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Abstract

Bone fractures to be corrected need stabilization of their extremities, which is achieved with the use of plates and
screws. This research aimed to produce castor bean polyurethane (Ricinus communis), to make resorbable plate,
structural and thermal analysis. The production was made by the glycerolysis of the triglycerides present in the oil,
after addition of polyol/glycerol and hexamethylene diisocyanate (HDI) to form urethane structures, with and without
addition of hydroxyapatite. The characterization was by FTIR spectroscopy, scanning electron microscopy (SEM),
X-ray diffraction, differential scanning calorimetry and thermogravimetry. Plates with dimensions of 40 mm X 10 mm
X 2 mm were obtained. The SEM showed flat and homogeneous surface. DRX analysis showed the semi-crystallinity
of the biomaterial. Glass transition and thermal stability up to 50 °C were observed, followed by thermal decomposition
up to 450 °C. The produced polyurethane showed it is possible to be applied in the manufacture of plate.
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1. Introduction

The technique of functionally stable fixation of bone
fractures consists of stabilizing the segments with plates and
screws in direct contact with the structure, allowing new
ossification. Titanium is the most used material because
it is bioinert and possesses high mechanical resistance,
allowing the bone to exert its function during the repair
process, even with the occurrence of micromovements
between the fragments!'!.

Some problems are associated with the use of titanium
plates. Interference in imaging tests, bone atrophy, pain, cold
hypersensitivity and impairment of bone growth in children
are the most cited. Due to being more rigid, the metallic
material absorbs most of the incident forces, which may lead
to reduction of bone density (stress-shielding phenomenon).
There is still no consensus on the need for additional surgical
intervention for the removal of the metallic material after
the consolidation of the fracture!®.

Polymers and composites, like hydroxyapatite/polymer
properties, represent an alternative for the treatment of facial
fractures because they have elastic modulus close to the bone
and they are resorbable. The metabolism of these devices
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takes place in a concomitant period bone union, without
leaving any by-products in the body. Resorbable plates
and screws still present problems such as low mechanical
resistance and inadequate design compared to titanium;
besides the induction of inflammatory response during the
hydrolysis of its moleculest!.

Copolymers of polylactic acid (PLA) and polyglycolic
acid (PGA), unstable polyesters in wet conditions are the
most widely used biodegradable devices**). The polymer
derived from castor oil (Ricinus communis) was released for
medical and dental use by the Ministry of Health in 1999
and also the Food and Drug Administration (FDA) in 2003.
Because it is both biocompatible and osteoconductive, it
allows the growth of connective tissue and bone within its
pores and assists in the stability of the surgical apparatus!'.
To improve the osteoconductivity of the polymer, bioactive
ceramics, such as hydroxyapatite, have been combined to
produce polymer composite due to their similar chemical
structure with human bone tissue. Hydroxyapatite is the
main inorganic component of the tissues of vertebrates and
artificially synthesized as bioactive (osteoconductivite) and
it also has the ability to encourage bone growth!'!,
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The biocompatibility of resorbable polymers for fracture
fixation is well established, but most of them hold high
prices. The applicability of a biomaterial in the medical
and dental area depends on its mechanical characteristics,
biodegradation and microstructure features'®. The study of
castor oil polymer and hydroxyapatite/castor oil composite,
a bone analog model, is justified by the possibility of local
production of a resorbable biomaterial as an alternative in
the treatment of facial fractures, with lower cost for use in
the public service and also in pediatric patients. The purpose
of this work was to develop polyurethane obtained by the
chemical processing of castor oil and describe its microstructure
and thermal characteristics for the production of resorbable
plate for fixation of bone fractures.

2. Materials and Methods
2.1 Synthesis of the biocomposite from castor oil

The experiment was carried out at the Materials
Physics Laboratory of the Federal University of Piaui
(FISMAT-UFPI). All samples of castor oil, extracted from
the seeds of the Ricinus communis plant, had a production
and quality certification; and they were initially analyzed
for acidity, iodine, peroxide index, viscosity, and density;
to confirm the physicochemical specifications provided by
the manufacturer.

2.2 0il catalysis and production of monoacylglycerol

The initial stage for the production of biopolymer was
the glycerolysis reaction of the triglycerides present in
the castor oil structure, after addition of polyol (glycerol).
To achieve this, an amount of the oil (40 g) was weighed
and mixed to glycerol (7.9 g) to give a suitable molar ratio.
After stirring, the catalyst Lithium Hydroxide (LiOH, 0.02 g)
was added. The mixture was then placed in a round bottom
flask for magnetic stirring and reaction mixture in a suitable
atmosphere, with controlled time (5h) and temperature
(140 °C); until obtaining monoacylglycerol (MAG), aresin
with a gelatinous appearance.

2.3 Synthesis of hydroxyapatite (HA)

Calcium hydroxide [Ca(OH),, 1.5 g] and ammonium
phosphate [(NH,),PO,, 1,6 g] were initially added, which
in aqueous solution they formed a characteristic white
suspension. The solution was stirred for a predetermined
time (2:30 h), then it was oven dried at 120 °C for 12 h,
then centrifuged and washed. Finally, it was placed to dry
at 300 °C for 6h.

2.4 Preparation of polyurethane

The synthesized monoacylglycerol (which has the structure
of a polyol) was mixed with Hexamethylene Diisocyanate
(HDI), with a suitable stoichiometric ratio. The mixture
was placed in a volumetric flask and heated to 95 °C with
constant stirring in a controlled environment. After that,
hydroxyapatite was added to obtain a concentration of 3%
by mass, relative to the mass of the monoacylglycerol. After
homogenization, the mixture was collected and stored in a
suitable container. During the final phase of the polyurethane
reaction, when the material reaches the “gel point”, the
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mixture was placed in a rectangular shaped container, closed
by a device (cover) and fastened with screws. The mold
was pressed for completion of the polymerization reaction.

2.5 Spectroscopic analysis in the infrared region (FTIR)

The FTIR spectra of the synthesized monoacylglycerol
and polyurethane samples were obtained in a Thermo Fisher
SCIENTIFIC Nicolet iS5 spectrophotometer with purge
pump and wavelength between 400 cm™ and 4000 cm’,
128 accumulated scans, 4 cm' resolution, in ATR, in
Transmittance module. The method was used to verify the
conclusion of the curing reaction of polyurethane and the
presence of free isocyanate functional groups (NCO) after
the reaction!”.

2.6 Scanning Electron Microscopy (SEM)

To perform Electron Microscopy, it was used FEI Quanta
250 FEG-equipment. Since it was a polymeric material,
surface preparation was necessary. All samples were fractured
in liquid nitrogen and coated with a gold layer to obtain
better conductivity. A piece was deposited in the aluminum
substrates. For this purpose, the samples were coated with
gold in order to avoid the accumulation of charges that
repel the incident electron beam. The micrographs served to
observe the morphology and particle size of polyurethane!”*!.

2.7 X-ray Diffraction Analysis (XRD)

Polyurethane samples were analyzed for their
microstructure by means of X-ray diffraction (XRD), Labx
- XDR 600 equipment from Shimadzu with Cu-Ko radiation
(L= 1.5406 A), 26 in the range between 50° to 750°, scan
rate of 2° / min and total exposure time of 40 minutes.
The objective was to identify the crystalline peaks, the
crystalline and amorphous phases and also calculate the
parameters of the crystalline network of the biomaterial®.

2.8 Differential Scanning Calorimetry (DSC) and
Thermogravimetric Analysis (TGA)

The DSC curve was obtained from TA Instruments;
model Q2000, with temperature range between -150 °C and
600 °C. The TG curve was obtained in Q50, TA Instruments,
with a temperature range between 25 °C and 1200 °C;
both under nitrogen atmosphere, heating rate of 10 °/min
and sample of 10 mg. The DSC technique was used to
determine the temperature transitions of the physical state
of the polyurethane. Thermogravimetry was used to study
the stability range and thermal decomposition mechanisms
of the material”-!.

2.9 Descriptive Statistics

Five samples of the monoacylglycerol and polyurethane
obtained were analyzed by means of FTIR spectroscopy, and
five polyurethane samples were evaluated by MEV, XRD,
DSC, and TG. It was conducted a descriptive analysis of the
following parameters: formation of the monoacylglycerol
and polyurethane structure; characteristics of crystallinity
and conformation of the molecules; in addition to the
glass transition temperature, melting temperature, and the
degradation onset temperature.
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3. Results and Discussion

3.1 Castor oil catalysis and physicochemical
characterization

Castor oil presents in its composition 89.5% to 90%
triglyceride ricinoleic acid (12-hydroxy-cis-9-octadecenoic
acid), whose molecular formula is C,,H, OHCOOH. In the
ester bonds of the triglyceride (1st carbon) reactions of
hydrolysis, esterification, alcoholysis and, halogenation

can occur (Figure 1)°12,

In the present study, the glycerolysis pathway of
the triglycerides present in the oil was used (Figure 2).
The alkoxide is an active radical formed by the reaction of
glycerol with lithium hydroxide (catalyst) (A). The C=O
(carbonyl) bond of the triglyceride undergoes nucleophilic
attack by alkoxide, forming a tetrahedral intermediate. A fter

rearrangement of this intermediate, a monoalcohol ester
and the anion are formed, which, upon deprotonation of
the conjugate acid from the base formed in the reaction, it
regenerates lithium hydroxide and produces a diglyceride
(B). Similar reactions occur with diglycerides, with formation
of monoacylglycerol (MAG) (C)!'3\.

3.2 Formation and preparation of polyurethane plates

A urethane structure is the result of the chemical
reaction between an isocyanate group and a hydroxyl
radical. The synthesis of a high molar mass polyurethane
(Figure 3) occurs when isocyanate groups react with a
polyfunctional alcohol (hydroxylated polymer or polyol).
In this research, the Hexamethylene Diisocyanate (HDI)
was used, molecular formula C;H,,0,N, and molecular

structure OCN-(CH,),-NCO. Although less reactive, HDI

OH

Figure 1. Scheme of chemical structure of ricinoleic acid, the primary component of castor oil.
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Figure 2. Scheme of catalysis of the triglyceride present in castor oil. (A): obtainment of the alkoxide as the catalyst; (B): breakdown of
the triglyceride molecule; (C): molecules of monoglyceride and diglyceride were formed.
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Figure 3. Scheme of mechanism proposed for the reaction between monoglyceride and Hexamethylene Diisocyanate (HDI), with the

formation of castor oil polyurethane.

is less volatile and less toxic because the composition does
not have benzene!'>!14,

The reaction begins with the attack of the nucleophilic
center of the MAG (monoacylglycerol) on the electrophilic
carbon of the carbonyl group (C = O) of the isocyanate; the
proton is simultaneously transferred to the nitrogen atom.
A urethane structure is formed when the hydrogen atom of
the hydroxyl group present in the MAG binds to the nitrogen
atom of the isocyanate group. The mechanism repeats until
the formation of the polyurethane structure!'3..

During the final reaction of polyurethanes, curing agents,
blowing agents, catalysts and fillers may be incorporated.
Hydroxyapatite is a biocompatible and osteoconductive
material, serving as a structure for the migration of
osteoprogenitor cells®™!%, The last step to obtain the composite
was conducted through the addition of hydroxyapatite.
The mixture was stored in a suitable container in order to
wait for curing time of the material. Samples of the pure
polyurethane and proportion of hydroxyapatite at 3% by
mass were obtained (Figure 4).

3.3 Analysis by infrared spectroscopy (FTIR)

Figure 5 shows the FTIR spectrum for the monoacylglycerol
obtained from castor oil. The main absorption bands and
their functional groups are highlighted.

The absorption region between 3300 and 3250 cm™'is
related to drawability of the OH group; the absorption
bands between 3000 and 2750 cm'are characteristics
of the stretching mode of the CH, CH, and CH, groups;
the 1750 cm'region is characteristic of carbonyl stretch
(C=0); the absorption bands between 1500 and 1250 cm™'is
characteristic of the deformation of the CH, and CH, groups;
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Figure 4. Photography of polyurethane castor oil (COP) resorbable
plates, with dimensions of 40 mm x 10 mm x 2 mm.
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Figure 5. FTIR spectrum of monoglyceride molecules.
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the absorption bands between 1250 and 1150 cm'refer to
the C-O and C-C bonds; the band region at 1100 cm™is
also characteristic of the stretching of C-O bonds and ester
(-C-0O-C-) group; finally, “wag” vibrations and asymmetric
angular deformation of the CH and CH, groups are observed
in the bands at 750 cm! (15181,

The FTIR analysis performed on the polyurethane
samples obtained by the chemical processing of castor
oil with addition of 3% hydroxyapatite (HA) is shown in
Figure 6. It is possible to observe the regions that prove the
formation of the polymer.

The absorption band at 3315 cm'! is characteristic of the
N-H urethane bond. The regions 0f2939 cm™! and 2852 cm!
are asymmetric and symmetrical stretching characteristics of
CH,, respectively!"'5. According to Pradhan and Nayak™,
these regions are characteristics of the stretching of the CH,
and CH, groups. The carbonyl stretching band (C=0) was
shifted to 1730 cm™. The 1530 cm™ region is characteristic
of the amide NH deformation in the groups. The formation
of polyurethane is also indicated by the absence of band
in the region of absorption between 2350 and 2100 cm’!,
relative to the N=C=0 group, indicating no free isocyanate
functional groups!'’1%),

3.4 Scanning Electron Microscopy (SEM)

Figure 7 shows the microstructural analysis by Electron
Microscopy of the polyurethane derived from castor oil
without addition of hydroxyapatite. Flat and homogeneous
surface, with evenly distributed protrusions and depressions;
besides clearer granular structures suggestive of artifacts
by residual material was observed.

The surface characteristics corroborate with the results
obtained by Monteiro et al.?”, who analyzed the ultrastructure
of polyurethane and membranes for bone regeneration, and
it was observed a flat and homogeneous surface, protrusions
and depressions with an irregular outline, besides granular
structures of various sizes. Nacer et al.’? and Marano and
Tincani®®! state that the porous surface of the castor oil
polymer promotes bone migration and deposition, behaving
as a passive structure that allows osteoconduction.

The synthesized hydroxyapatite powder showed
homogeneous spherical granular surface appearance, with
granules sometimes agglomerated, sometimes spaced
apart. Costa et al.”” also analyzed the microstructure of
HA in SEM and it was observed granular surface and also
the presence of pores, which are important characteristics
for biomedical applications, since they favor the adhesion
between the neoformed bone tissue and the synthetic apatite.

Figure 8 shows the microphotograph of polyurethane
with addition of 3% HA. According to Pradhan and Nayak®!,
the gray regions indicate the polymer matrix and the bright
spots indicate the distribution of hydroxyapatite particles.

Polymers with modulus of elasticity similar to that of
bone structure allow a better distribution of forces between
bone and implant. Bioactive ceramics such as hydroxyapatite
have limited individual use because of the low fracture
toughness. The HA/polymer composite structure resembles
natural bone tissue, increasing the surface area, harboring
cells and contributing to the production of organic matrix
within the implant?>24],
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Figure 6. FTIR spectrum of castor oil polyurethane with addition
of 3% HA.

Figure 7. SEM image (2000x). Polymer with flat and regular
surface; artifacts.

LMMA - UFPL

Figure 8. Microphotograph (500x) of the biopolymer with 3% HA,
showing bright scattered appearance related to the filler.

However, Alves et al.”> mechanically evaluated the 70%
polyhydroxybutyrate and 30% hydroxyapatite composite in
the form of plate for bone fixation, and it was observed that
the addition of HA in the polymer matrix caused reduction
in the mechanical strength of the composites, because the
particles acted as distributed defects in the organic matrix.
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3.5 X-ray diffraction (XRD)

Figure 9 shows the Bragg-Brentano profile of the
samples of the polymer with addition of 3% HA. Diffraction
peaks around 195.2° are characteristic of semi-crystalline
materials. The orderly packaging of the molecular chains
is one of the main aspects of the crystallinity of a polymer.
Lack of chain alignment during solidification results in an
amorphous region®2¢,

The degree of crystallinity also depends on the number of
branches present and also the rate of cooling. The crystallinity
of a biomaterial influences its in vivo performance by
affecting reabsorption and its mechanical properties. It is
known that amorphous regions are reabsorbed more rapidly
and materials with more organized structure generally have
a slower rate of resorption?”2*!,

Lin etal.l"”lintroduced acetylated cellulose nanocrystals in
the castor oil polyurethane formulation in order to strengthen
the material. After analysis by X-ray diffraction, it was
observed that for the concentrations of 5 and 10% by weight
of cellulose there was no change in the reflection planes in
relation to the pure polymer. Only with increasing charge
concentration to 15 and 25%, characteristic crystallinity
diffraction peaks were observed.

The molecules of the polymers are generally semicrystalline,
dispersed within the remaining amorphous material.
The volumetric biodegradation of polyurethanes occurs by
diffusion of water through amorphous regions, hydrolysis
of ester linkages of the main chain and decrease in volume
and molar mass when the polymer begins to fragment.
Degradation products containing carboxyl induce further
degradation by autocatalysis. Then, the hydrolysis of the
crystalline regions, enzymatic attack and the metabolism
of the fragments occur?”?*31, The observed microstructure
and crystalline aspects suggest that the biodegradation of
polymers produced after coming into contact with body
fluids under physiological conditions will occur through
the volumetric erosion mechanism.

3.6 Differential Scanning Calorimetry (DSC) and
Thermogravimetry (1G)

The Figure 10 (DSC) shows the heat energy flux
associated with the transitions in the material as a function of
temperature, and the Figure 11 (TG) shows the mass variation
of polyurethane as a function of temperature; both obtained
under the same experimental conditions. It is essential to
compare the DSC and TG curves simultaneously since the
first one detects events associated or not with mass loss,
while TG indicates only thermal events related to material
mass changes!”. Thermal events of physical state change
can be attributed from the DSC curve, provided that in
the same temperature range of the TG curve no mass loss
events are observed®’).

The temperature range of 50 °C was attributed to the
glass transition of the polymer produced, since the baseline
displacement in the endothermic direction was observed
in Figure 10 (DSC), without significant mass loss in TG
(Figure 11). This glass transition range, without peaks
characteristic of phase transformations such as melting
or recrystallization indicates the predominance of the
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Figure 9. Diffractogram of Biopolymer with 3% hydroxyapatite,
with a crystallinity peak around 195.2° which characterizes the
semi-crystallinity of the material.
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Figure 10. DSC curve of castor oil polyurethane with 3%
hydroxyapatite.
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Figure 11. TG curve of castor oil polyurethane with 3%
hydroxyapatite.

amorphous phase in the biomaterial”*. The other energy flux
peaks in DSC coincide with mass loss events in TG. It is
possible to observe two endothermic peaks at approximately
120 and 230 °C; and exothermic peaks between 250 and
300 °C, between 400 and 450 °C and above 450 °C (DSC);
all accompanied by mass loss.

Polyurethanes generally decompose into two or three
events due to structural differences!!>!%.The biomaterial
showed thermal stability up to 50 °C, from which two thermal
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decomposition peaks and reduction of the initial sample
mass were observed, which one peak was in the range of
200 to 250 °C and another peak was in the 350 °C temperature
range (Figure 11). It is verified that the degradation process
occurred in different stages.

Between 50 and 200 °C, the loss of approximately 10%
of the initial mass resulted from the physical degradation
of smaller groups, evaporation of solvent molecules and
volatile organic compounds from the sample!'*2¢!. Between
200 and 300 °C, the loss of 50% of the mass occurred. This
step involves the decomposition of unsaturated fatty acids;
dissociation of polyurethane into isocyanates and alcohol,
breaking of biuret, allophanate, ester and urethane linkages;
dissociation of polyurethane into isocyanates and alcohol,
break of biuret bonds, allophanate, ester and urethane
linkages; and the formation of transition components such
as amines and carbon dioxide!'*2°!,

The remainder of the mass was lost between 300 and 450 °C
and above 450 °C. These stages are characterized by the
remaining degradation of the polyol, decomposition of
the major functional polyurethane groups and also of the
flexible parts of the chain,dehydrogenation of alkyl groups
present in monoacylglycerol; and thermolysis of the organic
residues from previous steps, scission of carbon-carbon
bonds and additional oxidation of the crosslinked network,
respectively!!0:15:26],

All the characterizations performed reached the necessary
requirements for the production of a bioabsorbable plate.
Considering that plates for fixation of bone fractures ought
to allow adequate reduction of fracture, alignment of the
ends of the bone fragments and bone repair with the bone
callus formation and bone remodeling. The biodegradation
should occur during the process of bone repair, not yet
determined, and it is related to contact of the plates with body
fluids, temperature and movement of the anatomical area.
The characteristics of the material such as crystallinity and
geometric shape are considered important for biodegradation
process!#2432],

4. Conclusions

Polyurethane in the form of resorbable plate for fixation
of bone fractures was obtained by the chemical processing
of castor oil.Absorption bands characteristic of the OH
and carbonyl groups (C=0) were evidenced by the FTIR
analysis of the monoacylglycerol obtained. FTIR analysis
of polyurethane with 3% HA showed regions demonstrating
the formation of the polymer.

SEM analysis showed flat and homogeneous surface
of polyurethane and shiny aspects of the filler material
(hydroxyapatite). Characteristics of semicrystalline polymers
were observed in X-ray diffraction analysis. The suggested
degradation mechanism was of the volumetric type.

After analysis in Differential Scanning Calorimetry
(DSC) and Thermogravimetry (TGA), the temperature
range of 50 °C was attributed to the glass transition and
thermal stability of the polymer produced, from which
mass reduction and two thermal decomposition peaks
were observed. These results demonstrate the possibility
of applying the biopolymer under physiological conditions.
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Mechanical assays will be conducted in order to evaluate
the influence of the addition of hydroxyapatite and the
plasticizer polyethylene glycol (PEG) as a way to increase
the strength and the elastic modulus of polyurethane during
application in the functionally stable fixation technique.
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