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ABSTRACT

Polycaprolactone/Graphene oxide (PCL/GO) composites are shown to be promising substrates for tissue engi-
neering as their degradation behavior is a key aspect in this type of application. The present paper studies
the effect of different GO contents (0.1, 0.2 and 0.5 wt%) of PCL/GO composites on accelerated hydrolytic
degradation at extreme pH values. Degradation kinetics at pH 13 is strongly affected by GO content, and speed
up at higher percentages. The composite with 0.5 wt% of GO was completely degraded in 72 hours, while
degradation at pH 1 presents a different profile and seems to have an induction period that lasts more than
1500 hours. Morphological changes, molecular weight distribution, weight loss, degree of swelling and calori-
metric properties were investigated as a function of degradation time. According to the results obtained, the
addition of small percentages of GO significantly influences the degradation behavior of the composites acting

as degradation modulators.
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1. INTRODUCTION

Graphene oxide (GO) is a widely studied form of graphene
that contains hydroxyl, carboxyl and epoxide functional
groups on the surface of its sheets, which can improve
its solubility, processability and interactions with organic
polymers [1-4].

Polymer/GO nanocomposites have higher mechani-
cal, thermal, gas barrier, chemical resistance, electri-
cal and flame retardant properties than neat polymers.
The improved electrical and mechanical properties of
graphene-based nanocomposites have been reported to be
better than those of clay or other carbon-based poly-
mer nanocomposites [4-6]. Some studies have found
that suspended hydrophobic graphene particles, which
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are poorly dispersible in aqueous media, are more toxic
than hydrophilic graphene oxide (GO) or functionalized
graphene [7]. GO-polymer’s remarkable properties make
it highly suitable for use in tissue engineering and regen-
erative medicine [8-11]. The functional GO groups can
be thermally or chemically reduced to produce reduced
GO (RGO), which has much higher conductivity than
GO [10, 12].

GO has been proven to be a biocompatible nanomate-
rial, while the presence of metallic impurities within car-
bon nanotubes (CNTSs) can cause toxicological effects [13].
Although GO could be considered as a biocompatible
nanomaterial, further research is undergoing to under-
stand the details of its probable toxicity and side effects
in order to minimize its potential risks in clinical
applications [14-15].
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Poly(e-caprolactone) (PCL) is a synthetic biodegrad-
able polyester extensively wused in biomedical
applications [16-21]. Sayyar et al. [17] investigated two
methods for the synthesis of polycaprolactone graphene
composites, obtaining covalently linked materials with
good solubility and processability, which makes them good
candidates for use in tissue engineering. Hassanzadeh
et al. [19] synthesized biobased 2D GO quantum dots and
demonstrated their ability to promote mineralization, and
also explored the potential of the prepared PCL nanocom-
posites as bone tissue scaffolds. Kumar et al. [21] pre-
pared and characterized the cellular response to PCL/GO
nanocomposites intended for orthopedic applications.
Reinforcement of GO and RGO nanoparticles in PCL
improves their mechanical and surface properties [18, 22]
and influences surface water wettability [8, 21]. Diban
et al. [23] produced PCL-GO membranes using phase
inversion techniques, nontoxic reagents and mild tem-
perature conditions for use in neural tissue engineering
bioreactors.

Gopferich defines polymer degradation as the chemi-
cal reaction that brings about the cleavage of the polymer
chains, producing oligomers and finally monomers [24].
According to the same author, erosion produces the loss
of material as oligomers and monomers leave the polymer.
PCL has been found to degrade in different ways, includ-
ing chemical hydrolysis, microbial, enzymatic and thermal
degradation, starting either on the surface (homogeneous)
or in the interior (heterogeneous). The process depends
on different parameters, e.g., chemical composition, chain
orientation, molecular weight distribution, surface proper-
ties, hydrophilicity, presence of residual monomers and the
environmental degradation conditions (temperature, rela-
tive humidity, pH) [25-28].

Nanofillers may affect the degradation rate of PCL
and other polyesters, in either direction according to the
effect of the filler used on crystallization and hydropho-
bicity of the polymer matrix [29-31]. A literature review
reveals that there is great confusion, and even contradic-
tory results, in the studies on the degradation of PCL
nanocomposites [32]. Some authors [29, 33-36] have
found an increased degradation rate with the addition of
nanofillers, other than GO, on the degradation of aliphatic
polyesters, while still others [37-41] have found that non-
GO nanofillers slowed down or retarded the degrada-
tion of other aliphatic polyesters during either hydrolytic
degradation or biodegradation. Unfortunately, no system-
atic reports have been published so far on the biodegrad-
ability of aliphatic polyester/GO samples [15].
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Hydrolytic degradation of poly(e-caprolactone) under alkaline (left) and acidic (right) conditions.
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Murray et al. studied the enzymatic degradation of
graphene/PCL to study the effects of added graphene on
the degradation rates of the corresponding nanocomposite
scaffolds. A low concentration of RGO (<1 wt%) did not
change the enzymatic degradation rate of PCL/RGO com-
posites, but at higher concentrations, degradation slowed
down [42]. Balkova et al. carried out a 21-day biodegra-
dation experiment on the action of Bacillus subtilis on
poly(e-caprolactone) composite with GO [43]. According
to Patel et al. [44], graphene-PCL nanocomposites and
their 8-week-old degradation products were found to be
highly cytocompatible and aided the adhesion and pro-
liferation of C2C12 mouse myoblast cells. The degraded
scaffolds were subjected to mechanical testing to eval-
uate the changes in the elastic modulus and the ulti-
mate tensile strength of nanocomposites during in vitro
degradation.

Degradation can be speeded up by using an acidic or
alkaline medium to facilitate the study of morphological
and chemical changes during the process. According to
Lam et al. [45], this method would be better than other
ones to mimic physiological conditions. In addition, degra-
dation at different pH values is of interest in tissue engi-
neering applications because of the wide range of pH
found in the body. In the stomach it can be as low as
0.9-1.5 while in the duodenum it ranges between 7.5 and
8.5 [46].

Hydrolytic degradation in alkaline or acidic conditions
breaks the polymeric chains through the ester bonds.
Hydrolytic degradation under these conditions is shown in
Figure 1.

Alkaline media have been used to study polymer hydrol-
ysis [47-48], whose reactions can be catalyzed by both
acids and alkalis [24, 48]. To our knowledge, no studies on
the accelerated degradation of PCL/GO composites have
yet been published.

The present study is the continuation of previous
work [49] in which PCL/GO composites were produced
by the solution mixing method. In order to advance in the
comprehension of PCL/GO composite materials different
properties were analyzed.

In this work the aim is to explore the effects of low
GO percentages on the accelerated degradation of PCL/GO
composites in terms of modulating the degradation. The
effects of small percentages of GO were assessed on
degradation at acidic, pH 1, and basic, pH 13, based on
morphological changes, weight loss, degree of swelling,
molecular weight distribution and calorimetric properties,
in an attempt to understand the effects of incorporating
GO into the degradability of the composites.
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2. EXPERIMENTAL DETAILS

2.1. Preparation of PCL/GO Composites

PCL pellets from Sigma-Aldrich (M,, = 70,000-90,000),
dioxane solvent from Fisher and graphene oxide powder
with a particle size of around 15 microns from Graphenea
were used as received.

2.2. Degradation Solutions

Hydrochloric acid (HCl) and sodium hydroxide (NaOH)
from Sharlab were used as received. Distilled water was
used as a solvent to prepare 2.5 M HCI (pH 1) and 2.5 M
NaOH (pH 13) degradation solutions.

2.3. PCL/GO Composites Preparation

After dissolving PCL in dioxane it was mixed with solu-
tions containing three different proportions of GO dis-
persed in dioxane (0.1, 0.2, and 0.5% w/w GO/PCL)
following the method used in our previous study [49]. The
samples were labeled according to the percentage of GO
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). Mean sheet thickness was 2 mm.

2.4. Incubation into Degradation Solutions

The degradation procedure of cylindrical samples (diame-
ter, 5 mm; thickness, 2 mm) was the same as in our pre-
vious study [50]. Briefly, samples (~55 mg) were placed
in test-tubes containing 10 mL of degradation solution
at either pH 1 or pH 13. As the PCL/GO-0.5 samples
could not be punched to produce the discs due to the
brittle nature of the material, instead they were carefully
cut into approximately cylindrical shapes. The degrada-
tion process took place in an oven maintained at 37 °C,
and reached a maximum incubation period of 1700 hours
for both pH values. At different time intervals, three sam-
ple replicates were taken out of the degradation solu-
tion, washed thoroughly with distilled water, gently wiped
with blotting paper to eliminate surface water, weighed
and subsequently vacuum dried to constant weight before
analysis.

2.5. Morphology: Scanning Electron
Microscopy (SEM)

The surface and transversal morphology of dried samples
was studied in SEM images of non-degraded and degraded
samples at all degradation times, by means of a JEOL
JSM-5410 (Tokyo, Japan) scanning electron microscope.
The samples, previously gold sputter-coated, were moni-
tored at 10 kV of acceleration voltage and 15 mm working
distance.

2.6. Degree of Swelling and Weight Loss

After degradation, the water absorbed by the materi-
als and weight loss were determined. The samples were
rinsed with distilled water and wiped with blotting paper.
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Wet weight was measured to assess the changes in the
hydrophilicity of the samples. The samples were dried in a
vacuum oven, at room temperature, until constant weight,
and the degree of swelling was obtained by comparing the
wet weight (w,,) with dry weight (w,) at a certain time,
according to Eq. (1):

Wy, — Wy

degree of swelling (%) = x 100 (1)

d

The percentage weight loss respect to the initial weight
(w,) was determined at a specific degradation time, accord-
ing to Eq. (2):

Wy — Wy

weight loss (%) = x 100 (2)

Wy
A Mettler Toledo semi microbalance with a readability of
0.01 mg was used to weigh the samples.

2.7. Molecular Weight Analysis by Gel Permeation
Chromatography (GPC)

The evolution of the weight average molecular weight of
the samples was determined by GPC on a Waters Breeze
GPC system with a 1525 Binary HPLC pump (Waters Cor-
poration, Milford, MA, USA) equipped with a 2414 refrac-
tive index detector and Waters Styragel HR THF columns.
As eluent, a constant flow rate of 1 mL/min of tetrahydro-
furan (THF) at 30 °C was used. The calibration curve was
prepared according to Shodex monodisperse polystyrene
standards (Showa Denko K.K. Kawasaki, Japan). PCL
molecular weights were taken from the Mark-Houwink-
Sakurada parameters provided by Huang et al. [51] (k =
2.9.107* [dL/g], @ = 0.7).

2.8. Differential Scanning Calorimetry (DSC)

The samples’ thermal properties were studied on a Met-
tler Toledo differential scanning calorimeter (DSC, Perkin
Elmer, Uberlingen, Germany) calibrated with indium. The
measurements were taken at a scan rate of 10 °C/min
between —10 °C and 100 °C. Crystallinity was calcu-
lated assuming proportionality to the experimental heat of
fusion, considering 139.5 J/g for the 100% crystalline neat
PCL [52].

3. RESULTS AND DISCUSSION
3.1. Visual Examination and SEM
The neat PCL was white in color while the composite
samples were uniformly brown, which became darker as
GO concentration increased. Prior to degradation, sample
surfaces were practically smooth and even (see Fig. 2).
The microstructure of the surfaces of the prepared sam-
ples were monitored by SEM. The morphological degrada-
tion of the surface of the samples was evident and became
increasingly eroded at higher GO content (see, by way of
example, Fig. 3). Small cavities can be seen in the neat
PCL (first column in Fig. 3) after 143 h when weight loss
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Fig. 2. Sample photographs (above) and transversal SEM images according to GO content. Extracted from Ref. [49], Castilla-Cortézar, 1., et al.,
2019. Morphology, crystallinity, and molecular weight of poly(e-caprolactone)/graphene oxide hybrids. Polymers, 11, p.1099.

was 6.17%. The composite PCL/GO-0.1 (second column
in Fig. 3) presented larger hollow regions, pores and insets
containing enlargements created by the reaction of OH
groups with the polymeric chains. The trend is confirmed
by the degradation in the composite PCL/GO-0.2, as can
be seen in the third column in Figure 3. And also, because
after 143 h no mass remain of the composite PCL/GO-
0.5. It should be noted that GO sheets were left behind in
the solution in which the PCL/GO-0.5 composite had been
degraded and its color changed to grayish-black due to the
GO sheets.

Visual and SEM inspection of the samples incubated at
pH 1 revealed a uniform surface and cross-sections, leav-
ing the overall sample structure and architecture intact.
The overall gross morphology of the samples was not
visibly different to their initial state. As can be seen in
Figure 4, after 889 hours of degradation the upper surface
appeared to have uniform defects. There were no evident
signs of degradation.

3.2. Weight Loss

The weight loss profiles of neat PCL and PCL/GO com-
posites measured at 37 °C as a function of time and pH
are shown in Figure 5. It can be seen that, at pH 13, before
625 hours mass loss increases with the percentage of GO,
probably because the GO acts as a reactive site due to its
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functional groups, through which the OH groups of the
NaOH solution can react with the matrix. At longer degra-
dation times, the percentage weight loss is similar for the
PCL/GO-0.1, and PCL/GO-0.2 composites and neat PCL,
as can be seen in Figure 5(a). It can be observed that there
were two weight loss rates, which were initially fast, and
then slowed down after 625 hours, when approximately
80% of the initial mass had been lost. In the composite
PCL/GO-0.5, the samples degraded rapidly and no mass
remained at 72 hours.

However, the samples degraded at pH 1 hardly changed
throughout the degradation period, as can be seen in
Figure 5(b). The weight loss of neat PCL is less than 2%
for the whole degradation period.

Samples containing GO reached the maximum weight
loss of around 4% after 1700 hours for PCL/GO-0.5. On
the other hand, PCL/GO-0.1 and PCL/GO-0.2 samples
followed the same trend in which the weight loss did
not significantly change and was less than 2% over the
whole degradation period, which means that the overall
rate of weight loss was extremely slow. Statistical dif-
ferences between weight losses of the different samples
were determined by a nonparametric Kruskal-Wallis test
for each degradation time. The statistical analysis found
no significant differences (p > 0.05) between the degrada-
tion rate of neat PCL and PCL/GO-0.1 and the rest of the
samples.
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PCL/GO-0.2

100pm

Fig. 3. SEM microphotographs of the upper surface of the samples after being submitted to the same degradation time (r = 143 h) at pH 13. From
left to right: PCL, PCL/GO-0.1, PCL/GO-0.2. (Top row bar = 3 mm, bottom row bar = 100 pm).

PCL degradation is generally accepted to be due to
hydrolytic cleavage of the ester bonds. When the ester
bonds in the polymer chains react with water molecules,
the length of the degraded chains is reduced. This ends
in the short fragments of chains containing carboxylic end
groups that make the polymer soluble in water [53].

Article

PCL/GO-0.1

The mechanism is based on the hydronium (H*) and
hydroxyl (OH™) balance in the medium. At pH 7 this
balance is neutral and the hydrolysis is prolonged over
time. However, reports suggest that hydrolysis accelerates
at pH 1 (higher H" content) and at pH 13 (higher OH~
content) [50].

PCL/GO-0.2

PCL/GO-0.5

T00m T 100pm

T00pm

| pH 1; 889 h; 0.69%

| pH 1; 889 h; 1.01%

| pH 1; 889 h; 1.12%

| pH 1; 889 h; 1.57% |

Fig. 4. SEM microphotographs of the upper surface of the samples after being submitted to the same degradation time (# = 889 h) at pH 1. From
left to right: PCL, PCL/GO-0.1, PCL/GO-0.2. (Top row bar = 3 mm, bottom row bar = 100 wm).
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Fig. 5. Weight loss profile as a function of degradation time in: (a) Alkaline medium pH 13, (b) acid medium pH 1. Error bars represent standard
deviation. Black: PCL; green: PCL/GO-0.1; red: PCL/GO-0.2; blue: PCL/GO-0.5.

According to our results for pH 1 (see Fig. 5(b)) with
samples of neat PCL (M, = 70,000-90,000) there seems
to be an induction period that lasts for the total degra-
dation period measured here, more than 1500 h. In the
Sailema-Palate paper [50], the weight loss of neat PCL
sheets (M, = 43,000-50,000), degraded at pH 1, pre-
sented a clear induction period of around 300 h, after
which the hydrolysis reaction progressed and the weight
loss increased continuously to around 97% after 2300 h.
According to the literature, degradation is significantly
affected by initial molecular weight [54] and this effect
depends on the type of hydrolysis mechanism [55]. It was
found that the weight loss decreased as initial molecular
weight increased, if weight loss was attributed to end scis-
sion. Here, with samples of PCL with a larger molecular
weight, the induction period is expected to be longer.

However, as stated above, the addition of nanofillers
such as GO can alter the polymer degradation behav-
ior [29], which is the subject of the present paper. Indeed,
when the samples are put in a solution at pH 13 (high
availability of OH™) degradation of the samples is faster at
higher percentages of GO, as can be seen in Figure 5(a).
These results can be explained by GO’s flat structure with
oxygenated functional groups (OHs, among others) on its
surface. As has been shown by Dimiev et al. [56], when
GO is placed in an alkaline solution (NaOH) there is a
break in the GO’s C-C bonds and H™ ions are released
into the medium. The latter are available to react with the
PCL chains and break the ester bond, so the process can
be seen as the superposition of an alkaline degradation and
an acidic degradation. The process speeds up at higher GO
contents. The presence of GO sheets in the polymer matrix
seems to accelerate composite degradation by either act-
ing as an anchor point through which the —OH groups can
react with the polymeric matrix, or by altering the struc-
ture of the matrix, making it more porous, separating the
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polymer chains and creating “tunnels” through which the
—OH groups can access the matrix and freely react with the
polymer chains. This may explain the fact that the com-
posite PCL/GO-0.5 was completely degraded before being
taken out of the degradation medium after 72 hours.

The situation is completely different at pH 1, since GO
in aqueous acidic solution (HCI) is reduced by consum-
ing H' and releasing Cl, (g), which reduces the avail-
ability of hydroniums to break the PCL bonds. As seen
in Figure 5(b), the induction period is so long that no
loss of mass is apparent in the time interval studied. GO’s
hydrophilic nature [3, 57] could possibly facilitate water
penetration (PCL is hydrophobic) and thus make a slight
contribution to degradation.

3.3. Degree of Swelling

The pH of the degradation solution influenced the degrees
of swelling of the degraded samples. As more water pen-
etrates the samples, swelling increases the hydrolysis rate.
As can be seen in Figure 6(a), for samples of neat PCL
degraded at pH 13 the amount of water in the sample
rose to a maximum value of around 20% in a period of
625 hours.

The composite samples PCL/GO-0.1 showed an initial
increase and reached a maximum degree of swelling of
14.5% in a period of 284 hours. The composite sam-
ples PCL/GO-0.2 showed a similar trend. The degree of
swelling in the PCL/GO-0.5 composites at pH 13 could
not be studied at degradation times longer than 72 hours
because the samples had completely degraded after that
time (Fig. 6(a)). The statistical analysis shows significant
differences between the degree of swelling of PCL/GO-0.1
and PCL/GO-0.2, but no significant differences with the
rest of the samples.

Figure 6(b) shows the swelling degree as a function of
degradation time in acid medium pH 1. The samples of
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Fig. 6. Degree of swelling as a function of degradation time in: (a) Alkaline medium pH 13, (b) acid medium pH 1. Error bars represent standard
deviation. Black: PCL; green: PCL/GO-0.1; red: PCL/GO-0.2; blue: PCL/GO-0.5.

neat PCL showed a small initial increase in the swelling
degree of up to approximately 1% at 143 hours, and stayed
constant for the rest of the experiment, which is consistent
with the weight loss profile. The behavior of PCL/GO-0.1,
and PCL/GO-0.2 composites in acid medium was prac-
tically identical. In the PCL/GO-0.5 samples immersed
in pH 1 solution the degree of swelling initially rose to
approximately 8% and stayed between 7 and 8% through-
out the rest of the experiment. This can be explained by
the more hydrophilic behavior of GO and the fact that it
produces a more porous structure that allows the water to
enter the matrix much more easily than in the composites
with lower GO content. The comparison of the degree of
swelling in the degradation at pH 1 and pH 13 shows the
effect of porosity produced by degradation of the com-
posites at pH 13. The degree of swelling of the samples
degraded at pH 13 is more than twice the highest value at
pH 1 for PCL/GO-0.5 and up to 10-15 times more for the
rest of the samples.

pH=13
"] 48h 618h —Pot
! — PCL/GO-0.1
| — PCL/GO-0.2
] | — PCL/GO-0.5
0.004 -
c
)
]
(1]
= 4
('S
0.002 -
0.000 B s '
2.50 3.50 4.50 550
Log Mw

Fig. 7. Molecular weight distribution as a function of GO content and
degradation time for pH 13. Solid lines represent samples’ M, prior
to degradation while dotted lines represent samples’ M, after degrada-
tion (degradation time indicated). Black: PCL; green: PCL/GO-0.1; red:
PCL/GO-0.2; blue: PCL/GO-0.5. Degradation time equals 618 hours
for all samples, except for PCL/GO-0.5, which is 48 hours.
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3.4. Molecular Weight Analysis

Figure 7 shows the molecular weight distribution of the
degraded samples in pH 13 solution at 618 hours for PCL,
PCL/GO-0.1, and PCL/GO-0.2, and after 48 hours for the
PCL/GO-0.5 sample. It can be seen that while the PCL
molecular weight distribution did not change, the molec-
ular weight distribution of the composite samples moved
towards higher molecular weights. As the GO content
increases, the profile presents the superposition of different
molecular weight distributions, with an increase in the con-
tribution of the smaller weight distribution. This is most
remarkable in the composite with the highest GO content,
in which the superposition of three molecular weight dis-
tributions can be seen.

The results of the average molecular weight for two
different degradation times, shown in Table I, confirm
the results shown in Figure 7. Before degradation, as
the GO content increases, the apparent molecular weight
decreases, ranging from 97095 for pure PCL to 4436 for
PCL/GO-0.5. This surprising effect was explained in our
previous work [49], and was attributed to the PCL-GO
interaction. The displacement towards a higher molecular
weight with degradation can be explained by the effect of

Table I. Degradation time, f,, molecular weight, M, for composites
with different GO content at pH 13.
Sample t, (hours) M,
PCL 0 97095
143 91334
618 96567
PCL/GO-0.1 0 61472
143 65290
618 73436
PCL/GO-0.2 0 37878
143 51134
618 54079
PCL/GO-0.5 0 4436
24 6376
48 5748

Mater. Express, Vol. 10, 2020
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GO on the measurement of the apparent molecular weight
by GPC. Thus, as degradation proceeds, part of the GO
content is released from the sample into the degradation
medium (as shown by its grayish-black color). The results
of the molecular weight measurements indicate that the
percentage of GO could decrease with degradation.

The molecular weight distribution of the samples
degraded in immersion at pH 1 did not show any differ-
ences with the corresponding non-degraded samples (data
not shown). This is consistent with the fact that degrada-
tion had not started after 1700 hours in the acidic degra-
dation medium.

3.5. Differential Scanning Calorimetry

Figure 8 shows the melting temperatures of the first heat-
ing scan of the PCL/GO composites, 7,,, and the crys-
tallization temperature, 7., as a function of time and pH,
Figure 8(a) at pH 13 and Figure 8(b) at pH 1. As can be
seen at pH 1, the composites do not present variations of
the melting peak temperature with degradation time or GO
content, Figure 8(b). However, GO has a clear influence
on T,, as the greater the amount of GO, the higher the
T., indicating the nucleating effect of the GO sheets, as
reported in previous studies [21, 49, 58-59]. GO has been
found to increase the number of crystallization nucleation
sites and modify the number and size of spherulite crys-
talline regions in PCL [17, 49]. In short, at pH 1 only GO
content has an influence on the composites, since degra-
dation has only just begun in these conditions. However,
at pH 13, see Figure 8(a), the melting temperatures are
clearly seen to fall as degradation progresses, indicating
smaller crystals. As at pH 1, crystallization temperature is
evidently influenced by GO content, see Figure 8(b). The
higher the GO content the higher the crystallization tem-
perature [49], which remains fairly constant throughout the
degradation process.
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It should be noted that when the samples were immersed
in the degradation medium, crystallinity underwent certain
fluctuations. As can be seen in Figures 9(a) and (b), the
crystallinity of the composites degraded at pH 13 and pH
1 remained fairly constant.

The fact of adding low GO percentages to the PCL
involves some differences in accelerated degradation at
extreme pHs. First of all, degradation of PCL/GO com-
posites at pH 13 is much faster and increases with GO
content, Figure 5(a). At pH 1, Figure 5(b), there seems to
be an induction period that lasts more than 1500 hours,
i.e., the entire time interval studied, in which the loss of
mass is less than 2%, except for the sample PCL/GO-
0.5, while there are no appreciable changes in crystallinity,
melting temperature and crystallization, as can be seen
in Figures 8(b) and 9(b). The fact that after 1500 h the
PCL/GO samples degraded at pH 13 have completely
degraded while those degraded at pH 1, after 1500 h, have
not yet begun to degrade may be of great interest in tissue
engineering as well as in controlled drug delivery.

The results of Sailema et al. [S0] on neat PCL at pH 1,
with higher weight loss and water absorption during degra-
dation, including the findings on molecular weight distri-
bution and changes in morphology, appeared to indicate
a bulk erosion mechanism. After the induction phase, the
molecules became water-soluble and the polymer lost 97%
of its weight in approximately 2200 hours. However, at
pH 13, the results of the degradation in molecular weight,
weight loss, water uptake, DSC and morphology suggested
a surface degradation mechanism [50].

In the present study, GO clearly plays the role of nucle-
ating agent, with higher crystallization temperatures at
higher GO contents. At pH 1, since degradation has not
started, no changes can be seen in any calorimetric and
other studied properties, while at pH 13 the degradation
affects both the amorphous and crystalline phases. As
degradation time increases, in addition to the amorphous
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Fig. 9. Crystallinity of the composites on cooling as a function of degradation time at (a) pH 13, (b) pH 1.

phase degradation, the crystals become smaller through
erosion, as corroborated by the reduced melting tempera-
ture in the first heating scan, Figure 8(a). From our results,
Figures 3, 5(a), 6(a) and 9(a), it can be deduced that, at
pH 13, the degradation proceeded via the mechanism of
surface degradation.

In this study of accelerated degradation, the role of
GO as a degradation modulator should be noted. Future
research work will be carried out to determine evolution
of degradation at pH 1.

4. CONCLUSIONS

This paper describes a study of the hydrolytic degradability
of PCL sheets incorporating GO at different filler contents
(0, 0.1, 0.2 and 0.5 wt%) in both an accelerated setting
under alkaline conditions (pH 13) and accelerated degra-
dation under acidic conditions (pH 1). In an accelerated
setting, researchers may expect to obtain similar results by
altering the rate of reaction whilst maintaining the prin-
cipal reaction mechanisms. However, any data obtained
in this way should always be verified by long-term data.
The behavior of the composites in accelerated degradation
varies according to whether it is acidic or alkaline. The
results show that accelerated degradation in an alkaline
medium, pH 13, increases with GO percentage. However,
when degradation is under acidic conditions, pH 1, there
is an induction period that lasts for the entire study period,
during which no relevant change occurs. The molecular
weight distribution of the composite samples degraded at
pH 13 moved towards higher molecular weights as degra-
dation proceeded. Taking into account the strong correla-
tion between composition and molecular weight measured
by GPC, this would indicate that the GO percentage is
reduced with degradation time. The study of the calorimet-
ric properties shows that at pH 13 crystallinity does not
vary significantly throughout the degradation period, but
melting temperature decreases as degradation progresses,

900

indicating smaller crystal sizes and the degradation of both
the amorphous and crystalline phases. Future work will be
required on degradation at pH 1, including longer periods
of time to assess the evolution of degradation after the
induction period and how it is affected by GO.
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