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Abstract

Studies about in vitro biodegradation of polymers have grown considerably due to the wide application of biodegradable
polymers in biomedical areas. The objective of this study was to prepare bionanocomposites films of PHB, PEG, and
organoclays by solution intercalation, and to evaluate the morphology, structure, hydrolytic degradation through FTIR
and the calculation of carbonyl content. The results showed that bionanocomposites displayed intermediated dispersion
of'the filler, the polymer chains were intercalated into the organoclay layers and was observed some degree of exfoliation.
There was an influence of PEG and of the clay on the degradation of the polymer, this fact was observed due to the
decrease in the intensity of PHB carbonyl band in the region around 1275 cm™!, affecting the amorphous and crystalline
regions of the polymer. This reduction can be associated with the increase in hydrophilicity of the polymer caused by
the presence of the PEG and clay, suggesting the possibility of increasing the biodegradability of the pure polymer.

In future research, there will be made characterizations to know if these materials can be used in medical devices.
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1. Introduction

The search for materials obtained from renewable sources
has led to the growing interest in the use of biodegradable
polymers, which can be used in several areas of society, i.e. the
biomedical area. The most known and important biodegradable
polymers are the aliphatic polyesters, poly(lactic acid) (PLA),
poly(glycolic acid) (PGA), poly(caprolactone) (PCL) and
poly(hydroxybutyrate) (PHB)!.. The main reasons for using
these polymers in medical areas are their biocompatibility!®.

Among biodegradable polymers PHB can be highlighted,
a polymer produced naturally by bacteria from renewable
energy sources that can be biodegraded in naturel.
However, PHB presents some disadvantages, for instance,
narrow processability window and poor mechanical and
barrier properties. In order to improve PHB properties,
some modifications have been made, for example, blend
and composite formation!¥. Fillers with dimensions on the
range of nanometers have been widely investigated; since
polymer’s properties are greatly improved with just a low
content of the filler. Clays are layered silicate minerals, such
as montmorillonite that has high availability, versatility, low
cost, which have minimal adverse effects on the environment
and human health. The individual clay particle presents a
platelet structure, with a thickness of approximately 1 nm
and lateral dimensions up to 1 pm. In composites, the
nanoclays reinforcing efficiency, good barrier properties,
and improved dimensional and thermal stability are strongly
related to their aspect ratio and large surface areal>®l.
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Furthermore, the addition of a plasticizer can improve PHB
properties, increasing its thermal stability and representing
an effective way to develop a new material with desired
properties”®. In this sense, poly (ethylene) glycol (PEG)
is a flexible and biocompatible polyester widely used to
modify hydrophobic polymers and to form amphiphilic
block copolymers?®. PEG is non-toxic, soluble in water and
inorganic solvents, chemically stable and inert in acidic and
alkaline media. Additionally, it is widely used in different
pharmaceutical, food, and cosmetic formulations!'*!!l,

The use of polymeric materials for diverse applications
has increased since the synthetic polymers were discovered.
In the case of biomedical applications, the use biodegradable
polymers and bionanocomposites have been the great
importance since they are widely used in the formation of
implants, the manufacture of capsules for controlled drug
delivery, and the develop of scaffolds for engineering tissue,
among other applications. For biomedical application, polymers
and bionanocomposites have to satisfy specific requirements
such as compatibility and appropriate mechanical properties.
Also, degradation products must be readily metabolized and
excreted by the body without toxicity!'>!.

Thus, the present work had the objective of developing
pure PHB and PHB/PEG/Organoclay bionanocomposite films
in different compositions through the solution intercalation
method. Subsequently, there were evaluated the systems
morphology by optical microscopy, structure by X-ray
diffraction analysis, hydrolytic degradation, and carbonyl
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content by Fourier Transform Infrared Spectroscopy, to
evaluate the degradation state.

2. Materials and Methods

2.1 Materials

PHB as a yellowish powder with a high degree of purity
of over 99.5% was supplied by PHB Industrial S/A, and it
is biosynthesized by aerobic fermentation and extraction
purification through a natural solvent. Mineragdo Pedra
Lavrada (Paraiba) provided the expanded vermiculite clay
for the development of this research. Poly (ethylene) glycol
(PEG) and the chloroform solvent were purchased from
Synth Ltda. The stearyl dimethyl ammonium chloride salt
(Praepagen WB®) was purchased from Clariant do Brasil.

2.2 Chemical Modification Process of Vermiculite Clay (VMT)

The organofilization of the VMT clay was performed
according to procedures followed by Barbosa et al.'*) and
Mesquita et al.l'¥) which consisted in the preparation of
a dispersion containing distilled water, natural clay, and
ammonium salt.

2.3 Solution intercalation method

For the preparation of the films by the solution intercalation
method, the PHB powder was previously sieved and oven
dried at 70°C for 24 hours. Then 5g of PHB were dissolved
in chloroform under mechanical stirring and heating at
80°C for 3 hours. To reduce solvent loss by vaporization,
a condensation system was set up. For the formation of the
pure PHB and bionanocomposite (BIO 95%, BIO 90%) films
with 5 and 10% PEG, respectively, and with 3% organoclay
vermiculite, the solutions were poured into marble plates,
finally the films were removed from the plates. For the
bionanocomposites, the ratio of parts per hundred of resin
(PCR) was used, PHB + PEG were considered as resin.

2.4 Optical microscopy

Pure PHB and bionanocomposite films surface were
observed using a Leica Microsystems MDS500 optical
microscope (OM), operating on transmission mode with
ICC 50 E camera and magnificent of 40X (500 um).

2.5 X-ray diffraction analysis

A Shimadzu XRD 6000 X-ray diffractometer system
was used to perform XRD analyses. Scans were recorded
in the range of 20 = 1.5° - 30°.

2.6 Hydrolytic degradation

The hydrolytic degradation tests of pure PHB and
bionanocomposites films were performed according to
ASTM F1635-110'¢ controlling the pH and temperature of the
system. The test was carried out for 12 weeks. The hydrolytic
degradation of the samples was performed in saline phosphate
buffer (pH 7.4 + 0.2). The test was carried out in triplicate,
and the films were packed in test tubes with 10 ml of PBS
solution and kept in a water bath at 37°C (+2). At different
time intervals (2%, 4%, 6%, 8", 12 weeks), the films were
removed from the controlled environment and then dried
in an oven at 60°C.
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Additionally, there were monitored the weight loss of the
pure PHB and bionanocomposite films through gravimetric
analysis along the degradation test. Time zero was set up as
before initiating the test, and measures were made at the time
of'the film’s withdrawals. The results of weight loss for the
samples of the 12" withdrawal were not reported because
the films were highly deteriorated due to the degradation.
The results were obtained through:

My-M,
AMy, =—27 %100 1)
M,

Where AM is the weight loss, M, is the mass of the films
before the degradation test and M, is the mass of the films
at the different removal times.

2.7 Fourier Transform Infrared Spectroscopy (FTIR)

The systems were characterized by FTIR, before
and after the hydrolytic degradation test, FTIR analyses
were performed on a SHIMADZU IRAffinity-1 model
spectrometer with a scan of 4000 to 450 cm™. To the
obtained spectra, it was applied a mathematical treatment
known by deconvolution in the software Origin 8.0, in
the Lorentzian function applied specifically to the bands
of carbonyl (C = O) in (1722 and 1751cm-1). Thus, the
carbonyl content was obtained by the ratio between the
peak area of the carbonyl and the peak area of the reference
band (CH,). The calculation was performed considering the
samples before and after the withdrawals referring to the
2m 6. The carbonyl indices for the samples of the 8" and
12" withdrawal were not reported because the films were
highly deteriorated due to the degradation.

3. Results and Discussions
3.1 Optical microscopy

Optical microscopy was employed to evaluate the system’s
morphology. Figure 1 shows the optical micrographs of pure
PHB and bionanocomposites films.

In the optical micrograph of the pure PHB, Figure 1a,
there were observed superficial fissures that can be attributed
to the solvent evaporation process, since the film adhered
to the marble plates in which was poured. In the optical
micrographs of the bionanocomposites films, Figures 1band 1c
there were perceived the same superficial fissures, and dark
or dense zones along the films surface that can be ascribed
to the formation of organoclay agglomerates. The BIO 90%
film presented the greatest number of agglomerates, behavior
that can be attributed to the poorer organoclay dispersion
due to the higher PEG content, in comparison with the BIO
95% film. Similar results were reported by Mesquita et al.l'l.

3.2 X-ray diffraction analysis

X-ray diffraction analyses were carried out to evaluated
structural modifications of the PHB by the addition of the
organoclay and PEG. Figure 2 displayed the diffractograms
of the pure PHB and bionanocomposites films.

As it was expected, the diffractograms of the pure PHB
showed the characteristic peaks. For the organoclay, there were
perceived six peaks between 20 angles of 2 and 10.55° indicating
the ammonium salt intercalation between the clay layers. In the
diffractogram of the BIO 90%, there were noted 5 new peaks
different to the displayed in the diffractogram of the pure PHB
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due to the organoclay presence. Those peaks were shifted to
smaller 20 angles in comparison with the organoclay peaks.
Similarly, in the diffractogram of the bionanocomposite BIO
95%, there were noted 4 new peaks shifted to smaller 26 angles
and with lower intensities than the organoclay peaks and the
BIO 90% peaks. The decrease of the 26 angles indicated
an increase in the interlayer spaces of the clays because the
polymer chains entered between the clay layers. Besides, the
difference in peaks intensity revealed the destruction of the
clays crystalline order as a consequence of the intercalation
of polymer chains in the clays layers, and the disappearance
of peaks revealed some degree of exfoliation. Finally, it was
noted that high PEG content decreased the intercalation and
exfoliation degree since the PHB chains were impeded to
enter the organoclay layers. Similar results were reported by
Crétois et al.'® and Silva et al.l"’).

3.3 Hydrolytic degradation

3.3.1 Weight loss

In Table 1 are listed the results of weight loss of the
pure PHB and bionanocomposite films while the hydrolytic
degradation test.

Table 1. Weight loss of the pure PHB and the bionanocomposites
(BIO 95%, BIO 90%) films during the hydrolytic degradation test.

Time Weight Loss (%)
(weeks) Pure PHB BIO 95% BIO 90%
2 0.58 0.00 6.54
4 3.32 4.95 8.53
. . . 6 2.69 1.30 8.72
Figure 1. Optical micrographs of the (a) pure PHB, (b) BIO 95% g 6.52 378 16.33
and (c) BIO 90% films. . . :
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Figure 2. Diffractograms of the organoclay and the pure PHB and bionanocomposites films.
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It was observed different trends in the weight loss
behaviors of the three systems. The pure PHB film lost
weight linearly in the first two weeks and it decreased in the
sixth week. For the bionanocomposites, there were observed
oscillation, BIO 95% did not lose weight at the beginning
of the test, on the other hand, BIO 90% lost 6.50% of its
weight on the second week, and 16.33% on the eighth week,
being the biggest loss in comparison with the other systems.
It may be suggested that the degradation was affected by the
addition of the organoclay and PEG, which promoted the
water penetration into the systems, caused the diminution
of the polymer chains, and increased the disintegration of
the systems. Similar results were reported by Kmita et al.?
and Zhao et al.?'l.

3.3.2 Carbonyl content

Figure 3 shows the FTIR spectra, and Table 2 shows the
carbonyl content obtained from the amorphous and crystalline
regions, before and after the hydrolytic degradation of the
pure PHB. Based on these values, it is possible to observe
a significant increase of the crystalline phase content, and
a discrete increase in the amorphous phase content of the
polymer, after it has been submitted to the degradation test.
The degradation of the pure polymer occurred preferentially
in the amorphous regions as a consequence of the increase
in crystallinity, also taking into account that there was a
reduction in the peak intensity of the region at 1750 cm'.

According to Faria and Franchetti®®?, the degradation of

PHB

The data analyzed showed degradation in the amorphous
region of the polymer, followed by an increase in crystallinity
for the pure PHB. Such behavior is due to the time and
hydrolysis conditions used. Spyros et al.3! observed that
the degradation of the pure PHB can occur in both phases,
depending on the time of biotreatment of the polymer.
Bonartseva et al.?*! obtained similar results, in which the
degradation of the PHB film is followed by the increase of
the crystallinity.

Figure 4 shows the FTIR spectra obtained in the carbonyl
region for the composite BIO 95%. The band referring to
the carbonyl of the crystalline region was larger and less
intense. The carbonyl contents presented in Table 3 showed
that the insertion of the clay next to the PEG in the pure
polymer altered the crystallinity of the material.

In the work developed by Branciforti et al.>), the
authors verified the alteration in crystallinity by adding
montmorillonite to the pure PHBV. The carbonyl content
for BIO 95% showed that there was a reduction of the
amorphous and crystalline phase content of the polymer
during the degradation time. Kmita et al.?” studied the
hydrolytic degradation in PLA and clay nanocomposites
and observed that the addition of the clay promotes the

Table 2. Carbonyl PHB indices of amorphous and crystalline phase
calculated before and after degradation.

Intensity a.u.

the polymer can occur due to the increase of the crystalline I
phase, and consequently, the consumption of the amorphous PHB degBerc;’:teion 2" week 6" week
phase at the ends of the chain. The amorphous phase -
Lo o .. Crystalline ., ... 1.61 3.90 4.02
consumption induces the reorganization of the remaining ( )
chains and, as a result, the increase in crystallinity®". AmOrphous s, s, 0.32 0.65 0-68
-Amorphous
- - - -Crystalline
Before 2" week
3]
Crystalline .
Crystalline
24
Amorphous
1 Amorphous
0 T T T T T T T 1 o T T T T T T T )
1900 1850 1800 1750 1700 1650 1600 1550 1500 1900 1850 1800 1750 1700 1650 1600 1550 1500
6" week
3
Crystalline
2
Amorphous
1
1900 1850 1800 1750 1700 1650 1600 1550 1500
Wave-number (cm '1)
Figure 3. PHB spectra after deconvolution (C=O carbonyl band) before and after degradation.
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Polimeros, 28(4), 348-354, 2018



Silva, R. ., Oliveira, T. A., Conceigéo, I. D., Araque, L. M., Alves, T_S., & Barbosa, R.

BIO 95%

Before

Crystalline

Amorphous ,

2" week

Crystalline

Amorphous

6" week

Intensity a.u.

0 0
1900 1850 1800 1750 1700 1650 1600 1550 1500 1900 1850 1800 1750 1700 1650 1600 1550 1500

Crystalline

Amorphous

Wave-number cm™")

0
1900 1850 1800 1750 1700 1650 1600 1550 1500

1

Figure 4. BIO 95% spectra after deconvolution (C=O carbonyl band) before and after degradation.

Table 3. Carbonyl BIO 95% indices of amorphous and crystalline
phase calculated before and after degradation.

1C
BIO 95% Before' 2" week 6" week
degradation
Crystalline, ., ..., 3.49 3.04 3.29
Amorphous 0.07 0.006 0.53

(1752/1380

penetration of the water into the polymeric structure, which
causes consequently a greater degradation of the materials.

Figure 5 shows the deoxygenated spectra for BIO 90% and
the C =0 carbonyl indices are presented in Table 4. With the
increase of 10% PEG and the insertion of the organoclay,
it was observed a proportional change in the content of
amorphous and crystalline phases of PHB, verifying that
the composition obtained results that corroborate with the
loss of mass in the continuation of this work, and that the
degradation can have been caused by the increase of the
addition of PEG and the presence of the clay.

The determination of the carbonyl content for the BIO
90% showed a reduction of more than 50% of the carbonyl
content in the amorphous phase in relation to the start of the
test and a proportional reduction of the crystalline phase
content. The incorporation of PEG and clay resulted in an
increase in hydrolysis, thereby facilitating water penetration
and ester bond cleavage!®).

This fact can be related to the value of the basal interlamellar
distance of the bionanocomposite, which too depends on the
length of the PEG chain and of the quaternary ammonium
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salt. These factors affect the dispersion of organoclay in the
pure polymer®”!. The degradation of the bionanocomposites
can be directly related to the degradation of the surfactant
(quaternary ammonium salt) present in the organoclay, in
which an intercalation of the ammonium ions within the
silicate layers of the vermiculite clay can occur.

For the bionanocomposites, the degradation occurred
in the amorphous and crystalline regions of the polymer,
evidenced by the decrease of both phases. For the BIO 90%,
the results were more expressive since there was a bigger
consumption of crystalline and amorphous fraction over the
weeks, and the amorphous region was the most degraded.
This behavior can be related to a better homogenization,
influenced by the effect of plasticizer and clay.

The presence of 3% clay and 10% PEG possibly affected
the crystallinity of the polymer, facilitating the hydrolysis of
the ester bonds, making it difficult to reorganize the chain
and thereby increase the degradation process. Chandra
and Rustgil® stated that degradation in the PHB occurs
with the increase in crystallinity of the polymer. The clay
content used in this work was constant (3%), and the
variation of the carbonyl content for the compositions of
the bionanocomposites is probably related to the interaction
between the plasticizer and the organoclay.

In the literature, there have not been reported studies that
correlate the evaluation of the calculation of the carbonyl
content through FTIR and the degradation behavior of these
materials. Therefore, this work is of fundamental importance
that can help in future research.
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BIO 90%

Before

Crystalline

Amorphous

2" week

0
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6" week

Intensity a.u.

0
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Wave-number (cm'11

Figure 5. BIO 90% spectra after deconvolution (C=O carbonyl band) before and after degradation.

Table 4. Carbonyl BIO 90% indices of amorphous and crystalline
phase calculated before and after degradation.

IC
BIO 90% Before 2 week 6" week
degradation
Crystalline ., ..., 5.12 4.63 4.07
Amorphous 1.52 0.88 0.85

(1752/1380)

4. Conclusions

PHB, PEG and organoclay bionanocomposites
were developed by the solution intercalation method.
Bionanocomposites displayed intermediated dispersion
of the filler along the matrix, the polymer chains were
intercalated into the organoclay layers, and was observed
some degree of exfoliation. It was observed in the FTIR
analysis that the insertion of the clay and the PEG did
not change the chemical structure of the polymer. After
the test, the calculation of the carbonyl content indicated
that, for the pure PHB, the degradation in the amorphous
regions occurred. This fact was evidenced by the increase
of the carbonyl content of the crystalline polymer region.
The BIO 90% composition showed a proportional reduction
for the amorphous and crystalline phases of the polymer
over the 12 test weeks, showing that the introduction of
PEG and organoclay facilitated the penetration of water in
the chain, and that the degradation of bionanocomposites
can be directly linked to the degradation of the surfactant
present in organoclay. It was noticed, in this study, that
the addition of PEG and of the organoclay vermiculite
affected the chain regularity and increased the hydrolytic
degradation of the PHB polymer, acquiring desirable
degradation characteristics for the possible application in
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biomaterials. For future researches, we recommend to make
further characterizations of these materials, which permit
to evaluate their use as medical devices.
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