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Abstract

Medical application of polyurethane (PU) elastomers has been contributed significantly
to the quality and effectiveness of health care systems. Applications such as nasogastric
catheter, sutures, wound dressing, drug delivery system, and insulation on the leads of
electronics pacemakers are already in the market. Properties of polyurethanes such as
thermal and chemical stability, mechanical performance, and low degradation rate make
an outstanding material for that kind of application. More recently, castor oil as polyol
source has been investigated due to the needs of friendly environmental sources. In this
chapter, we want to approach the advances in polyurethane area from castor oil for appli-
cation in medicines. A review of castor oil-based polyurethanes, chemical modification,
processing techniques, and applications in tissue engineering and medical devices will be
made with the objective to understand the current situation, limitations, challenges, and
perspective of this type of material.

Keywords: castor oil, polyurethane, biomaterial, elastomer, medicine

1. Introduction

Polyurethanes are an important class of polymers which are used in a surprising array of
commercial applications [1]; this special group of heterochain polymers is characterized by
the presence of urethane groups, which are esters of carbamic acid, but they are not contain-
ing primarily those groups [2]. The polyurethanes include those polymers containing a plu-
rality urethane groups in the molecule backbone, regardless of chemical composition of the
rest of the chain. A type of polyurethane may contain aliphatic and aromatic hydrocarbons,
esters, ethers, amides, urea, and isocyanurate groups [1]. In Figure 1, we can see the variety of
functional groups in a polyurethane structure from castor oil and methylene diphenyl diiso-
cyanate against the structure of polyethylene glycol.

I NT EC H © 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
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Figure 1. (A) Basic structure of urethane bond. (B) Structure of polyurethane synthetized by the reaction between
modified castor oil and diphenylmethane diisocyanate. (C) Structure of polyethylene glycol. Polyurethane structure
shows the variety of functional groups in its structure.

The use of polyurethane in the medical field has been documented since 1965 [3]; these prod-
ucts range from nasogastric catheters to insulation on electronic pacemakers. The versatility
of being rigid, semirigid or flexible, biocompatible, and hydrolytic stable has abrasion resis-
tance, good physical strength, thermoplasticity or thermosetting and also polyurethanes have
been described to resist gamma radiation, oil, bases, and acid. These are some properties
which made this type of polymer as an important resource in the medical devices industry [1].

However, current researches have focus on the design of biodegradable formulation for the
tissue and organ engineering, drug delivery, and resorbable implants. Biodegradable poly-
urethanes have a set of design requirements that include the use of biocompatible monomer,
tissue-like mechanical response, bioactivity, appropriate degradation rate, and so on [3]. The
strong structure-properties relationship of this kind of materials is a good characteristic that
allows structure modification to include biodegradable and cell response linkage or func-
tional groups to accommodate the designed criteria.

In this way, the use of castor oil as polyol source has been proved outstanding because it is a
biocompatible and hydrophobic monomer which is composed of 90% ricinoleic fatty acid —
the unique natural fatty acid with hydroxyl groups in its chain [4]. This characteristic made
the polyurethane synthesis easy and also, the reported noncytotoxic activity, elastomeric
behavior, and tunable mechanical properties can mimic tissue performance.

According to all information above, in this chapter, we are going to study the recent advances
in medical applications of castor oil polyurethanes; first, a brief review of the chemistry of
polyurethanes to understand the qualities of these outstanding materials is discussed. Second,
an overview of castor oil’s applications and advantages is discussed. Next, a review of castor
oil chemical modification, filler agents, and scaffold fabrication techniques is discussed. At the
end of the chapter, a reflection about perspectives and new challenges of castor oil polyure-
thanes applications in medicine is described.
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2. Chemistry of polyurethanes

The chemistry of urethanes makes use of the reaction of organic isocyanates with compounds
containing active hydrogens. For example, hydroxyl groups, amines, and water react to pro-
duce urethane linkage, urea groups, and carbon dioxide, respectively.

It is possible to synthesize the urethane groups by various methods, but the most popular one
is the reaction between an isocyanate and an alcohol as shown in Figure 2. This route was first
reported by Wurtz in 1849. But in 1937, Dr. Otto Bayer synthesized the first polyurethane from
a diisocyanate and polyester through a polyaddition reaction where the reaction product is
exclusively the polymer [2].

As mentioned previously, polyurethanes are an extremely versatile group produced in wide
range of densities, cross-link densities, and stiffness. For that reason, the polyurethanes are
classified in two main groups: elastic polyurethanes (e.g., flexible foams, elastomers, coat-
ing, and adhesive) and rigid polyurethanes (e.g., rigid foams, structural foams, and wood
substitutes). This classification is based on the polyol structure. The molecular weight and
the number of hydroxyl groups/mol or polyol functionality are two important properties for
the arrangement of the structure. Low functional polyol (2-3 hydroxyl groups/mol) and high
molecular weight (over 2000 daltons) produce an elastic polyurethane; on the contrary, low
molecular weight and high functionality produce a rigid cross-linked polyurethane [1, 2].

Because urethane groups can generate hydrogen bounds, they form a hard segment and the rest
of the polyol chain is a soft segment. The increase in functionality also increases the hydrogen
bound interaction and reduces the soft segment mobility, and further reduces the flexibility
of the polymer. In Figure 3, a representation of the arrangement of each elastic polyurethane
and rigid polyurethane has been shown.

Polyurethanes can be prepared by mixing diisocyanates with liquid diol or polyol at fixed
NCO/OH ratio being casted in a mold. Isocyanate-terminated prepolymer can be made by
mixing with excess of diisocyanate, to further addition of low molecular weight molecules
to chain extension. This molecule is usually called chain extender. A brief explanation of these
components is discussed in the following sections.

2.1. Polyol

Polyols are reactive substances containing at least two reacting groups. These compounds can
be hydroxyl or amine-terminated. There are four types of polyols.

2.1.1. Polyether polyols

Polyether polyols are the products of reaction between a simple molecule called initiator and
an alkylene oxide. The hydroxyl-terminated polyether polyol functionality depends on the

R—N=C=0 * HO—R' — R—NHCOO-R!

Figure 2. Scheme of reaction between isocyanate and alcohol.
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Figure 3. Scheme of elastic and rigid polyurethanes arrangement of hard and soft segments. Adapted from Ref. [2].

functionality of the initiator. If the initiator is a diol, the product will have a functionality of
two and, in the same way, if the initiator is a triol, the resultant functionality will be of three [1].

This type also includes active hydrogen-containing polymers such as acrylonitrile or styrene,
and also polyureas prepared from the reaction of polyisocyanates and diamines, or polyure-
thanes prepared by the reaction of polyisocyanates and polyalkanol amines such as trietha-
nol amine. Polyether polyols produce high quality polyurethane foams and elastomers [1].
Figure 4 shows some structures of reported polyether polyols.

2.1.2. Polyester polyols

Figure 5 shows some structures of polyalkylene glycol esters. They are prepared by condensa-
tion polymerization of alkylene glycol and the corresponding diester or diacid.

Vegetable oil-based polyols are included in this category; however, these are produced in
most cases by reacting saturated bonds to add hydroxyl groups. Castor oil is a natural veg-
etable oil-based polyester, and more related information is given in the next section [1].
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2.1.3. Polycarbonates

Polycarbonates are prepared by condensation of phosgene or alkylene glycol carbonates.
This chemistry is controlled to ensure that resultant contain terminal hydroxyl groups [1].
Polycarbonates-based polyols are characterized by high polarity and strong carbonate
bond expecting polyurethanes with good mechanical properties and phase separation [5].
Also, more stability has been observed toward oxidative and hydrolytic biodegradation
than polyesters polyols [6]. However, production cost of polycarbonate-based polyols is
greater than polyether and polyester. Polycarbonates synthesis is strongly dependent on
petroleum. But recently, a new generation of polycarbonates from carbon dioxide has been
studied [7].

One important property for polyol analysis is called the hydroxyl value. The quantification of
that is described in ASTM D1957 standard.

2.2. Isocyanate

Isocyanate is an important and high reactive organic functional group which is involved in a
surprisingly diverse range of chemical reactions. Commercially available organic isocyanates
include aliphatic, cycloaliphatic, araliphatic, aromatic, and heterocyclic polyisocyanates [1].
Some examples are presented in Figure 6.

The high reactivity of this group can be explained by the electron density among atoms.
Figure 7 shows that how oxygen, which has the highest electron density, has negative charge
and carbon with the lowest density has positive charge. Nitrogen is an intermediate negative
charge [2].

CHj;
H,
OCN NCO OCN c NCO
2,6 Toluene diisocyanate (TDI) 4,4' Diphenylmethane diisocyanate (MDI)
NCO
OCN_(CHQ)G‘NCO
NCO 1,6 Hexamethylene diisocyanate (HDI)
Isophorone diisocyanate (IPDI)
NCO
/\/5\10/\ /\/\.i[/o/\/
OCN NCO OCN NCO
Methyl ester lysine diisocianate(LDI) Lysine Triisocyanate

Figure 6. Some commercially available diisocyanates.
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Figure 7. (A) Electron density of isocyanate group, and (B) nucleophilic reaction between isocyanate and active hydrogen
compounds. Adapted from Ref. [2].
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The reaction between an isocyanate group and active hydrogen is an addition at the carbon-
nitrogen double bond. The nucleophilic center of the active hydrogen compounds attacks the
electrophilic carbon and the hydrogen is added with the nitrogen atom [2] (Figure 7).

As shown in Figure 6, there are a lot of commercial isocyanates. However, 4,4-diphenylmeth-
ane diisocyanate (MDI) and 2,6-toluene diisocyanate (TDI) are the mostly used compounds in
the polyurethane industry [1]. Mechanical performance of MDI- or TDI-based polyurethanes
is superior against aliphatic diisocyanates and also, they are more reactive because of their
aromatic structure. Despite of this, aromatic structures are not desired in materials for medi-
cal applications due to the fact that they could produce toxic degradation products. Recent
researches are more focused toward aliphatic diisocyanates for polyurethane synthesis with
medical purpose [8].

2.3. Chain extenders

They are low molecular weight reactants that produce familiar elastomeric behavior of the
polyurethanes. Chain extenders have molecular weight in the range of 40-300 daltons and can
be classified as hydroxyl-terminated or amino-terminated. However, only dysfunctional com-
pounds are considered as chain extender; higher functionalities are considered as crosslinkers
[1]. Introduction of those compounds allows to build block copolymer with alternating blocks
of hard and soft segments [3].

Introduction of high hard-segment content in the polyurethane backbone determinates the
final properties and performance of the polymer. Hard-segment content controls the mechan-
ical properties such as modulus and ultimate strength, in addition to the thermal and hydro-
lytic stability of the finished product [1].

2.4. Catalyst

Polyurethane synthesis can be catalyzed in the form of any chemical reaction. A catalyst is a
material that affects the rate of a reaction but emerges from the reaction unchanged. The cata-
lyst can be considered as the controlling agent of the reaction. It is widely used in urethane
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foam production; its primary job is to provide the desired reaction profile, which can be mea-
sured by cream, rise, gel, and tack-free times to obtain the desired properties of the foam
[1]. The science of the catalytic process is out of range in this chapter; please see reference
[1] to enhance your knowledge about the effect of catalyst in the process of polyurethane
manufacturing.

Catalysts in polyurethanes are tertiary amines and some of them are organotin, lead, and
mercury organometallics. Some tertiary amines used as catalyst are: triethylenediamine,
dimethylcyclohexylamine, bis(dimethylaminoethyl) ether, and N-methyl-N'-(2-dimethyl-
aminoethyl)-piperazine. And some commonly used as organotin are dibutyltin dilaurate,
stannous octoate, and tin(II) 2-ethylhexanoate.

To summarize, chemical composition of polyurethanes is a factor that determinates the final
properties response such as mechanical properties, abrasion resistant, and hydrolytic degra-
dation. Also, as we can observe that the variety of sources opens infinite possibilities to design
new and alternative polyurethanes which show the important role of this type of materials in
the medical field and the potential to be applied in new fields to improve the health system.

3. Castor oil polyol

Castor oil is extracted from seed of Ricinus communis. Its chemical composition has been
well described by many authors in the past. All of them agree that around 90% is ricinoleic
acid triglyceride [9, 10]. In Figure 8, we can observe the distribution of compounds in castor

055 64TY
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Figure 8. Mass spectroscopy of castor oil. Adapted from Ref. [9].
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Component Composition
Ricinoleic acid Triglyceride 77%
Ricinoleic acid di and monoglyceride 14%

Minor components 9%

Table 1. Chemical composition of castor oil determinate by mass spectrometry.

oil obtained from mass spectrometry. In Table 1, a summary of the results forming mass
spectrometry is shown. Only 9% of the sample is having minor components such as stearic
and palmitic acid.

Ricinoleic acid is the unique naturally occurring fatty acid with hydroxyl functional group in
its structure. The abundance of castor oil makes it as friendly environmental alternative for
polyurethane synthesis. The results of polyurethanes are characterized by being flexible and
elastomeric due to the long fatty acid chain and these results lead polyurethanes as a thermo-
setting material because of their trifunctional functionality nature [10].

Recent studies have shown the potential of castor oil in polyurethane industry applications
such as flame retardancy foams [11, 12], adhesives [13, 14], surface coating [15, 16], and, of
course, biomaterials [8, 17]. For example, castor oil was used for the synthesis of rigid foams
with flame retardancy properties; castor oil was alcoholyzed with glycerol and epoxidation
of glyceride castor oil was then carried out to react with diethyl phosphate to get the flame
retardancy polyols. Improvement in mechanical strength, thermal stability, and limiting oxy-
gen index at low concentration of phosphate compounds was observed [12]. Also, Zhang
et al. [11] used castor oil-based glycerides from transesterification reaction with glycerol and
pentaerythritol condensed with phthalic anhydride and ammonium polyphosphate as filler
flame retardancy agent. Mechanical properties and thermal stability during pyrolysis were
enhanced to obtain better results than the commercially available polyol PS-3152-based poly-
urethane foams.

In the adhesive field, Moghadam et al. [13] developed a group of castor oil polyester poly-
ols by condensation with difference carboxylic acid. These green adhesive showed superior
bonding properties like wood to wood specimen and also, some of them showed good chem-
ical resistance. Polyurethane adhesive based on modified castor oil through transesterifica-
tion reaction with pentaerythritol was reported; this type of adhesive showed better response
with regard to properties like physico-mechanical and anticorrosive with the modification,
also improvement in properties was observed with the increase of pentaerythritol in the
structure [14].

Above examples of castor oil application demonstrated the flexibility of this source; authors
used the advantage of hydroxyl groups for urethane formation and also, they made additional
modification to enhance polymer performance. In castor oil structure, there are other func-
tional groups susceptible for chemical modification through easy organic and well-reported
reactions. In Figure 9, we can observe the structure of castor oil highlighting three important
parts: ester bond, double bound, and hydroxyl group.
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Figure 9. Chemical structure of castor oil. Highlighted are the three main groups related with many chemical reactions.
Those groups have been modified by several authors to add desired functional groups and enhance performance of
materials.

One of the commons reactions, which has been studied involving the characteristic ester bond
of triglyceride, is the transesterification reaction. This type of reaction is widely described in
biodiesel manufacturing process where a vegetable oil reacts with a low molecular weight
alcohol such as methanol and ethanol. Instead of long linear chains for fuel applications, the
aim of castor oil transesterification is to increase the hydroxyl group content, branching of
polyols, and finally to increase the hard segments content and network formation of polyure-
thane structure. For those reasons, polyalcohol compounds such as glycerol, pentaerythritol,
and triethanolamine are used in this field.

Application of glycerol in transesterification showed an enhancement on tensile proper-
ties, hardness, and chemical attack resistance due to higher increase of cross-linking den-
sity. Published works demonstrated an increase of hydroxyl value in glycerides of castor oil
[18]. As mentioned above, more hydroxyl groups produce more urethane bonds and these
are related with the hydrogen interaction determining cross-linking density. Also, products
of transesterification generate more branched polyurethanes which tend to form network
arrangements. However, those polymers characterize by low thermal stability [9]. Other
works synthesized polyurethanes from modified castor oil obtained by transesterification
reaction. Those materials exhibited better mechanical response and thermal stability against
glyceride castor oil derivatives. Pentaerythritol by-products have higher hydroxyl value and
also higher cross-linking density [18] which is related with an improvement of the perfor-
mance of the material. In the same way, Dave and Patel [10] use triethanolamine as polyhy-
droxyl agent in transesterification for interpenetrating networks.
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There are few instances that reported the involvement of the saturated bond in castor oil [12].
However, many reactions such as oxidation, polymerization, hydrogenation, epoxidation,
halogenation, sulfonation, and other addition reactions could carry out. Additionally, many
authors have reported the use of filler agents to enhance some properties [8, 11, 15, 19, 20],
these agents are physically bonded with the castor oil and they do not react.

Exploring the chemical structure of the castor oil, we can realize the potential of this source
for innovation in the polyurethane field. With the biocompatibility character, it seems obvious
why it has excelled in the biomedical field. In the next section, we will study some described
approaches of castor oil-based polyurethanes and their derivatives.

3.1. Medical applications

As mention above, medical applications of polyurethanes have contributed significantly to
the quality of the care system. More recently, the study of biodegradable formulations for tis-
sue and organ engineering and resorbable implants has been outperformed.

In the context of castor oil, several researches have been carried out studying applications
such as wound healing, bioadhesive, cardiac, and bone tissue engineering. To reach adequate
degradation rate, mechanical performance, antimicrobial activity, cell-biomaterial interaction,
cell viability, and proliferation techniques such as composite reinforced, segmented polyure-
thane, and scaffold manufacturing are applied. Following a little review of some applied cas-
tor oil-based polyurethanes will present highlighting chemical modifications, composites,
and scaffolds structures used to achieve desired properties.

Nguyen Dang et al. [21] developed a castor oil-segmented thermoplastic polyurethane
with controlled mechanical properties mixing difference soft segments like castor oil,
poly(tetrahydrofuran) polyol, and poly(dimethylsiloxane) polyol. They demonstrated that
mechanical properties and flexibility of polyurethane can be significantly altered by both
incorporated castor oil and poly(dimethylsiloxane)/poly(tetrahydrofuran) polyol ratio during
the synthesis. Polyurethanes, also, exhibited a good biocompatibility in 3T3 fibroblast culture.
In the same way, Miao et al. [22] synthetized smart polymers with shape memory using castor
oil and polycaprolactone triol. Full shape recovery was reached at physiological temperature
with various recovery speeds according to the polymer composition. These examples show
the use of segmented polyurethanes or block copolymer to control mechanical behavior of
materials.

Combining polyester with polyether is a good option for controlled behavior too. Not only
mechanical behavior is affected by block copolymerization, adding hydrophilic monomer
at reactive mixture could also modify the degradation. Ganji et al. [20] used polyethylene
glycol with castor oil to improve degradation rate, because it is a hydrophilic polyol which
increases the permeability in bulk as well as surface and makes the material more susceptible
to degradation.

Though, there are many different ways to achieve criteria design. As we have already described,
alcoholyzed castor oil is an interesting alternative to increase mechanical performance.
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Products of transesterification of castor oil with glycerol and pentaerythritol have been
used for medical purposes. Du et al. [17] worked with glyceride of castor oil to enhance the
mechanical strength of hydroxyapatite/polyurethane scaffolds for bone tissue engineering.
Compared to castor oil, the glyceride can provide more hydroxyl groups (from 155 to 288
of the hydroxyl value) resulting in an increase of the scaffold compressive strength (from
hundreds of kPa to 4.6 MPa). Likewise, Li et al. [23] reported that the molecular modification
of soft segments by glyceride of castor oil can increase the scaffold compressive strength by
48% and the elastic modulus by 96%. Those materials also demonstrated promising pros-
pects for bone repair and regeneration. Also, using pentaerythritol for castor oil modification,
Uscategui et al. [24] compared polyurethanes from transesterification reaction with castor
oil-based polyurethanes. Though mechanical behavior was increased in alcoholyzed castor
oil due to increase of cross-linking density, cell viability of those polymers had lower values
than castor oil. But, the observed viability was above 70% which was comparable to commer-
cial polypropylene suture used as positive control producing no toxic effects of materials on
L-929 fibroblast.

Introduction of specific bounds or functional groups by chemical modification of castor oil
is possible to regulate other properties rather than only mechanical stretch. For example,
Sathiskumar et al. [25] had reacted castor oil with sebacic acid, citric acid, and D-mannitol by
melt condensation polymerization to introduce ester linkages which are easily cleavable in
aqueous medium. The contact angle measurement and hydration test results indicated that
the surface of the polymer was hydrophilic and in vitro degradation of polymer in PBS solu-
tion carried out at physiological conditions indicated that the degradation goes to completion
within 21 days. Physical, mechanical, and degradation can be tuned varying the curing condi-
tions of the polyurethanes accordingly to the desired application in human body.

Similarly, Yari et al. [26] synthetized epoxy-terminated polyurethane prepolymer based on
castor oil and glycidyltriethylammonium chloride (GTEAC) as a reactive bactericidal agent
for wound dressing. Membranes could maintain for a long period the moist environment
over the wounds with low exudates. Cytotoxicity analysis of samples against mouse 1929
fibroblast and MCA-3D keratinocyte cells showed good cytocompatibility. The membrane
containing 50% GTEAC exhibited an effective antibacterial activity while showing acceptable
cytocompatibility.

Also, polyols from castor oil transesterification with glycoside starch obtained by glycosyl-
ation with ethylene glycol were used to synthetize polyurethanes type bioadhesives with
methyl ester lysine diisocyanate (LDI) and isophorone diisocyanate (IPDI). It was determined
that polyurethanes obtained from LDI have lower mechanical properties and adhesion, and a
higher degree of cross-linking compared to homologs obtained from IPDI. The results of the
biodegradable character (contact angle and weight loss) showed that these LDI polyurethanes
materials had a greater hydrophobic character due to the presence of the ester bonds in the
structure of the hard segment. It was also found that the polyurethanes obtained from LDI
have lower cytotoxicity [27].

On the other hand, reinforced composite is another option, wide reported, to achieve design
criteria. This process is based on adding some compounds with specific characteristic to get a
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desired response of materials. These components are not involved in reactions, but are physi-
cally bounded with the polyurethane matrix. Figure 10 shows a method for composite poly-
urethanes preparation.

In that context, Uscategui et al. [24], additionally, studied the effect of polycaprolactone diol
(PCL) incorporation into modified castor oil-based polyols, obtained from transesterification
reaction with pentaerythritol. They studied the effect of three concentrations of PCL (5, 10,
20% w/w). Mechanical test shows performance enhancement in some polymers with PCL,
however in some cases, largest concentration of PCL (20%) reduces by phase separation of
soft and hard segments. At cell viability test, PCL concentration did not have any effect on
modified castor oil-based polyols but 20% of PCL reduced the cell viability and lower concen-
tration did not affect significantly in castor oil-based polyurethanes.

Also, Arevalo et al. [8] studied the effect of chitosan on the physico-chemical, mechanical
properties, and biological activity on mixtures of PCL and polyurethanes obtained from cas-
tor oil. They studied three concentrations of chitosan (0.5, 1, 2% w/w) and two of PCL (5 and
10%). It was found that the incorporation of chitosan enhances the ultimate tensile strength of
the polyurethanes and does not affect the strain at fracture in polyurethanes with 5% of PCL.
Mechanical stretch suggested applications on the aorta and the skin. Water absorption was
increased with the concentration of chitosan in the matrix due to the hydrophilic behavior of
chitosan. The results of in vitro biocompatibility suggested that polyurethanes do not cause
risks to cell viability and can be used in biomedical applications.

Nowadays, with the enhancement of nanotechnology, nanocomposites have become a new
field to study in the biomaterials area. In this case nanoparticles can induce morphological
and structural changes in the hard and soft segment, also some nanoparticles give additional
bioactivities such as antibacterial [19] and cell adhesion or proliferation [28]. Like this, some
studies related with bone and cardiac tissue engineering with castor oil-based polyurethanes
have been published.

Li et al. [23], also, studied the effect of nanoparticles of hydroxyapatite (HA) into glycerides
of castor oil, when nanoHA particles were incorporated into the matrix, the compressive

Filler Agent

Polyol
- Mold casting

+——
v

> 7 Prepolymer - >

:

Scaffold fabrication

Figure 10. Scheme of composite polyurethane preparation.
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strength and elastic modulus further increased by 49-74%, from 2.91 to 4.34 MPa, and from 95
to 165.36 MPa, respectively. Particles improved the interface bounding with the polyurethane
and provided effective bioactivity for bonding with bone tissue.

Ganji et al. [20] fabricated nanocomposite scaffolds made of gold nanotubes/nanowires incor-
porated into biodegradable castor oil-based polyurethanes as alternative for cardiac patches
to treat postmyocardial infarction. By incorporating gold nanotubes/nanowires into poly-
urethane scaffolds, the wired material structure can mimic the electromechanical properties
of the myocardium. Cardiomyocyte adhesion and proliferation were strongly increased in
response to electrical stimulation on composites. After 4 days of incubation and electrical
stimulation on the scaffolds, cardiomyocytes on polyurethane scaffolds samples showed a
more native morphology and enhanced proliferation compared to gold-free PU-0. A con-
centration of 50 ppm of nanoparticles induced optimum cell distribution and spreading, as
well as the largest up-regulated expression levels of genes relevant to cardiac differentiation
and hypertrophy. In another work, Ganji et al. [29] fabricated porous composite scaffolds
for biomedical application based on gold nanotubes/nanowires and mixed with castor oil-
polyethylene glycol-based polyurethanes. Addition of 50 or 100 ppm nanostructures had sig-
nificant effects on thermal, mechanical, and cell attachment of fat-derived mesenchymal stem
cells of polyurethanes. Higher cross-link density and better cell attachment and proliferation
were observed in polyurethane containing 50 ppm. The results revealed that gold nanotubes/
nanowires formed hydrogen bonding with the polyurethane matrix and improved the ther-
momechanical properties of nanocomposites, as compared with pure PU.

The word “scaffolds” has been mentioned several times in this chapter. Scaffolds are con-
sidered as three-dimensional porous structure with the main goal to provide appropriate
base for tissue growth and cell proliferation [30]. A lot of techniques are well described in the
literature. Some of them are particle leaching, solvent casting/particle leaching, thermally-
induced phase separation, melt molding, gas foaming, emulsion freeze-drying, solvent cast-
ing/solvent evaporation, electrospinning, 3D printing, and rapid prototyping. However, few
of these methods can be applied to castor oil-based polyurethanes because of the cross-linking
and thermoset nature of these types of materials, it is not possible to solubilize in any organic
solvent so techniques that involve solvents like solvent casting/particle leaching, thermally-
induced phase separation are discarded. Additionally, methods such as 3D printing and melt
molding require thermoplastic behavior. The pore size of the scaffold should mimic the size
of the specific type of cell accordingly with the application; also, pore interconnectivities are
desired to allow fluid exchange and cell proliferation.

Methods like particle leaching, gas foaming, and 3D printed sacrificed mold are used to fab-
ricate castor oil-based polyurethane scaffolds.

3.1.1. Particle leaching

Specified diameter particles are added to prepolymer solution; particles remain embedded
throughout the polymer matrix after curing period. After immersion in water, particles are
leached out leaving a porous structure (Figure 11). The shape and size of pores are directly
determined by the shape and dimensions of the leachable particles used. Tablet salt, sugar,
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Figure 11. Scheme of particle leaching polyurethane scaffolds preparation.

ammonium chloride, sucrose, starch particles, gelatine and paraffin microsphere have been
used. However, it is important to know that particles must be inert during all manufacturing
process. Another parameter that influences the structure is the amount of particles added.
If the salt content is insufficient, the polymer solution will surround the particles and isolated
pores will appear. On the other hand, if the amount of salt added is too high, a deficient struc-
ture with voids will be formed due to close geometric packing [30].

This technique was used to obtain porous size between 355 and 600 um using sieved tablet
salt. Scaffolds show cell attachment of H9C2 cardiomyocyte cells [20] and fat-derived mesen-
chymal stem cells [29]

3.1.2. Gas foaming

Gas foaming is a process that is widely used in industry for the preparation of e.g., expanded
polystyrene, polyvinyl chloride foams, but it can also be applied for the preparation of scaf-
folds. Foaming can be carried out by reacting the components or releasing the gas which is a
product of the thermal degradation of the gas-foaming agent. In polyurethanes, water can be
added to polyol and isocyanate mixture. Water reacts with an excess of isocyanate producing
carbon dioxide which is the foaming agent. This technique is rarely used for the fabrication
of scaffolds, because it is hard to control pore diameter and the average pore diameter is too
large to allow adequate cell proliferation [30]. However, some authors reported the use of
nonreactive foaming agents like cyclopentane [11]. It evaporates with the heat of urethane
reaction creating the foam. Most of the applications of this method are related with bone tis-
sue engineering. Like this, Du et al. [17] used gas foaming to develop their HA/glyceride of
castor oil-based polyurethane scaffolds with an in situ reaction with water. Sixty percent of
porosity and 500 um of interconnectivity were reached with that technique. Also, Li et al. [23]
used similar process for scaffold fabrication. They reached a porosity between 52 and 57%.
They discussed that a porous structure with a pore size of approximately 200-800 um and a
porosity of 57% are appropriate for the growth of cells in bond tissue engineering.
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3.1.3. 3D printed sacrificed mold

This technique required a 3D printer. In this technique, basically, a mold is printed with the
desired characteristics of pore size and porosity. Then the prepolymers are casted in the mold
allowing curing. After that, mold is removed by dissolving the printed mold with a compat-
ible solvent.

One advantage of 3D printing is to directly print porous scaffolds with designed shape and
interconnected porosity from a CAD file with a variety of materials such as ceramic, metallic,
polymeric, and composites. And the use of sacrificed mold is an opportunity for thermoset
polymers. Generally, this technique contain inherent difficulties to form small-sized tubular
channels around 250 mm; the pores in the printed scaffold from the guided approach here are
actually the shape of the extruded fiber, which can be readily adjusted by shaping the size and
geometry of the nozzle [22].

In this context, Miao et al. [22] use 3D printed PLA scaffold serving as a sacrificial mold to get
PCL-castor oil-based polyurethanes with shape memory and with a gradient pore structure
to biomimic the tissue structure. The pores had a gradient distribution from the top to the
bottom as the distance between pores increased from 240 to 560 mm. These authors used the
term four-dimensional printing to include the additional shape memory property of their
polyurethanes. Four-dimensional (4D) printing is an emerging new concept that refers to the
ability of 3D printed objects to change form and/or function after fabrication, thereby offer-
ing additional capabilities and/or performance-driven applications. For example, hydrophilic
materials have been utilized to 4D fabricate self-evolving structures that perform geometric
folding, curling, expansion, and various other programmed shape changes after submersion
in water

In this chapter, we have been discussing how the polyol affects the materials response; how-
ever it is important to dedicate a place to talk about isocyanates. There are a lot of commercial
available isocyanates and the mostly used in polyurethane industry are MDI and TDI because
they are high reactive aromatic structure and also, as we described, they produce superior
mechanical response. Aromatic structures should be avoided in medical applications because
they are related to toxic degradation products. Many studies have demonstrated carcinogenic
potential of aromatic diamines under in vivo conditions; these diamines are characteristic deg-
radation products of MDI and TDI [8]. In biomedical fields, there are many researches carried
out with aliphatic isocyanates as an alternative, for example Valero et al. [31] compared the
mechanical and degradation response of castor oil-based polyurethanes from three differ-
ence isocyanates: isophorone diisocyanate (IPDI), methyl ester lysine diisocyanate (LDI), and
lysine triisocyanate (LTI). Mechanical stretch was similar in IPDI and LDI but higher in LTI-
based polyurethanes, due to high functionality isocyanate, and degradation rate was higher
in LDI-based polyurethanes because LDI introduces additional ester bound, as we mention, it
is high susceptible to hydrolytic degradation.

It can be realized that many authors were introduced in each section of this chapter. It is
because they used different methods to study the effect on several properties, so they can
identify the right method for the better performance.
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To summarize, castor oil-based biomaterials have been tested at in vivo models, especially
for bone tissue regeneration. This means that castor oil-based polyurethanes achieve many
requirements for real medical applications. It is another proof of the potential of this material
in the biomaterials and tissue engineering field. Further, some reported examples of animal’s
model are presented.

Du et al. [17] used female sprague dawley rats with a defect in region of femoral condyle to
test the osteogenesis of HA/glyceride of castor oil-based polyurethanes scaffolds. They con-
clude with the histological studies that the newly formed bone tissue had appeared around
the scaffold and in the pores of scaffold. After 8 weeks, there were more new bone forma-
tions around and within the porous scaffold, and no adverse inflammatory response could be
noticed. In contrast, the amount of new bone was more in cell-seeded scaffold than unseeded
scaffold. Although the cell seeded group seemed to perform slightly better than unseeded
group, both scaffolds showed good in vivo osteogenesis.

Li et al. [23] tested the in vivo osteogenesis of HA/glyceride of castor oil-based polyurethanes
scaffolds too with New Zealand white rabbits with a defect in femoral condyles. New bone
with high density had formed in the surface region, and a bone matrix and trabecula had also
grown into the scaffold porous structure. The quantity of new bone at 24 weeks is substan-
tially greater than the quantity of new bone at 12 weeks. New bone preferentially forms on the
surface and subsequently grows inward following an osteoconductive pathway.

Nacer et al. [32] used male rattus norvegicus albinus, Wistar lineage submitted to bone defect
filled with castor oil-based polymer. Three experimental groups were formed with (1) castor
oil polymer containing only calcium carbonate; (2) castor oil polymer with calcium carbonate
and doped with 5% of silica nanoparticles; and (3) castor polymer with calcium carbonate
doped with 10% of silica nanoparticles. The results showed that there was bone growth in all
the studied groups, with a greater tendency of growth in the group 1. After 30 days, all the
groups presented similar results. After 60 days, a greater amount of fibroblasts, osteoblasts,
osteocytes, and osteoclasts in group 3 were observed, with integrated activity of three kinds
of cells involved in the bone activation-reabsorption-formation.

4. Conclusion and perspectives

In this chapter, we studied the chemistry of polyurethanes and we understood the versatility
of these types of polymers and their importance in industry. Also, we reviewed the properties
that made it an outstanding material for biomedical applications. Additionally, we explored
the potential of castor oil-based polyols for biomaterials and tissue engineering applications.
It is clear that castor oil have many qualities such as biocompatibility, biodegradability, nat-
urally occurring hydroxyl groups, and easy chemical modification which call the attention
for this particular field. However, it is clear too that medical devices and tissue engineer-
ing require multiples criteria design, as we observed in the review, from several points of
view such as mechanical performance, adequate 3D structure, and adequate degradation
rate accordingly with the application, nontoxic degradation products, specific hydrophilic
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and hydrophobic behavior, and so on. These requirements could be satisfied combining as
many techniques of chemical modification, composite reinforced, scaffold manufacturing,
and polyol-isocyanate composition, as need to achieve all the criteria designs for biomateri-
als. Also, new technologies advances, like 4D printing, are helping to solve the requirements.

Particularly, castor oil-based polyurethanes have a huge way for innovation in the biomateri-
als fields. As we saw, many of the applications are related with bone tissue engineering. New
fields such as skin, vascular tissues, eyes, and connective tissues could explore and, also, for
fabrication of medical devices, sutures, catheters, and wound dressing. Also, in the age of
bioactive biomaterials, it is important to include the design criteria with additional properties
like antibacterial activity which can increase the performance and the value of the material.
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