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ABSTRACT

Natural polymers have attracted much attention in recent years for the study of new drug delivery systems.
These materials are used as polymer matrices to protect the active drug from degradation in the biological
environment and to improve the release kinetics of the drug. The poly(3-hydroxybutyrate) (PHB) is a natural biocompatible polymer, widely used in combination with other polymers to improve their physicochemical properties. Thus, this work aimed to develop and characterize films of PHB and blends containing
polypropylene glycol (PPG) with different concentrations of simvastatin (Simv.). The films were prepared by
casting, dissolving PHB or a blend of PHB / PPG (90:10) and (5% or 25 %) Simv. in chloroform (2% w/v).
The solutions were stirred for 3 h and then transferred to an appropriate glass mold for solvent evaporation
for 48 h at room temperature. The obtained films were characterized by Fourier Transform Infrared (FTIR)
spectroscopy, thermogravimetric analysis, scanning electron microscopy (SEM), optical microscopy, in vitro
degradation study, and in vivo biocompatibility test. The results showed that PHB and blends of PHB / PPG
are able to form a homogeneous film with the drug inside. A great amount of drug lead to the instability of
polymeric matrixes and resulted in a facilitated film degradation. On the other hand, devices with 5% of
Simv. were more stable, which suggests the application of these films for biomedical devices. In vivo studies
revealed that the films can interact with the animals' organism, and do not undergo rejection. Hence, these
films hold an innovative alternative in tissue engineering to promotes drug release by diffusion and erosion of
the polymeric material.
Keywords: Polymeric scaffolds. Tissue engineering. Biofunctional materials. Biocompatibility.
1. INTRODUCTION

Medical devices and implants comprise an important tool in regenerative medicine to improve the quality of
daily life and extending the functionality of the body systems [1, 2]. Biomedical research has been investing
in devices that can replace the origin tissue and also treat the problem [3-5]. In view of this, polymers have
been widely used for this purpose due to their excellent bio-functionality, low cost, and good mechanical
properties [6].
In the pharmaceutical field, polymers play a significant role in the development of medicines and they
are gaining attention because they can achieve a delivery drug over a longer period [7]. For this, they are
employed in various types of formulations such as microparticles, nanoparticles, microspheres, and others [810]. When a polymeric system is introduced into the body, the release of the drug occurs by a combination of
its diffusion and polymer degradation. Sequentially, the empty device remains at the site of administration or
is degraded to inert, nontoxic, and biocompatible degradation products [11].
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Polymers are macromolecules composed of many repeated subunits (monomers). They are classified in
two main categories: natural and synthetic. In recent years, natural polymers have attracted much attention
because they are derived from renewable sources and are capable of breaking down into minor molecules,
that can be metabolized and removed from the body via normal metabolic pathways [12, 13].
The polyhydroxyalkanoates (PHAs) are natural polymers produced by many bacterias in the form of
intracellular granules, composed basically of carbon, oxygen and hydrogen [14-16]. Among various PHAs,
poly(3-hydroxybutyrate) (PHB) is the most prominent representative homolog of this family. This
biopolymer has physical and mechanical properties very similar to polypropylene (PP) and has shown
tremendous potential for drug delivery vehicles and biomedical devices [17-19]. Moreover, the PHB offers
attractive alternatives for the inconveniences of the petrochemical polymers [20, 21].
PHB has been extensively considered for biomedical devices [22-24]. An example of this is the blends
of PHB with hydroxyapatite that have been studied in tissue engineering and regenerative medicine
applications [23]. Moreover, given the advances from the past few decades of research, PHB-based materials
are emerging as a potential drug delivery system [25, 26]. Likewise, these biomaterials may also be further
modified to deliver bioactive substances and have their function optimized. For instance, in a study
developed by HEYDARI et al. [27], PHB nanofibers with the sequential release of ciprofloxacin and
Simvastatin (Simv.) were prepared for wound dressings to control infections and reduces wound healing
duration.
Despite the numerous applications, PHB has limited stability at high temperatures, which limits its use
in the pharmaceutical industry [26]. To overcome this problem, PHB is to blend with others polymers to
improve their physical characteristics and their processing and cost [28, 29]. In the literature, there are many
studies of PHB blends for potential medical applications, within which stand out some polymers like
poly(ethylene glycol) (PEG), poly(caprolactone) (PCL), cellulose, chitosan, poly(lactic acid) (PLA), and
others [26, 30-33].
In this context, a study performed by ROA et al. [34], provided evidence of a decrease in the
crystallinity and on the melting temperature of PHB after the addition of poly (propylene glycol) (PPG), one
type of thermoplastic that is mostly used as biomaterials for fabrication of biomedical devices. PPG has a
simple structure that contains carbon, oxygen and hydrogen, and consists of a viscous, hygroscopic, and
odorless fluid. Compared to PEG, PPG is less toxic, shows good solubility, high chemical stability, is
biocompatible, and biodegradable [35]. Thus, PHB/PPG blends result in a polymeric material with a higher
degradation temperature, which represents a gain in its mechanical properties and possibilities of usage [28,
34].
On the other hand, statins have been used in new therapeutic trends, that were previously unknown, and
have presented satisfactory results, which broaden the research on this class of drugs. Some studies confirm
the efficacy of statins in cancer, bone remodeling, dementia, among other diseases [36, 37]. Simv. is the most
widely marketed drug among statins. This drug has low solubility in an aqueous medium; however, it has
high permeability. Thus, the development of polymeric devices containing Simv. contributes to improving
the bioavailability of this drug [38–40]. Moreover, statins are capable of promoting osteogenesis and
contribute to bone fracture consolidation [41, 42]. Thus, biomedical devices containing Simv. can enhance
implant osseointegration.
According to our review of the literature, no study has been performed to evaluate the application of
PHB/PPG blends for a biomedical device or their capacity for drug delivery. Therefore, the aim of this work
was to develop and characterize films of PHB/PPG blends containing different concentrations of Simv. and
after investigate the biocompatibility of these devices by in vivo study.

2. EXPERIMENTAL

PHB (Mw = 600 kDa) was purchased from PHB Industrial S/A (São Paulo, Brazil). The PPG (Mw = 1 kDa)
was obtained from Aldrich (Missoure, USA). Simv. was purchased from Henan Top fond Pharmaceutical
(Zhumadian, China). Chloroform and ethanol were obtained from Vetec (Rio de Janeiro, Brazil). All chemicals were of analytical grade, and distilled water was used throughout.
2.1 Preparation of PHB/PPG blends and films

The polymeric blends were prepared by casting. PHB was solubilized in chloroform at 40°C through constant
stirring until complete dissolution of the polymer. The PPG was added in the concentration of 10% (v/v), and
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then the solution was stirred and left to stand at room temperature until complete solvent evaporation. After
the preparation of the blends, films were obtained by dissolving PHB or blend (PHB/PPG 90:10) and Simv.
(5% or 25%) in chloroform (2% w/v) as presented in table 01. The solutions were stirred for 3 h and transferred to an appropriate glass mold for solvent evaporation for 48 h at room temperature. After evaporation of
the solvent, the films were prepared in disks of 5 mm diameter and 0.5 mm thickness, weighing between 5
and 10 mg each.
Table 1: Composition of PHB or PHB/PPG films.
FILM

PHB

PPG

Simv.

PHB

100%

-

-

PHB 5% Simv.

95%

-

5%

PHB 25% Simv.

75%

-

25%

PHB/PPG

90%

10%

-

PHB/PPG 5% Simv.

85,5%

9,5%

5%

PHB/PPG 25% Simv.

67,5%

7,5%

25%

2.2 Characterization of films

The films were characterized by molecular absorption spectroscopy in the infrared region with Fourier Transform Infrared (FTIR) spectroscopy, thermal analysis techniques, optical microscopy, scanning electron microscopy (SEM).
FTIR was performed using a spectrophotometer (Perkin Elmer Spectrum 100 FTIR Spectrometer, USA)
and combined with an attenuated total reflection (ATR) assembly. Small pieces of films (PHB, PHB/PPG,
PHB with 5% of Simv., PHB with 25% of Simv., PHB/PPG with 5% of Simv., PHB/PPG with 25% of
Simv.) and Simv. (pure drug) were placed on a crystal and the maximum force was applied using a pressure
clamp to allow for optimum contact with samples. The FTIR spectra were recorded within the range of
4000 to 700 cm−1 and a uniform resolution of 4 cm−1.
Thermal analysis curves were obtained in an STA 8000 simultaneous thermo-analyzer (Perkin Elmer,
Germany). Samples weighing between 2 and 5 mg were used. The analysis was performed in the temperature
range of 30 to 500°C under N 2 atmosphere. Temperature programming used was: 2 minutes isotherm at 30°C,
then heating to 500°C at 10°C min−1 and a second isotherm for 2 minutes at 500°C.
2.3 Morphological analysis

The microphotographs of films were obtained using a polarized microscope (Olympus BX41, Japan) attached
to a camera (UC30, Germany). The images were recorded at 10× magnification under bright and polarized
light.
The ultra-morphology of the produced films was examined using a scanning electron microscope
DSM940-A (Zeiss, Germany), at 3kV. The samples were fixed in metallic support and then subjected to
metallization, performed using a sputtering technique on the Q150R ES (Quorum Technologies, England).
2.2 In vitro degradation test

In vitro tests were conducted based on the behavior of the films in simulated physiological environment [43,
44]. About 1000 mg of sample was placed in falcon tubes containing 10 ml of phosphate-buffered saline
(PBS), pH 7.4. The tubes were kept at room temperature (25±5°C) for predetermined time points: 30, 60, 90,
120, and 180 days. Then, samples were removed from PBS and stored for 72 h in the desiccator. Films were
dried and then weighed with a scale. Weight loss was calculated according to Eq. 1:
(1)
Where: W1 and W0 are the weight of samples after degradation (180 days) and the initial weight before
degradation, respectively.
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For each group, six independent experiments were done for each time point. Cumulative weight loss
was presented as mean ± standard derivation (SD). GraphPad Prism version 8.4.2 for Windows was used for
making the graph.
2.3 In vivo biocompatibility test

In vivo study was carried out in a mouse model with the approval of the ethics committee in experimental
animals of the Federal University of the Jequitinhonha and Mucuri Valleys (Protocol nº 44/2015). Swiss
mouse, male, albino, weighing between 25 and 40 g, approximately 120 days old each, were used. Animals
were kept under controlled conditions of temperature (25 ± 5 ºC) and luminosity (12 hours light /12 hours
dark) with food and water ad libitum.
Before surgical procedures, the animals were anesthetized with an intraperitoneal injection of 1:1
xylazine/ketamine (Ceva, Brazil) at a dose of 0.10 ml/100 g. Animals were placed in ventral decubitus
position and a trichotomy was performed in the dorsal region. After asepsis, a longitudinal incision of 0.5 cm
was made with the scalpel on the skin. One disc of 5 mm diameter and 0.5 mm of thickness was inserted, and
skin was sutured.
The films inserted were: PHB, PHB/PPG, PHB containing 5% of Simv. (named as PHB 5% Simv.),
PHB containing 25% of Simv. (named as PHB 25% Simv.), PHB/PPG containing 5% of Simv. (named as
PHB/PPG 5% Simv.), and PHB/PPPG containing 25% of Simv. (named as PHB/PPG 25% Simv.). Six
animals were used in each group. The animals were sacrificed after 60 days. A group without any surgical
procedures was used as a control. Animals were euthanized with Thiopental (Thiopentax; Cristália, Brazil)
60 mg/kg.
In the immediate postmortem, a regular area of 2.0 cm² around the implant was removed, immersed in
10% (w/v) formalin for 12 hours, transferred to 70% (v/v) ethanol solution for 24 hours, and dehydrated with
ascending grades of alcohol. The samples were embedded in paraffin, sliced into 5 µm-thickness and
mounted in slides. Lastly, they were stained with hematoxylin and eosin (Sigma-Aldrich, Germany).

3. RESULTS AND DISCUSSION
3.1 Characterization of PHB and PHB/PPG films

Polymeric blends with PHB are most often prepared in solution from the molten state of the blend
components. The interaction between the blend components is important to improve PHB properties. The
addition of polymers or stabilizers is very effective to improve the thermal stability and processability of
PHB [45]. In view of this, FTIR spectroscopy is widely used in the characterization of polymeric matrices
because of its ability to provide information about the amorphous and crystalline regions. Figure 1A shows
FTIR spectra of PHB and PHB/PPG films and Simv..
The PHB showed bands at 1720 cm-1 (C=O stretching), 1274 cm-1 (C-O-C symmetrical stretching), and
978 cm-1 (C-C stretching), which refer to crystalline regions, and bands at 1459 cm-1 (CH3 asymmetric
deforming) and 1228 cm-1 (C-O-C stretching), from amorphous regions. Our findings were similar to those
found in the literature [46, 47]. The addition of 10% PPG to PHB modified the band at 1732 cm-1, suggesting
that methyl groups of PPG are interacting with PHB carbonyl groups, inducing the formation of a
crystalline/amorphous transition phase [48]. The FTIR spectra of Simv. showed characteristic peaks at 3548
cm−1(O-H stretching vibration), 2955 cm−1 and 2877 cm−1 (C-H stretching vibration), and 1699 cm−1
(stretching vibration of C-O and C=O carbonyl groups) [49].
The presence of Simv. to the films modified the carbonyl band at 1720 cm-1. It is notable that intensity
of this peak was slightly reduced after adding 5% of Simv. to PHB films. With the increase of Simv.
concentration (to 25%) an even more significant reduction was observed (Figure 1B). For PHB/PPG films a
similar behavior was observed, however, the reduction was noted only in the high concentration of
Simv. (Figure 1C).
In the study performed by TOLOUE and collaborators [17], the carbonyl band becomes sharper after
adding Alumina to PHB. According to the authors, the Alumina act as nucleating agents, leading to an increase in this peak, which is related to the crystalline phase of the scaffolds. Crystallinity is an interesting
target, that could modify the bioavailability of drugs and mechanical properties of systems [17, 50]. In view
of this, in our study, films containing 5% of Simv. could be employed as a slow-release device because they
can release the drug over an increased amount of time, while films with 25% of Simv. are more unstable and
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can release the Simv. faster [51]. However, further investigation should be carried out to quantify the
crystallinity and its influence on drug delivery.

A

B

C

Figure 1: A) FTIR spectra
A of the PHB, PHB/PPG blend, and Simv. B) FTIR spectra for carbonyl region of PHB, PHB
with 5% Simv. and PHB with 25% Simv. C) FTIR spectra for carbonyl region of PHB/PPG, PHB/PPG with 5% Simv.,
and PHB/PPG with 25% Simv.

Regarding thermic properties, PHB films showed an onset temperature of 260°C and degradation
temperature of 269 °C, while for PHB/PPG films these values were 278°C and 286 °C, respectively (Table 2).
As expected, PPG is responsible for an increase in the stability of the polymeric matrix (Figure 2A).
PHB/PPG 90:10 blends were described for the first time by Roa and colleagues [34]. According to the
authors, the presence of PPG at 10% in the PHB phase difficult crystal formation and consequently increases
decomposition temperature, which can contribute terms of the processability of PHB. Also, they speculate
that it is related to the highest miscibility for this blend.
The addition of Simv. in films of PHB promoted an increase in their degradation temperature (Figure
2B). A study using Simv. in an alginate composite film showed that Simv. also improves the stability of the
systems because of an increase in the degradation temperature [52]. The onset temperature of Simv. is 281°C
and the degradation temperature is 348°C, which implies superior drug stability compared to the polymeric
films. Thus, the higher the percentage of Simv., the more the thermal characteristics approach the drug.
PHB/PPG films with the presence of 25% of Simv. showed a decrease in the degradation temperature.
However, this effect was not observed in films with only 5% of Simv. (Figure 2C). Higher percentages of
Simv., lead to a formation of more heterogeneous structures, which contributes to facilitate their degradation
and reduces their thermal stability. The obtained data correspond to the results obtained in the study of
PARHI and SURESH [53], in which membranes, composed of polyvinyl alcohol blend and Eudragit,
containing plasticizer and using Simv. as a drug, were developed. The authors observed that the presence of
Simv. in the concentration of 2% contributes positively to an increase in the film degradation temperature.
However, when in greater quantity, the drug destabilizes the system and facilitates its degradation which
corroborates with the results obtained from this study.
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Table 2: Results of thermal analysis of PHB and PHB/PPG films in presence of Simv.

Tm (°C)

Tonset (°C)

T d (°C)

Residue

PHB

142

260

269

<1%

PHB 5% Simv.

136

280

286

<1%

PHB 25% Simv.

131

276

286

<1%

PHB/PPG (90:10)

141

278

286

<1%

PHB/PPB (90:10) 5% Simv.

124

279

295

<1%

PHB/PPB (90:10) 25% Simv.

127

269

286

<1%

Simv.

138

281

348

<1%

Legends: Tm: melting temperature; Tonset: onset temperature; Td: maximum decomposition temperature.

A

B
D

Figure 2: Thermal degradation profile and derivative curves of thermogravimetry for a) PHB, PHB/PPG (90:10) and
Simv., b) PHB, PHB with 5% of Simv. and PHB with 25% of Simv., and c) PHB/PPG (90:10), PHB/PPG (90:10) with
5% of Simv. and PHB/PPG (90:10) with 25% of Simv.
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3.2 Morphological Analysis

SEM analysis was used to evaluate the morphological structure of PHB and PHB/PPG films in the presence
or absence of Simv.. The surfaces of the films had a rough texture with large porous (Figure 3 A), which became more regular with the addition of PPG (Figure 3 D). The addition of Simv. was responsible for a
smoother surface, in PHB film with 5% of Simv (Figure 3B) and PHB film with 25% of Simv (Figure 3 C)
and PHB/PPG with 5% of Simv (Figure 3 E). But, in films of PHB/PPG containing 25% of Simv. (Figure
3 F), was observed on a rugous surface.

Figure 3. SEM micrographs of the surfaces of (A) PHB, (B) PHB 5% Simv., (C) PHB 25% Simv., (D) PHB/PPG (90:10),
(E) PHB/PPG (90:10) 5% Simv., and (F) PHB/PPG (90:10) 25% Simv. films. Scale bar: 20 µm.

Some studies have correlated the presence of clearer points in the matrix with drug crystals [53, 54].
Furthermore, the formation of small clusters of crystals when a substantial amount of drug is present in the
system can be inferred. Similar findings were observed by REZVANIAN and collaborators [55] who
reported the presence of crystalline particles at the surface due to the distribution of Simv. in the polymeric
matrix of the film.
Figure 4 shows the microscopic surface of PHB and PHB/PPG films containing Simv. in bright and
polarized (dark) fields. Photomicrographs showed the presence of dark particles indicating that Simv. was
heterogeneously dispersed throughout the polymeric matrix. In the polarized light, the presence of crystals
(indicated by white arrow) was detected. In films loaded with 25% of Simv., dark points were observed in the
bright fields in larger sizes. We can also observe these structures, as bright solids, under cross-polar fields.
The films showed a uniform appearance, with no phase separation or noticeable cracks. Simv. appeared as
rod-like crystalline particles under both bright and polarized fields [52, 56].
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Figure. 4: Microscopic images of (A) PHB films, (B) PHB/PPG films, and Simv. viewed under bright (left column) and
polarized (right column) light. The arrows indicate the presence of crystals. (C) Simv. particles under both bright and
polarized fields. Scale bar: 100 µm.
3.3 In vitro degradation test

The degradation of PHB and PHB/PPG films containing Simv. was evaluated by in vitro degradation test
(Figure 5). At the end of the study period, PHB/PPG films showed a slightly higher weight loss
(13,57±0,59%) than the PHB films (9,43±0,60%). The presence of Simv. contributes to weight loss. PHB 5%
Simv. showed a reduction of 12,29±0,66%, and PHB 25% Simv. showed a reduction of 33,03±0,86 %. In
PHB/PPG films containing Simv., the weight loss was more intense (19,40±0,65 and 53,17±0,84 for films
containing 5% and 25% of Simv., respectively).

Figure 5. Degradation profiles of PHB and PHB/PPG films. Results are expressed as mean ± SD from six independent
experiments.

The film containing 25% of Simv. was the one that showed expressive loss of mass. This loss was
approximately four times greater than the loss of the film without drug. This effect can be explained because
of the instability caused in the polymeric matrix by a great amount of drug, as observed before. Similar
findings were found in the study by YASSUE-CORDEIRO et al. 2015 [57], in which the mass loss of
chitosan-based films and the amount of silver in each system were related. They observed that the device that
contained a higher percentage of silver also had a more expressive mass loss. Therefore, in the next steps of
this work, we intend to go further with the Simvastatine release study, using methods of literature to quantify
this drug in the medium for each time tested.
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3.4 Biocompatibility in vivo
The in vivo biodegradation of PHB / PPG films containing Simv. has been investigated because of the
potential usage of these devices in vivo. Biocompatibility of PHB and PHB/PPG was evaluated by histological analysis 60 days after insertion of the films in the mouse. The films were under the epithelial tissue (triangle). No morphological tissue alterations or areas of necrosis were seen around the inserted films. Besides
that, a thin fibrous capsule (black arrows) was observed in all tested groups (Figure 6). However, as the film
was not fully absorbed by the body, chronic inflammation was observed. The inflammation is characterized
by the presence of an infiltrate of mononuclear cells, among them, lymphocytes, plasma cells, and macrophages.
Macrophages secrete proteins that induce the formation of a fibrous capsule around the implant.
Therefore, the degree of inflammation that the device will entail will directly influence the fibrous capsule
around the material [58]. Macrophages are also responsible for secreting proteins that induce fibrous capsule
formation by means of pro-angiogenic cytokines and mediators of biomaterial degradation, which will aid in
the process of implant incorporation into the adjacent tissue [59, 60]. Several studies on the insertion of
biodegradable polymer implants have shown similar results, which reaffirms the potential of these polymers
to be used as a drug delivery system [61-63].
The presence of Simv. in the system did not alter the results obtained by the histological analysis.
However, in the groups with 25% of Simv. (Figures 6C and 6F), a more pronounced degradation was
observed, mainly in the PHB/PPG film (asterisks). In a study conducted by ASSAF, DUEK, and OLIVEIRA
[64] the induction of bone tissue growth by PLGA membranes containing Simv. implanted in the fracture
area was investigated. This study obtained positive results and observed a greater amount of bone tissue in
the organisms that contained the drug, which promoted healing. Also, the membrane did not develop an acute
inflammatory response within 60 days, as well as the films analyzed in this research.

Figure 6. Histological analysis of the implant region after 60 days. A) PHB B) PHB with 5% Simv. C) PHB with 25%
Simv. D) PHB/PPG. E) PHB/PPG 5% Simv. F) PHB/PPG 25% Simv. Scale bar: 10 mm. Black arrows show the fibrous
capsule around the implanted films and the triangle indicates the epithelial tissue. Asterisk highlight the intense degradation suffered by films of PHB/PPG with 25% of Simv.

Finally, the present study has some limitations. It did not involve any investigation regarding how the
mechanical properties influence the film's biocompatibility. Biomedical devices' architecture influences cell
viability, proliferation, and differentiation. Thus, they should be compatible with the implant site to allows
diffusion of nutrients and cell adhesion [65, 66]. Therefore, for a better understanding of the biocompatibility
of PHB/PPG films, more tests need to be conducted.
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4. CONCLUSION

Control drug delivery systems promote the sustained release of the drug for an extended period, which increases the effectiveness of treatment and reduces the adverse effects. Thus, it increases the interest in developing new biomedical devices that can also act as therapeutic agent delivery platforms. Owing to their excellent biocompatibility and physicochemical properties, numerous polymers have been tested.
In this study, we report the use of PHB films in the presence of a second polymer, PPG, and Simv. for
biomedical applications. The films were obtained by dissolving PHB or blend (PHB/PPG 90:10) and Simv.
(5% or 25%) by casting.
Our results showed that PHB was able to form a cohesive film and the presence of PPG promoted
increased stability of the polymeric matrix. Additionally, the presence of 5% Simv. does not affect the film
homogeneity, but the increase of Simv. concentration (i.e., to 25%), leads to instability of the PHB/PPG films.
In vitro degradation study proved that films of PHB/PPG underwent superior degradation in contrast to
the PHB films. Moreover, this weight loss was higher in films that containing 25% of Simv., which can
attributes to a faster releasing the drug in this group.
In vivo study revealed that none of the films interacting with the animal's organism were rejected, which
makes it possible to use them as implants. Overall, it was possible to infer that PHB/PPG films represent a
potential polymeric matrix for internal devices for control drug release. Thus, additional experiments are
required to verify the efficacy of drug release from these films.
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