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Introduction




Polyurethanes (PUs) are one of the most versatile and explored
polymeric materials in which the urethane groups are the major
repeating unit and can be synthesized by reacting di or polyisocyanates
(hard segments) with di or polyols (soft segments) via catalyzed
polymerization process [1] . A broad range of PU with variety
of physical and mechanical properties can be tuned just by changing
the ratio of soft and hard segments [2]. Thus, it consists of two
phase structure in which the hard segments are embedded into the
soft segments. Using different ratios of hard/soft segments, it can
be fabricated according to their need of applications in rubber, fibers,
films, paints, coatings, elastomers, foams, gels etc. [3] These
many forms of PUs available to date are simple improvements of
the invention of Dr. Otto Bayer and his coworkers in the 1930s [4].
The continuous improvements in the polyurethane made them
a suitable and promising material for the incorporation in widespread
applications. For the decades, it has been used in the field
of biomedical due to their well-known properties such as good
durability, high tensile strength, fatigue resistance, excellent biodegradability
and biocompatibility [5]. Among the polymers like, silicone,
polyvinyl chloride (PVC), polyethylene and poly tetra fluoro
ethylene (PTFE), PUs are widely used in medical application due to
their superior bio and hemo compatibility. On account of this very
characteristic property, they have extensively been used in catheters,
heart valves, vascular grafts, prostheses and blood coagulating
devices [6]. 



It has also been noticed that PUs are best suitable candidates
for the scaffolds in tissue engineering, hydogels shape memory
devices, nontoxic implants, various cardiovascular repair, wound
healing and bone regenerations [7]. On account of this, the present
review summarizes the chemistry of polyurethane, their historical
background and considering factors for biomedical application.
Moreover, their biomedical application in the field of tissue engineering
and drug delivery has also been discussed.


Historical Background 


The biomedical applications of PUs were first started in the late
1960s. In 1967, first generation polyurethane available industrially
and commercially was used by Mirkovitch and groups as implantable
biomaterials [8]. After that Sharp and coworkers have studied
the thrombus resistance properties of polyester polyurethane for
intravascular replacement [9]. A copolymer of polyurethane and
polydimethyl siloxane was synthesized and used as blood compatible
and heart assist balloon pumps was used by Nyilas and groups
[10]. 


Considering Factors for Biomedical Applications



Biomedical application of any material is strictly related to
their biocompatibility. Generally, when any foreign material comes
in contact with the body tissues, a specific reaction occurs, which
may give a negative response as a life threatening consequences
[11]. Thus, in order to overcome these negative responses, PUs
should have excellent biocompatibility, biodegradability and good
mechanical properties. These properties can be tailored by the selection
of monomer and the polymerization conditions. Although,
PUs has all the properties, which are required for their biomedical
applications, it can be engineered differently by using different soft/
hard segment ratios at the time of their synthesis [12]. For example,
biodegradable PUs can easily make by incorporation of biodegradable
segments into either the soft or hard segments of the polymer
backbones. Hence, the selection of this ratio and polymerization
condition is the main factor that must be consider for the application
of PUs in biomedical. In the study reported by Sharifpoor et al.
[13], a degradable polar ionic polyurethane was synthesized using
lysine-based polycarbonate divinyl oligomer (DVO). Here the DVO
was selected to optimize the physical properties and good biocompatibility.
These properties suggest their potential applications for
long term vascular tissue engineering.


Biomedical Applications of Polyurethanes


Owing to the excellent mechanical, biocompatible, biodegradable,
high flexural endurance and fatigue resistance properties, PUs
have become a material of choice for the development in biomedical
applications. Here, we are discussing some of the important biomedical
applications of PUs.



Tissue Engineering



For the decades biodegradable PUs has been used for tissue engineering
application due to their tunable mechanical properties,
fatigue resistance and biocompatibility. It has been used in several
tissue engineering such as fibro cartilage repair, bone regeneration,
cardiac patches etc. The design of PUs as a scaffolds for tissue engineering
requires with the development of bromidic properties that
mimic the natural extracellular matrix and suitable to derive cell
response. For this instance, many works have been carried out to
design a PUs scaffolds for tissue engineering applications. Kishan et
al. [14] have designed a tri block poly (ether ester) urethane using
“plug and play” approach and studied their cycto compatibility and
hydrolytic degradation to establish their application in tissue engineering.
It was observed that the “plug and play” approach, used
for the synthesis of biodegradable PU, gives a platform for highly
tunable material aimed at tissue engineering application.





Bone Regeneration




As the bone regeneration involves a process
like migration, proliferation, differentiation of
osteo progenitors, and the formation of extracellular matrix, PU
scaffolds have explored as potential candidate for this application.
Recently, Wang et al. have synthesized biodegradable waterborne
PU shape memory elastomer for bone tissue engineering [15]. First,
they have prepared PU 3D printing ink in which polyethylene glycol
(PEO) was used to adjust the viscosity. PU-gelatin 3D printing
was also prepared for comparison, which showed good cell viability
while the PU-PEO exhibited excellent shape memory properties.
Thus, the PU scaffold with excellent shape memory property and
osteogenic effect can be used as designer bone alternatives. 



Catheters



PU Catheters are widely used in medical devices for the passage
of fluids in the body. In general, they are in tube forms which are
implanted into the body passage, canals and cavities. PUs, for their
intrinsic flexibility, is widely used in intravenous and central vascular
catheters. In the year 1980s, first PU catheter “VialonTM” was
developed. Later on, Smith and co-workers have used PU catheters
for the absorption of drugs [16].  



Wound Dressing

Another most important application of PUs is wound dressing.
It is nontoxic, non-allergenic, and non-sensitizing, providing thermal
insulation and mechanical protection and eventually heals the
wounds without leaving any foreign particles in the wound. The
healing process is generally carried out by upholding a wet environment
at the wound interface and remove excess exudates to
the surface of the dressing [17]. Gharibi et al. [18] have designed a
membrane based on aniline tetramer embedded polyurethane-siloxane
for wound dressing applications. The prepared membrane
exhibited favorable properties for wound dressing such as water
absorption, water vapor transmission rate and moist environment.



Contact Lenses


From the past few years, hydrophilic PU hydrogels are mainly
used for their applications in contact lenses due to their good water
absorption, high transparency and mechanical properties. The use
of PU hydrogels were first disclosed by Blair and Hudgins [19]. The
work reported by Gould and Johnson got patented in the year 1980
[20]. They have developed polyurethane diacrylate for their use in
contact lenses. Their invention showed good water absorption, permeability
to ions and gases and was stable in boiling water. 






Drug Delivery


The unique chemistry and flexible processing of PUs made
them a potential candidate as drug delivery carriers. For drug delivery
application, PUs was used in the form of matrix, coatings and
capsules in which anti-tumor drugs, proteins and antibiotics are
introduced or adsorbed. However, it has been noticed that PUs are
less compatibility with the blood and found unsuitable for in vivo
drug delivery application [12]. To make them suitable and compatible
with the blood, new generation PUs are now being developed
with various modifications [21]. From the last few years, a great
deal of research effort has been focused to modify the surface of
PUs to improve their hemo compatibility. Yu et al. have synthesized
a series of novel pH and reduction sensitive PU triblock copolymer
for intracellular drug delivery [22]. It was observed that the in vitro
drug release was significantly accelerated by reducing the pH or by
addition of an intracellular reducing agent. Recently, Liu et al. have
prepared a cross linked PU micelles with red ox sensitive and pH
responsive surface charge switchable properties [21]. They have
investigated that this novel PU micelles act as a drug delivery carriers
due to their unique responsiveness to dual biological stimuli.
In addition to aforementioned applications, biodegradable and biocompatible
PUs have widened their application to the biomedical
devices as well, which are listed in Table 1.




Table 1:   Applications of Polyurethanes in various biomedical
devices.
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Conclusion and Future Perspectives



This review summarizes history, design and properties suitable
for biomedical applications of PUs. Moreover, the biomedical
application in tissue engineering and drug delivery has also been
explored. It was noted that biodegradable and biocompatible
polyurethane has emerged as bio stable inert material and have
used for broad range of biomedical applications. However, a new
generation biocompatible and biodegradable polyurethane nano 
carrier is desired to develop to meet the therapeutic challenges and
biological complexity. Furthermore, as the polymer structure plays
an important role and determines the pharmaceutical properties,
the optimization of synthesis chemistry and technology is needed to
develop well-defined and well controlled polyurethane structures.
As the applications studied in this review, it has been noticed that
the drug delivery and in vivo properties of polyurethane has paid
less attention. Thus there is a clear need to develop more animal
studies and preclinical trials to accelerate the advancement of
polyurethane and to gain the maximum possible benefits of
biocompatible polyurethane in the upcoming future not only in
the in the laboratory scale but also in the commercial level. Thus,
we anticipate that the polyurethane can act as outstanding and
game changing biomaterials that have the capability to expand and
revolutionize its biomedical applications and have a positive impact
in future..
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