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Abstract Biocomposites based on natural rubber (NR)
reinforced with 45S5 Bioglass® (BG) particles were
obtained by casting/evaporation method in which NR was
dissolved in chloroform and mixed with BG particles.
Structural, mechanical, and thermal tests were performed
on the biocomposites to evaluate the influence of BG
particles on the properties of the NR matrix. Thermo-
gravimetric tests (TG/DTG) of the biocomposites showed
decomposition profiles similar to that of NR, and the main
peak of the DTG curve was well defined in the temperature
range 300-450 °C, characteristic of the structural degra-
dation of NR. The TG analysis also revealed that the
thermal stability of the samples increases with the
increasing quantity of BG in the biocomposite. DMA tests
showed higher storage modulus (E') values for samples
with larger amounts of BG; however, above the T, the E
value tended to zero due to the increased mobility of the
polymer chains. By analyzing tan J, the T, values were
calculated to be —46 and —50 °C for NR and the bio-
composite samples, respectively. Mechanical testing
demonstrated that the addition of BG to the biocomposite
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improved the mechanical properties of the samples. The
samples became more rigid with the increasing quantity of
BG, as demonstrated by decreasing deformation and the
increasing elastic modulus (Y) and breaking strength of the
samples. The BG particles positively affected the
mechanical and thermal properties of the biocomposite,
allowing its use in biomedical applications.

Keywords Biocomposite - Natural rubber - Bioglass® -
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Introduction

Biomaterials are capable of replacing, repairing, or treating
biological tissues in living organisms [1, 2]. These mate-
rials include metals, polymers, ceramics, and composites
and can be classified according to their chemical nature
(i.e., natural or synthetic) [3, 4]. In addition, based on the
reaction of the tissue to the biomaterial, they are classified
into three distinct categories: bioactive, bioinert, and
bioresorbable. Bioactive materials have the property of
forming chemical bonds with the tissue. Bioinert materials
do not interact with biological tissues when introduced in
the body. Bioresorbable materials start to dissolve (resorb)
upon placement within the human body and are slowly
replaced by advancing tissue [3].

Bioactive glasses or Bioglass® (BG) was discovered in
1969, but they were only approved for medical use in 1985.
The first commercial product was sold under the trade
name 45S5 Bioglass® and has since been used in several
biomedical fields [5]. 45S5 Bioglass® is still the most
well-known bioactive glass developed, and it is claimed to
be osteoinductive and osteoconductive [6, 7]. This glass
has an approximate composition of 46.3 SiO,, 24.3 Na,O,
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26.9 Ca0, and 2.5 P,Os5 (mol%) [8]. It has been tested over
several years and demonstrates excellent results in bone
regeneration [5, 9]. Although 45S5 Bioglass® is one of the
most studied and used biomaterials in tissue engineering, it
nevertheless presents some disadvantages due to its poor
mechanical properties, especially for applications that
require high mechanical stresses [10—12].

To overcome this problem, biocompatible polymers
have been used as supports for bioactive glasses to obtain
biocomposites [11-14]. These biocomposites are required
when applying bioactive glasses in situations involving
high mechanical stresses. Thus, these new biomaterials
inherit the biocompatible and bioactive properties of
bioactive glasses and the excellent mechanical properties
of polymers. Biocomposites based on polymers and bio-
glasses have been investigated in tissue engineering
research [14-17], with widespread applications such as
surgical materials [15], artificial cartilage [11], drug
delivery systems [18], and dental implants [19]. However,
the choice of polymer for biomedical applications or tissue
engineering depends on its use, i.e., whether the replace-
ment or treatment is for soft or hard tissue [1, 20].

Many researchers have incorporated BG particles into
biocompatible synthetic polymeric matrices, such as PVA
[21], PLA [22], PLLA [23], and PLGA [24]. Another class
of polymers that has gained attention for bioactive glass
supports are natural polymers, such as collagen [25],
polyhydroxybutyrate [26, 27], cellulose nanowhiskers
(CNW) [28], and polyurethane based on castor oil [29].
Natural polymers present mechanical properties that are
superior or similar to those of synthetic polymers. Fur-
thermore, they are obtained from natural resources and
present good biocompatibility with living tissues. A natural
polymer that deserves special mention is natural rubber
(NR). NR is a biopolymer of high molecular weight con-
sisting of isoprene units linked in cis-1,4 conformation
[30]. This material is inexpensive to produce, comes from a
raw material from renewable sources, and offers excellent
mechanical properties [2, 31]. Traditionally, NR has been
used in many industrial applications such as gloves and
tires. More recently, it has exhibited excellent results as a
biomaterial for replacing skin [32-34], for accelerating
bone formation, as a drug release device, and as a vascular
prosthesis [34-37]. To the best of our knowledge, a bio-
composite using NR and 45S5 Bioglass® has never been
reported in the literature.

Therefore, NR was chosen as a support for 45S5 Bio-
glass® particles due to its excellent mechanical properties
and potential applications in tissue engineering. In the
present study, the influence of BG particles on the struc-
tural, thermal, and mechanical properties of the NR matrix
was evaluated.

@ Springer

Experimental
Natural rubber membranes

The NR latex was collected from Hevea brasiliensis trees
(RRIM 600 clones) located at an experimental farm at the
Sao Paulo State University (UNESP) campus in Ilha Sol-
teira—SP—Brazil. After collection, the NR latex was
sieved and stored at approximately 5 °C. NR membranes
were prepared by casting the NR latex onto a glass sub-
strate and drying it in air at 60 °C for 12 h. After drying,
the membranes were easily removed from the substrate.

45SS Bioglass® particles

The BG raw materials were melted to obtain a BG com-
position of 24.3 Na,O, 26.9 CaO, 2.5 P,0s, 46.3 SiO,
(mol%), which is widely known as 45S5. The following
raw materials were used: sodium carbonate (Na,COz—IJT
Baker), calcium carbonate (CaCO;—IJT Baker), disodium
phosphate (Na,HPO,—IJT Baker), and high-purity quartz
(Si0O,—Santa Rosa).

The components were melted together in a conventional
bottom-loaded electric furnace (CM Furnaces, Inc, Bloom-
field, NJ) at 1450 °C for 4 h in a platinum crucible. The
molten glass was then poured into a stainless steel mold and
air-cooled. Glass pieces were first obtained by grinding the
solid glass in an agate mortar to obtain large particles
(~2 mm). These particles were then crushed in a high-im-
pact planetary ball mill (Pulverisette 5—FRITSCH) at
450 rpm for 90 min using an agate jar and agate balls 20 mm
in diameter.

Biocomposite preparation

To obtain the biocomposites, 4 g of the NR membrane was
dissolved in 40 mL of chloroform under constant stirring
for 12 h. The chloroform/NR solution exhibited a gel-like
appearance and a viscosity appropriate for dispersing BG
particles.

BG particles were previously dispersed in 10 mL chlo-
roform under constant stirring for 1 h. The BG particles/
chloroform dispersion was slowly poured into the chloro-
form/NR solution and kept under stirring by 5 h. This
solution was casted into a glass substrate and dried in air at
60 °C for 12 h. At that point, the chloroform was com-
pletely volatilized, resulting in the NR/BG biocomposite.

Different amounts of BG particles were used in the
above process to obtain various NR/BG biocomposites.
The mass ratios of NR and BG were 90/10, 70/30, and
50/50. The biocomposites were characterized in order to
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evaluate the influence of BG particles on their structural,
mechanical, and thermal properties.

Characterization

A scanning electron microscope (SEM, EVO LS15 Zeiss)
was employed to observe the microstructure of fractured
transversal sections of the samples coated with carbon for
30 min. The biocomposites were fractured after immersion
in liquid nitrogen and then dried under dynamic vacuum
for 1 h.

The surface morphology was characterized using an
Agilent 5500 atomic force microscope on samples with an
area equal to 1 cm?.

Thermogravimetric testing (TG/DTG) was carried out
using TA Instruments model Q600 in the temperature
range of 25-600 °C at a heating rate of 10 °C min~' in a
nitrogen atmosphere with a flow rate of 100 mL min~',
and about 10 mg was used for each sample. Dynamic
mechanical thermal analysis (DMA) was performed using a
Netzsch model DMTA 242C in the tensile mode with a
frequency of 10 Hz in the temperature range from —100 to
150 °C using a heating rate of 5 °C min~'. Rectangular
specimens  with  dimensions  of  approximately
9 mm x 3 mm x 1 mm were used for the test. The met-
rics obtained in this analysis were the storage modulus (E'),
loss modulus (E"), and fan J (the ratio between E” and E').

The mechanical tests (stress—strain mode) were per-
formed according to ISO 37:2011 using an Instron model
3639 tensometer at room temperature with a crosshead
speed of 13 mm min~' applied to a 100-N load cell.
Mechanical measurements were repeated eight times
according to ISO 1286:2006.

Results and discussion
Morphology

Scanning electron microscopy was performed on fractured
transversal sections and the surface of the biocomposites to
evaluate their morphologies and investigate the dispersion
of BG particles inside the NR matrix. As shown in Fig. 1a,
b, and c, the BG particles were homogeneously distributed
within the NR/BG biocomposites, confirming that the used
method was reliable. In addition, a homogeneous pattern
can be observed in the surface of biocomposites, as shown
in Fig. 1d. The presence of BG particles on the biocom-
posite surface is important so that these particles are
available to interact with the organic tissue. As shown in
Fig. le, BG particles exhibited an irregular geometry, and
their mean particle size was less than 10 pm.

The surface of the biocomposites was analyzed using
atomic force microscopy (AFM). Figure 2a, b shows the
morphological characteristics of the surfaces of the sam-
ples with mass ratios of 90/10 and 50/50, respectively. The
50/50 biocomposite shows a rougher surface than that of
the 90/10 biocomposite due to its higher BG particle con-
tent, corroborating the SEM images.

Thermal analyses

The thermal behavior of NR and the biocomposite samples
(under an inert atmosphere) is shown in Fig. 3a, b. The
thermal decomposition parameters including onset tem-
perature (7,,), the temperature at the maximum decom-
position rate (7,,), and the residue are summarized in
Table 1. As shown in Fig. 3a, b, the NR and the biocom-
posite samples present similar decomposition profiles,
considering the temperature range of 25-600 °C. Figure 3b
shows the first-derivative TG curves in which changes in
the rate of mass loss can be seen in three different tem-
perature ranges 50-150, 200-320, and 300-450 °C. The
mass loss for temperatures below 150 °C is attributed to
water evaporation. The mass loss in the temperature range
200-320 °C is assigned to the decomposition of non-rubber
components, such as fatty acids, in which the mass loss is
approximately 7% [40, 41]. The mass loss in the temper-
ature range 300-450 °C (the most intense peak shown in
Fig. 3b) is due to the structural decomposition of NR
chains and corresponds to approximately 88, 74, 56, and
41% for the NR, 90/10, 70/30, and 50/50 samples,
respectively [38, 39]. For the NR, the maximum rate of
mass loss occurs at 365 °C, as exhibited by the most
intense peak in Fig. 3b. Biocomposites present the maxi-
mum rate of mass loss in the temperature range
376-378 °C, as shown in Table 1, and consequently, they
show higher thermal stability than the NR.

Figure 3a shows that the permanent residue above
450 °C increases with the content of BG particles in the
biocomposites. This behavior is expected because the BG
particles are thermally stable up to 600 °C, and so this TG
analysis allows estimating the amount of BG particles in
each biocomposite by the permanent residue values above
450 °C, which are 49, 34, and 15% for the 50/50, 70/30,
and 90/10 samples, respectively. These values are close to
the nominal amounts of BG particles used in the experi-
mental process.

Figure 4 shows the dynamic mechanical analysis of NR
and the biocomposites. Figure 4a shows the storage mod-
ulus (E') curve as a function of temperature for all samples.
Below —65 °C, all samples show a plateau, and the FE'
values increase with the content of BG particles. This
behavior indicates that the BG particles increase the
capacity of the NR matrix to support mechanical stresses
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Fig. 1 SEM micrographs of the
fractured transversal sections of
NR/BG biocomposites in the
mass ratios a 90/10, b 70/30,
and ¢ 50/50. d SEM of the
surface of the 50/50 sample and
e BG particles

30 um
—_—

4 um
_—

with recoverable deformation [42]. For temperatures below
—65 °C, NR chains are not mobile because this tempera-
ture range is below the glass transition temperature (7,) of
NR. The BG particles also act as a reinforcement in the
matrix, and the applied load is transferred to these particles,
thereby increasing E'. This behavior can be attributed to the
good interaction between the BG particles and the NR
matrix. Near the 7, of NR (temperature range of —70 to
—40 °C), a strong decrease in E' values with increasing
temperature is observed for all samples. This decrease is
attributed to the dissipation of vibrational energy due to the
increased mobility of the NR chains; i.e., the NR starts to
flow, and little or no energy is stored in the biocomposite.
As shown in Fig. 4a, the thermal properties of NR do not
change significantly with the incorporation of BG particles.

The loss modulus (E”) as a function of temperature is
shown in Fig. 4b for all samples. The E” represents the
ability of the material to dissipate energy, mainly in the
form of heat during cyclic deformation. As shown in
Fig. 4b, the intensity of the E” peak increases with the BG
particle content in the biocomposites. This behavior may

@ Springer

be assigned to the inhibition of the relaxation process of
polymer chains [43]. A shift in the E” peak to lower tem-
peratures with the increase in the BG particle content
compared to NR was also observed. The Bioglass® is a
hydrophilic particle and when incorporated in the natural
rubber produces a plasticizing effect shifting E” to lower
temperature [44].

DMA is an alternative common method for measuring
T, of polymer composites [45]. The relaxation process,
which is represented by a peak on the fan J curve, involves
the cooperative motions of polymer chains [43, 46], and the
peak temperature corresponds to the T, of the polymer
[42]. The relaxation process observed in Fig. 4c for all
samples is denoted as o and involves the cooperative
motions of polymer chains [43, 46]. As shown in Fig. 4c,
the relaxation peak of NR shows a higher intensity than
that of the biocomposites, which is due to the higher
elasticity of NR and its greater tendency to dissipate energy
during deformation compared to that of biocomposites. All
biocomposites show a T, of —50 °C (Fig. 4c). The lower
T, value of the biocomposites compared to NR were
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attributed to plasticizing effect promoted by hydrophilic
particle, as mentioned above. Similar effect was observed
with polyurethane reinforced with cellulose nanowhiskers
[44]. Biocomposites with 30 and 50 mass% BG are above
the mechanical percolation stabilizing the T, value.

The Cole-Cole diagram shown in Fig. 5 represents E”
as a function of E’ for the NR and biocomposite samples.
This analysis is very important for measuring the vis-
coelastic properties and the homogeneity of the composite.
According to the Cole-Cole method, a homogeneous

(a)

1.4 um

-0.7 um

(b)

0.8 um

-1.3 um

Fig. 2 AFM analysis of biocomposites in the mass ratios (NR/BG):
a 90/10 and b 50/50

Fig. 3 a TG and a DTG curves

polymeric system is expected to exhibit a semicircle on the
Cole—Cole diagram [46, 47]. Figure 5 shows semicircles
for all samples, indicating that the BG particles are dis-
tributed homogeneously within the biocomposite and that
there is good adhesion between the NR and the BG.

Mechanical properties

Stress—strain tests were performed to evaluate the effect of
BG particles on the mechanical properties of NR. Figure 6
and Table 2 show that the addition of BG particles
increases several mechanical properties of NR because the
tension applied to the NR matrix was transferred efficiently
to the BG particles, thus confirming their role as
reinforcement.

The typical stress—strain behavior of elastomeric mate-
rials is observed for NR, as shown in Fig. 6. The bio-
composites’ stress—strain curves are similar to each other;
however, the elastic modulus (Y) of the biocomposites
increases with the BG particle content. The tensile strength
at break (04 preak) also increases with the BG particle
content. The increase in the elastic modulus of the material
will also be an increased resistance to deformation. As
shown in Fig. 6, adding only 10 mass% of BG particles to
the NR significantly increases its elastic modulus and
Oat break-

Table 2 shows that the elastic modulus of biocomposites
increases gradually, acquiring a value of (4.61 £ 0.58)
MPa for the 50/50 samples as compared to the
(0.41 &+ 0.03) MPa for NR. This behavior suggests there is

Table 1 Thermal decomposition parameters: onset temperature
(Tyn), maximum decomposition rate (7y,), and residues of NR and
NR/BG biocomposites

Samples Ton/°C T/°C Residue/%

NR 333 365 1.6
NR/BG (90/10) 328 376 15
NR/BG (70/30) 320 378 34
NR/BG (50/50) 331 377 49

(a) 100 ~

80 -

of the biocomposites and NR

[e2]
o
L
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8

—NR
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0

(b) 20
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Fig. 4 Dynamic mechanical
thermal analysis of the NR/BG
biocomposites and NR.

a Storage modulus (E'), b loss
modulus (E”), and ¢ tan J as a
function of temperature
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Fig. 5 Cole—Cole diagram of the NR and biocomposite samples

good interaction between the BG particles and the NR
matrix. The same behavior occurs with ¢, preax; 1.€., it
increases with the content of BG particles added to the
biocomposites. These improvements in the mechanical
properties of the biocomposites can be explained in terms
of the mechanical percolation of the BG particles inside the
material. When BG particles are dispersed in a polymer
matrix, they can form a three-dimensional network of
mechanical percolation. This network forms when the
fraction of dispersed particles is higher than the percolation

@ Springer

—NR
- = *NR/BG (90/10)
- - - - NR/BG (70/30)

NR/BG (50/50)

T T T
-100 -75 -50 25 O

T = I. -I T
25 75

50 100
Temperature/°C
5
——NR
, — — NR/BG (90/10)
4 . './ - - - - NR/BG (70/30)
’ SN NR/BG (50/50)
‘ o
© .
o 3 . / . l
= VAL
B y <
o °, o
& 27 . "
./ |
7 .
i -
. : |/
17 v
0 T T T T T T T T T T T T T
0 100 200 300 400 500 600 700 800
Strain/%

Fig. 6 Stress—strain analyses of the biocomposite samples and NR

Table 2 Mechanical properties of the biocomposites and NR:
Y (elastic modulus), 0, preax (tensile strength at break), and & preak
(elongation at break)

Samples Y/Mpa Oat brcak/Mpa Satbrcak/%
NR 0.41 £ 0.03 0.98 £ 0.02 700 £ 45
NR/BG (90/10) 223 £0.29 3.98 £ 0.10 336 £+ 32
NR/BG (70/30) 2.87 £ 0.34 4.30 £ 0.25 289 + 22
NR/BG (50/50) 4.61 £0.58 442 £0.18 263 £ 17
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threshold of the system. This mechanical percolation net-
work enables efficiently transferring the applied tension
from the polymeric matrix to the BG particles, and as a
result, the composite presents mechanical properties
superior to those of the matrix [48, 49].

Siqueira et al. [48] studied a composite based on NR
reinforced with CNW and attributed the increase in the
mechanical properties to the mechanical percolation phe-
nomenon, where the cellulose nanowhiskers that form a
three-dimensional network inside the composite become
more efficient at transferring the stress to the reinforce-
ment. Chan et al. [49] also used percolation theory to
explain the mechanical behavior of polypropylene bio-
composite reinforced with boron nitride and nanohydrox-
yapatite. According to these authors, the increase in the
elastic modulus of the biocomposite with the increase in
the particle content in the matrix is related to the
mechanical percolation of the particles, which form an
interconnected network in the bulk material.

Conclusions

A very simple synthesis route was employed to obtain
natural rubber/Bioglass® 45S5 biocomposites. These
materials showed a homogeneous distribution of the BG
particles. The thermal analysis showed that the biocom-
posite samples became more thermally stable than the NR.
However, they presented approximately the same thermal
profile as that of NR in the TG/DTG curves. Higher storage
modulus values were observed for samples with larger
amounts of BG, but above the T,, the E' value of all the
samples tended to zero due to the increased mobility of the
polymer chains. The tan 6 curve yielded T, values equal to
—46 and —50 °C for the NR and biocomposite samples,
respectively. BG particles improved the mechanical prop-
erties of biocomposites compared to those of NR. Stress—
strain tests showed that the biocomposite samples had a
higher elastic modulus and tensile strength at break
(Gat breax) than those of the NR. These results showed that
the BG particles improved the thermal and mechanical
properties of the NR matrices, making this biocomposite a
possible candidate for biomedical applications.
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