior
could have been caused by the difficulty of the enzymes
in reaching the bulk matrix due to the GO barrier proper-
ties, which make the diffusion path more tortuous [2, 66].
In addition, a portion of the surface of the specimen in
composites is occupied by the filler, so there is less sur-
face available for the enzymes to attack, which in turn
slows down surface erosion. These results are in good
agreement with similar findings with other aliphatic poly-
mers and other types of fillers [67-68]. In an enzymatic
degradation with PS lipase, Vidaurre et al. [57] obtained
a weight loss of less than 40% in around 168 hours with
neat PCL, with a lipase concentration of 0.1 mg/mL of
degradation medium. Here, with a lipase concentration of
1 mg/mL of solution, the weight loss was around 80% in
168 hours, corroborating Gan et al. findings [49] that the
enzymatic degradation rate of PCL films in PBS with PS
lipase increased with enzyme concentration.

0.007
— PCL_72 hours b
0.006] — PCL/GO-0.1_72 hours ( )
— PCL/GO-0.2_72 hours
0.005{ — PCL/GO-0.5_72 hours
§ 0.004;
=
o
£ 0.003]
0.002 4
0.001 {
0 A T T T T
3.0 3.5 4.0 4.5 5.0 5.5 6.0
Log (Mw/Da)

Fig. 5. Molecular weight distribution according to GO content, (a) before degradation and (b) after 72 hours of enzymatic degradation.
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Mw/Da

0 24 hours
Degradation time

u PCL

B PCL/GO-0.1
= PCL/GO-0.2
= PCL/GO-0.5

48 hours 168 hours

Fig. 6. Average molecular weight calculated for different degradation times and GO content.

3.5. GPC

Molecular weight changes were monitored by GPC before
and during enzymatic degradation. Figure 5 depicts the
molecular weight profiles of all the specimens before
degradation (a) and after 72 hours of enzymatic degrada-
tion (b). As can be seen in Figure 5(a), prior to degrada-
tion the weight-average molecular weight, M, remained
unmodified with the addition of GO filler. A previous study
[56] found a progressive decrease in the apparent M, with
increasing added GO content, while similar results were
also found when adding GO to different polymers [69-70].
The reason for the reduced M, with added GO was not
totally clear. In the present study, the manufacturing pro-
cess was refined, adding a second period of sonication with
a rod sonicator and also a final compression molding after
melting. The result was PCL/GO samples whose molecu-
lar weight was not reduced after adding the GO, as was
the case in the previous work [56].

Article

— PCL_0 hours

--- PCL_72 hours

— PCL/GO-0.5_0 hours
PCL/GO-0.5_72 hours

After 72 hours of enzymatic degradation, the molec-
ular weights remained unchanged, as can be seen in
Figure 5(b). Very slight displacements towards lower M,,
can be observed in the PCL/GO-0.2 and PCL/GO-0.5
composites.

Figure 6 shows the weight-average molecular weight
obtained by GPC as a function of degradation time for all
types of samples. The GPC data showed that molecular
weight did not change with degradation time. Although
the samples showed a weight loss of around 80% for
all samples, except for the PCL/GO-0.5 composite, which
had a weight loss of around 40% at 168 hours, as shown
in Figure 4, the GPC results showed that no significant
changes occurred in the molecular weight after 168 h of
enzymatic degradation (Fig. 6). As degradation took place
mainly on the surface, any cleaved chains that produced
lower molecular weight products would have already been
dispersed in the medium.

First heating
Second heating melting peak
melting peak N

40 50 60 70 80
T/°C

Fig. 7. DSC scans for PCL and PCL/GO-0.5 composite on cooling and first and second heating scan, before and after 72 hours of degradation.
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The molecular weight provided by the GPC test there-
fore showed no tendency to vary versus degradation
time, whereas the presence of hydrophilic GO may facil-
itate PBS medium infiltration and in turn accelerate PCL
degradation. From our molecular weight results, PCL/GO
composite degradation seems to offer no obvious evi-
dence of internal autocatalysis. This is consistent with
a superficial degradation in which samples are progres-
sively eroded as degradation proceeds while the remaining
material maintains its initial properties.

3.6. DSC
Changes in the thermal properties were monitored in rela-
tion to GO content and compared using DSC. By way
of example, heat flow-temperature curves of a DSC cycle
corresponding to neat PCL and a PCL/GO-0.5 composite
on cooling and first and second heating scan are shown in
Figure 7. The corresponding curves for the same samples
after 72 hours in the degradation solution are also shown.
The degree of crystallinity (x,), the melting temperature
(T,,), calculated during the first and second heating scan,
and crystallization peak temperature (7.), calculated from
the cooling scan (7.) are shown in Table II. It can be seen
that, before degradation, crystallinity gradually decreases
when adding GO from 67.6% for pure PCL to 50.6%
for PCL/GO-0.5 during the first heating scan. Crystallinity
also decreases with the addition of GO, during the sec-
ond heating scan, from 57.4% for pure PCL to 39.8% for
PCL/GO-0.5 (Table II). Similar results have been reported
in previous studies [38, 39, 43] in which the authors
attribute the reduced crystallinity to GO nanoplatelets
interacting with PCL molecular chains at the interface,
which reduced chain flexibility and retarded crystalliza-
tion. However, other studies have found that crystallinity
rose steadily when GO was added [71-73]. Other stud-
ies concluded that graphene increases the number of crys-
tallization nucleation sites, which affects the size and
number of spherulite crystalline regions in polycaprolac-
tone [74]. This double effect of fillers on polymeric matrix
crystallinity can be explained as follows: on one hand,
they act as nucleating agents, favoring the formation of
crystallization nuclei and therefore increasing the crystal-
lization rate, while on the other, the presence of inorganic

Table II. Degree of crystallinity (x), melting peak temperature (7,,) of
the first and second heating scan, crystallinity (y,) and crystallization
temperature (7.) on cooling, before degradation.
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particles can interfere with the movement of macromolec-
ular chains, interfering with their regular alignment [75].
The reduced crystallinity (y,) could thus be assigned to
the interfacial interaction between PCL molecular chains
and GO nanoplatelets, which reduces chain flexibility and
slows down crystallization, even though GO provides het-
erogeneous nuclei for PCL crystallization [38].

The effect of GO content on PCL matrix crystallization
when cooling can be observed from DSC traces (Fig. 7).
Before degradation 7, increased by about 2 °C in the case
of PCL/GO-0.1, while it remained unchanged in the rest of
the composites (Table IT). The increase in 7, could mean
that GO filler is an efficient nucleating agent for PCL crys-
tallization, as found by Hua et al. in a study of GO rein-
forced poly(L-lactide) nanocomposites [76].

After 72 hours of enzymatic degradation, the crystal-
lization temperatures (7,.) of all the composites increased
slightly (less than 4 °C) compared to that of neat PCL,
as can be seen in Table III. The higher 7, on adding GO
shows that the dispersed GO nanosheets probably acted
as efficient nucleating seeds and helped to promote PCL
crystallization during degradation due to the formation of
smaller molecular chains entrapped in the polymer matrix.
DSC data also show that adding GO to the PCL structure
did not significantly affect the melting temperature (7,,)
of the composites with respect to neat PCL (Table II), in
agreement with some earlier studies [71, 77]. Since the
PCL/GO composites’ melting temperature hardly changed,
it was not significantly affected by adding GO. Degrada-
tion over 72 hours results in no change in the 7,, for neat
PCL or composites, which change less than 2 °C (Fig. 7
and Table III).

GO reinforces polymers thanks to the intrinsic prop-
erties of its nanolayers, its dispersion in the polymer
matrix, interfacial interactions and different crystalline
structures [61]. PCL/GO composites showed better
mechanical behavior than neat PCL in terms of a higher
Young’s modulus, which only increased with the presence
of GO nanosheets (Table I), as has also been found by
other authors [78]. Prior to degradation, most of its ther-
mal properties were only slightly influenced, except for
crystallinity, as can be seen in Table II.

Table III. Degree of crystallinity (), melting peak temperature (7),)
of the first and second heating scan, crystallinity (y,) and crystallization
temperature (7,.) on cooling after 72 hours of enzymatic degradation.

0 hours 72 hours

First heating Cooling Second heating First heating Cooling Second heating
Sample X (%) T, (O x.(%) T.(C) x(%) T, (C) Sample X (%) Tn (O x. (%) T.(C) x (%) T, (C)
PCL 67.60  65.46 51.90  26.65 57.40 56.96 PCL 7550  66.79 42.00 2630 64.90 57.33
PCL/GO-0.1 6420  65.56 4770  28.62  54.50 57.21 PCL/GO-0.1 61.10  66.50 44.80  29.60 46.50 58.46
PCL/GO-0.2 6230  64.73 4890 2629  53.40 56.99 PCL/GO-0.2 6390  67.48 47.10  26.62  51.70 58.43
PCL/GO-0.5 50.60  66.03 3940 2629  39.80 56.90 PCL/GO-0.5 62.10  66.28 4570  27.60 54.20 58.38
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PCL film has been reported to degrade completely in a
few days in phosphate buffer solution containing PS lipase.
During enzymatic degradation, PCL film crystallinity was
gradually reduced and degradation took place in both the
amorphous phase and crystalline region [49]. In the present
study, the reduced crystallinity in PCL/GO composites
before degradation was proportional to the GO percent-
age, both in the first and second scans. The higher the GO
content the larger the drop in crystallinity (see Table II).
However, during enzymatic degradation the decrease in
crystallinity was not proportional to the GO percentage.
The PCL/GO-0.1 composite lost most crystallinity during
degradation. At higher GO contents the trend was reversed
and crystallinity increased, always remaining lower than
that of pure PCL, as can be seen in Table III. Some authors
have found the critical value of the GO percentage in
PCL/GO nanofiber to be 0.1 wt% [42], which agrees with
our findings.

As polyester enzymatic degradation is known to occur
through ester bond hydrolysis, the degradation rate is asso-
ciated with water’s wetting ability and its subsequent pen-
etration into the nanocomposites. As a consequence, one
might think that the hydrophilic or hydrophobic charac-
ter of the “filler” could have a great influence on the
extent to which hydrolysis occurs. Bikiaris et al. [44]
studied the correlation of non-GO nanofiller hydrophilic-
ity with enzymatic hydrolysis rate and concluded that it
does not play an important role in the degree of enzy-
matic hydrolysis. As can be concluded from the above
results, despite GO’s highly hydrophilic character [14, 19],
all our composites had a slower degradation rate than neat
PCL, also indicating that the GO filler hydrophilicity does
not favor the enzymatic degradation rate. Furthermore,
from the morphology, GPC and calorimetric results, the
most predominant degradation pathway seems to be sur-
face degradation.

4. CONCLUSIONS

A series of PCL composites were prepared with different
GO filler contents (0.1, 0.2 and 0.5% w/w GO/PCL) to
characterize their properties and evaluate their enzymatic
degradation by the action of Pseudomonas lipase. The
composites were produced by the solution mixing method,
followed by compression molding into films. Stress—strain
testing showed that tensile strength and elongation at break
decreased with higher amounts of GO filler, while the
elastic modulus increased as GO content was raised. It
can therefore be concluded that adding GO makes PCL
composites less ductile but stronger. Prior to degradation,
crystallinity gradually decreases when adding GO from
67.6% for pure PCL to 50.6% for PCL/GO-0.5 during
the first heating scan. The decrease in crystallinity could
be assigned to the interfacial interaction between PCL
molecular chains and GO nanoplatelets, which reduces the
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chain’s flexibility and slows down the crystallization pro-
cess, even though GO provides heterogeneous nuclei for
PCL crystallization. The composites’ melting temperature
was unaffected by either GO addition or degradation.

Enzymatic degradation can be used to study the mor-
phological and chemical changes that take place during
degradation in a reasonable period of time, as PCL is
known to fully degrade in little more than two years. The
degradation results indicated that the enzymatic degrada-
tion was inversely proportional to GO content. At least
75% of the weight was lost after 168 hours, except in
the PCL/GO-0.5 composite (48%) over a 168-hour period.
The GPC data showed that the molecular weight did not
change with degradation time. The molecular weight, mor-
phology and calorimetry results suggest that degradation
took place only on the surface.
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