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1.1 BACKGROUND AND LITERATURE REVIEW 

Biocompatible polymers have emerged as biomaterials in contemporary times. The research in 

the field is approaching to most challenging level as they can transform the living standard of 

human beings a step forward. The popularity of polymers is due to their special structural design 

leading to flexibility, adaptability and lower manufacturing cost. The widespread applications of 

such biopolymers in biomedical field involves artificial organs, transdermal patches, implantable 

devices, wound dressings, tissue engineering, prostheses, ophthalmology, vaginal rings,  

dentistry and drug delivery systems [1]. The prerequisite for a polymeric material to be 

applicable as an ideal biomaterial is biocompatibility which in turn depends on several other 

factors, including the mechanical properties, morphology, thermal properties, magnetic 

properties, biodegradability as well as toxicity [2].  

Polyurethanes (PUs) are one of the most versatile families of polymers. PUs pave a way to create 

the prospective for high performance materials due to their significant physical and mechanical 

properties and good biocompatibility [3,4]. PUs are characterized with the properties like high 

tensile strength, elasticity, durability, fatigue resistance, compliance, and acceptance or tolerance 

in the body during the drug release or healing. Furthermore, preference for bulk and surface 

modification via hard/soft segment balance or by attachments of biologically active species such 

as anticoagulants or bio-recognizable groups are possible via chemical groups typical for 

polyurethane structure. This possibility of variation in structure makes PUs adaptable for 

biomedical applications as well as enhances the acceptance of the device or implant [5,6]. 
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1.1.1 CONTROLLED DRUG DELIVERY: USE OF POLYMERS 

1.1.1.1 IMPORTANCE OF CONTROLLED DRUG DELIVERY 

Controlled drug delivery is a term used by the biomedical researchers in order to define the 

advanced type of drug release systems as compared to classical drug delivery. The controlled 

drug delivery is defined as “Delivering the drug at the right place, at the right concentration for 

the right period of time” [7]. In classical drug delivery, for most of the pharmaceutical industries, 

existing drug delivery induces simple, fast-acting responses via oral or injection routes. However 

the classical drug delivery route faces some problems. This includes reduced potencies because 

of partial degradation. For example, there are some drugs which are partially degraded after 

administration and cannot affect potentially. Also, classical drug delivery systems may 

administrate toxic level of drug during dosage, resulting into serious side effects and wastage of 

excess drug. There is also a trauma of compliance issue due to pain induced during course of 

administration by injections. 

Fig. 1.1 shows a graph of drug in the organism verses desired time of action. There are three 

levels for absorption of drug. First is “ineffective level”, in which the drug concentration is not 

enough to give its effect. Second is “therapeutic level” which includes drug concentration desired 

for proper action of drug. Third is “toxic level” which describes drug concentration which can be 

toxic for the patient. In case of classical drug delivery by injection, the drug concentration starts 

from ineffective level, reaches to desired level and crosses to toxic level, again returning back to 

therapeutic level. To get rid of this problem of toxic level, repeated doses are administered so 

that the desired level of drug concentration can be achieved. But interestingly, in case of 
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controlled drug delivery, constant predictable release can be obtained within therapeutic level for 

longer period of time in a single dose! 

 

 

 
Figure 1.1 A schematic drawing illustrating controlled drug release (Reproduced from Bajpai et 

al)[8] 

The importance of the controlled drug delivery comes from the fact that it can be utilized to 

achieve several advantages as listed below [8]. 

(1) Sustained constant concentration of drugs in the blood with least fluctuations. 

(2) Predictable release rates with high rate of reproducibility over a long period of time. 

(3) Protection of bioactive compounds having a very short half-life. 

(4) Reduction of frequency of doses and elimination of side-effects. 

(5) Optimized therapy and superior patient compliance. 

(6) Solution to the drug stability problem and drug wastage. 
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1.1.1.2 POLYMERIC SYSTEMS AS CONTROLLED DRUG DELIVERY DEVICES 

The biocompatible polymers are used in a variety of biomedical applications such as implants, 

scaffolds for tissue engineering, transdermal patches, catheters, and cavity liners [9]. For a 

polymer to be useful as a drug delivery device, besides its biocompatibility, biodegradability is 

an important property. This is because the fate of polymer after drug release decides the 

mechanism of the drug release. The polymers that can be excreted from the body by its natural 

excretion process such as via kidneys, are desirable for this type of  applications [10,11]. 

Looking from the perspective of the chemistry of polymers, it is observed that depending on the 

type of raw materials, structure of polymers and degradability rate, the rate of drug release and 

its mechanism is largely affected. This shall be discussed in the next section. The following table 

describes the commonly used polymers in the biomedical applications [12].  

 

Table 1.1 List of commonly used polymers in the biomedical applications [12] 

Polymer Specific Properties Biomedical uses 

Polyethylene  Low cost, excellent electrical 

insulation properties, excellent 

chemical resistance, toughness and 

flexibility even at low temperatures  

Tubes for various catheters, hip 

joint, knee joint prostheses 

Polypropylene  Excellent chemical resistance, weak 

permeability to water vapours, good 

transparency and surface reflection 

Yarn for surgery, suture 

Tetrafluoroethylene  Chemical inertness, exceptional 

weathering and heat resistance, non-

adhesive property, very low 

coefficient of friction 

Vascular and auditory prostheses, 

catheters tubes  
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Polyvinylchloride  Excellent resistance to abrasion, good 

dimensional stability, high chemical 

resistance to acids, alkalis, oils, fats, 

alcohols, and aliphatic hydrocarbons 

Flexible or semi-flexible medical 

tubes, catheter, inner tubes 

components of dialysis 

installation and temporary blood 

storage devices  

Polyacetals  Stiffness, fatigue endurance, 

resistance to creep, excellent 

resistance to action of humidity gas 

and solvents 

Hard tissue replacement  

Polycarbonate  Rigidity and toughness upto  

1400°C, transparency, good 

Electrical insulator, 

physiological inertness  

Syringes, arterial tubules,  hard 

tissue replacement  

Polyethylene 

terephthalate  

Transparency, good resistance to 

traction and tearing, resistance to oils, 

fats, organic solvents  

Vascular, laryngeal, oesophageal 

prostheses, surgical sutures, 

knitted vascular prostheses 

Polyamide  Very good mechanical properties, 

resistance to abrasion and breaking, 

stability to shock and fatigue, low 

friction coefficient, good thermal 

properties 

PA 6 tunes for intra cardiac 

catheters, urethral sound; surgical 

suture, films for packages, 

dialysis devices components 

 

1.1.1.3 MECHANISMS OF DRUG DELIVERY SYSTEMS FROM POLYMER NETWORK 

Drug delivery systems can be classified according to the mechanism controlling the drug release 

as follows [13].  

 (1) Diffusion-controlled systems 

a. Reservoir (membrane systems) 

b. Matrix (monolithic systems) 

(2) Chemically controlled systems 

a. Bioerodible and biodegradable systems 

b. Pendent chain systems 
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(3) Solvent-activated systems 

a. Osmotically controlled systems 

b. Swelling-controlled systems 

(4) Modulated-release systems 

Each type of the mechanism stated above can give different type of drug release depending on 

mode of mechanism, type of polymer and type of drugs [8]. We have focused on the swelling 

controlled systems and we prepared the polymers that follow this type of mechanism. The 

mechanism based on swelling controlled drug release is described below. 

The crosslinked polymers are characterized with the presence of tangled mesh structure which 

provides the matrix for the drug entrapment. When such polymers come in contact with 

thermodynamically compatible solvent, the polymer chains relax. This results into the 

entrapment of solvent molecules inside the polymer matrix, resulting into the swelling of 

polymer. If the polymer is kept in the saturated drug solution of such solvent, the entrapment of 

drug molecules together with the solvent molecules takes place (Fig. 1.2). After evaporation of 

solvent, the polymer is left with the entrapped drug molecules. When the release study is desired, 

the drug loaded polymer is kept in the release media in order to allow the polymer to swell in 

that release media. This results into the swelling of the polymer again, leading to the release of 

the drug depending on the swelling characteristics of the polymer in the release media. 

The structure of polymer determines the rate of drug release due to the effect of glass transition 

temperature (Tg) of the polymer. For example, if the Tg of the polymer is below the experimental 

temperature, the polymer will remain in the rubbery state, providing high mobility to the polymer 

chains. This results into the easier penetration of the solvent molecules inside the polymer 
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matrix. This ultimately results in high drug loading and high rate of subsequent drug release. 

This type of drug release is characterized as Fickian diffusion (CASE-1) in which the solvent (or 

drug) diffusion rate is slower than the polymer chain relaxation rate [14].  

 

 

Figure 1.2 Mechanism of drug delivery by swelling 

On the other hand, if the polymer is above its Tg then the polymer chains will be less flexible and 

the drug entrapment shall be difficult. This ultimately results in the slower rate of release of drug. 

This kind of release follows non-Fickian diffusion process which includes CASE-2 and 

anomalous diffusion, in which solvent (or drug) diffusion rate is faster or equal to the polymer 

chain relaxation rate respectively. 

1.1.1.4 EXAMPLES OF CLASSICAL AND CONTROLLED DRUG DELIVERY SYSTEMS 

1.1.1.4.1 ORAL DRUG DELIVERY 

The oral drug delivery belongs to the classical drug delivery system (Fig. 1.3). The absorption of 

drug is through walls of gastro intestinal tract (GIT) [15]. Advantages involved in such type of 

drug delivery are easy portability, safe administration without pain and easy to take. However, 
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there are several disadvantages such as poor efficacy of drug, as only a part of the dose may be 

absorbed by GIT [16]. Also, unconscious patients are unable to swallow solid dosage. 

 

Figure 1.3 Oral drug delivery 

1.1.1.4.2 OCULAR DRUG DELIVERY 

This type of drug delivery belongs to the controlled drug delivery type of drug release. The 

ophthalmic preparations that have been used commonly include the eye drops and ointments. 

However, these types of medications have some limitations like loss of drug due to draining from 

the ocular cavity because of tear flow and lachrymal nasal drainage. Frequent dosing is essential 

in order to maintain therapeutic level of drug inside the eye. These limitations can be addressed 

by using concept of controlled drug delivery approach such as in-situ gel, nanoparticles, 

liposome, nano-suspension, micro-emulsion, intophoresis and ocular inserts [17]. 

The most commonly used polymers in ocular drug delivery are hydrogels as shown in Fig. 1.4. 

This is for its advantages such as easier delivery to the ocular surface without extensive 

serological screening, favorable refractive index and high oxygen permeability [18]. The 

hydrogel containing dissolved drug is introduced into the cornea and the drug is introduced into 
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the eye when the eyelid movements occur. 

 

Figure 1.4 Ocular drug delivery 

1.1.1.4.3 TRANS-DERMAL DRUG DELIVERY 

The transdermal drug delivery (Fig. 1.5) uses the method of delivering drug inside skin through 

dermal layers. It represents an alternative to oral drug delivery and is poised to provide a 

substitute to hypodermic injections too [19]. In transdermal drug delivery, the drug is entrapped 

in to the polymer and is placed on the skin to deliver a specific dose of medication through the 

skin and into the blood stream.  

 

Figure 1.5 Transdermal drug delivery 

An advantage of a transdermal drug delivery route over other types of medication is that the 

patch provides a controlled release of the medication. The main disadvantage to transdermal 

delivery systems stems from the fact that the skin is a very effective barrier; as a result, only 
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medications whose molecules are small enough to penetrate the skin can be delivered by this 

method.  

1.1.2 POLYURETHANE CHEMISTRY: A BRIEF OVERVIEW 

The origin of polyurethanes (PUs) began in 1937 at I.G. Farbenindutrie when Otto Bayer, also 

called “father” of polyurethanes, and his coworkers performed the addition polymerization 

reaction between diisocyanates and diols. Since their discovery, the demand in PUs has 

continued to increase and is expected to attain a production of 18 million tons in 2016 [20–23].  

 

 

Figure 1.6 Picture of Otto Bayer 

The term “polyurethane” is confusing since the name may mean that PUs are either polymers 

obtained by polymerization of ethane or these are polymers containing urethane compounds as 
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monomers; neither of the meaning is true! The PUs are the polymers with the plurality of 

urethane groups in the molecular backbone, regardless of the chemical composition of the rest of 

the chain. Thus a typical PU, in addition to urethane, may contain aliphatic and aromatic 

hydrocarbons, esters, ethers, amides, urea and isocyanurate functional groups. 

The chemistry of PUs involves reactions between organic isocyanates and polyols i.e. 

compounds containing active hydrogen at proper ratio in presence of suitable catalyst (Fig. 1.7). 

The reaction is exothermic and leads to the formation of prepolymer. If the initial concentration 

of isocyanate is higher than polyol, the prepolymer obtained by reaction between them is said to 

be NCO-terminated prepolymer which can further react with other crosslinker/chain extender or 

other chemicals that are prone to react with NCO functional groups.  

 

Figure 1.7 Chemical reaction of Polyurethane formation [24,25]. 

PUs are important versatile polymers varying from flexible thermoplastics to rigid thermosets. 

PUs are obtained by step growth polymerization between diisocyanate/polyisocyanate with 

isocyanate (-NCO) functional group and hydroxyl terminated oligomer (polyol) having at least 

two reactive hydrogen atoms [26]. PUs can be either thermoplastic or irreversibly thermoset 

depending upon its structure. For example, the PUs synthesized from diisocyanate and a bi-

functional polyol results in thermoplastic PU, whereas introduction of crosslinkers with more 

than two functional groups will yield thermoset PUs with three dimensional crosslinking [27]  

The common components used in PU synthesis are listed in Table 1.2 
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The synthesis of PUs requires two essential ingredients: isocyanate (typically diisocyanate) and a 

bi- or multi-functional polyol with two hydroxyl (OH) terminal groups [28]. The step-growth 

polymerization reaction between these two reactants yields the polyurethane polymer. Polyols 

are generally di-hydroxyl terminated polymers viz. polyethers, polyesters of polycarbonates. The 

type, chain length, functionality and molecular weight of polyols have significant effect on the 

structural and physical properties of PUs. For example, relative cohesive energy of oligo-polyols 

increases as we move from polyester polyol to polyether polyols. Since a stronger cohesive 

energy leads to higher physico-chemical properties, the PUs based on polyester polyols impart 

better properties than those based on polyether polyols [25]. 

 

Table 1.2 List and details of common components in PUs 

 

Component 

 

Type 

 

Examples 

 

Structure 

    

Diisocyanate Aromatic 

 

Toluene-2,4-diisocyanate 

(TDI) 

 

 
    

    

  
4,4’- methylene-

bis(phenylisocyanate)(MDI)  
 

    

 Aliphatic 

Hexamethylene 
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diisocyanatohexane 
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 Alicyclic 
Isophorone diisocyanate  

(IPDI)  

 

 
 

Polyols  Polyether Polypropylene glycols 

 

 

 

 Polyester 
Polyester polyol of  

diacid and diol 

 

 
 

 Natural oils Castor oil 

 

Chain 

extenders 

 

Hydroxylated 

 

Diethylene glycol 

 

 
 

  1,4-butane diol 
 

 

 

 

Diamines  

 

 

Ethylene diamine 

 
 

 

Crosslinkers 

 

Hydroxylated 

 

 

Trimethylol propane 
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Monosaccharide (Glucose) 

 

 

  Disaccharide (Sucrose) 

 

  Polysaccharide (Starch)  

 

  Polysaccharide (Cellulose) 

 

 Diamine 
4,4’-methylene-bis-(2-

chloroaniline) 
 

 

Catalysts Organometalic Stannous octoate 

 

  Dibutyl-tin-dilaurate 

 

 Amine N,N-dimethylethanolamine 

 

 

H2N

Cl

NH2

Cl

N OH
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Similarly, short chain polyol based PUs are having higher concentration of urethane and urea 

bonds leading to high cohesive interactions between these bonds which leads to rigid structure. 

On the contrary, long chain polyols leads to flexible PUs for the same reasons. If we compare 

functionalities of polyols, the high functionality polyol leads to high crosslinking in PU which 

ultimately results in enhanced rigidity, softening points and modulus of elasticity while reduced 

elongation and molecular mobility. On the other hand, low functionality polyols gives PUs with 

linear structure showing opposite trend of properties. Moreover, low molecular weight polyols 

yield hard PU, whereas high molecular weight polyols yields elastic, flexible PUs.  
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Figure 1.8 Synthesis of crosslinked PU elastomer 

The PUs obtained through reaction between only bi-functional polyols and isocyanates is linear 

in nature and may show poor mechanical properties. The introduction of chain extenders/ 

crosslinkers (Table 1.2) into the PU network can yield PUs with improved physical properties. 

This is due to enhanced distinction of micro-phase separation between hard segments (composed 

of –NH-COO- and the chain extender/cross linker) and soft segments (the polyol part) as shown 

in Fig .1.8. The hard domains are responsible for mechanical strength while the soft domain 

provides flexibility [29,30]. The extent of hard and soft segment content influences directly the 

final properties of PUs. For example, PUs with hard segment content of 40-65% are reported to 

be tough elastomeric materials while those with hard segment contents of 15-40 wt% are rather 

soft and rubbery elastomers [31]. 

The electro positive character of the C atom of isocyanate group makes its affinity higher to react 

with nucleophilic reagents such as alocohols or amines leading to the formation of urethane or 

urea bond respectively. In addition to this, an isocyanate group can react with another isocyanate 

to yield dimer/trimer, biuret, carbodiimide or allophanate groups [32]. The reactions of 

isocyanate with other functional groups have been illustrated in Fig. 1.9. 

The reaction of isocyanate with primary amine is very rapid and goes on without use of any 

catalyst. The tendency of isocyanate to react with primary alcohol is greater than secondary 

alcohols while for tertiary alcohols and phenols the reactions are very slow. The reaction needs a 

catalyst like dibutyl tin dilaurate (DBTDL). A diisocyanate can easily react with water to form 

amine and carbon dioxide, which is the main advantage of reaction for synthesis of PU foams, 

since the carbon dioxide gas can act as a blowing agent. The said reaction is so spontaneous that 

isocyanate can readily react with a small amount of moisture present in the air. This is the reason 
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why bottles of isocyanates shall be kept well protected from moisture. The amine formed in the 

above reaction can also react with other isocyanate molecules to give urea bond formation. 

Allophanates are formed when isocyanate reacts with urethane group. The reaction of isocyanate 

with carboxylic acid gives anhydride which subsequently gets converted to amide. 

 

 

Figure 1.9 Reactions of isocyanate functional group with various reactants (Reproduced from 

Levchik et al)[33] 

Thus a complex chemistry of polyurethane is made due to diverse affinity of isocyanate group to 

react with variety of functional groups. The ideal characteristic of PU that makes it a distinct 

polymer from other common polymers is the presence of phase segregation as shown in Fig.1.10. 
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This feature of PUs is attributed to difference in polarity between hard segment and soft segment. 

The hard segment is formed by isocyanate part, which consists of rigid aromatic moieties having 

strong tendency to stack via π-bonding of the benzene rings. In addition to this, hydrogen 

bonding may also be present between isocyanate derived urethane and urea groups. 

 

 

 

Figure 1.10 Representation of phase segregation in PU (Reproduced from Tawa et al) [34]. 

On the other hand the soft segment consists of polyol segment which is amorphous and 

elastomeric in nature. Due to the difference in the hard and soft segment crystallinity, the PUs 

are reported to show several thermal transition temperatures. Depending on the hard segment 

content, the hard phase shows several melting transitions while soft phase shows glass and 

melting transition (if semi-crystalline) as it is responsible for the properties at low temperatures 
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[35]. Thus PU consists of discontinuously dispersed soft amorphous segments of long chain 

polyols and hard segments of diisocyanate and crosslinker/chain extender sections. PUs have 

found a vast diversity of industrial and engineering applications becoming a business area 

involving billions of dollars throughout the world (Fig. 1.11). 

1.1.3 POLYURETHANES: BIOCOMPATIBILITY AND DRUG DELIVERY APPLICATIONS 

Biocompatibility is defined as the ability of a material to perform with an appropriate host 

response in a specific application [36]. The biocompatible materials are thus having ability to 

perform their desired functions without eliciting any deleterious local or systematic effects. One 

of the main advantages of polyurethanes in biomedical applications is their flexible chemical 

structure. A simple modification in stoichiometry and/or raw materials used for synthesis of PU 

can result in a considerable change in the final polymer properties in order to produce polymers 

with a broad spectrum of properties ranging from thermoplastic elastic material to rigid 

thermoset polymer. In addition to that, PUs possess advantages such as adaptability to many 

different processing conditions, excellent mechanical properties, bio-stability, biocompatibility 

and biodegradability.  

Polyurethanes (PU) are considered one of the most promising materials in biomedical 

applications due to their structure/property diversity. The PUs are characterized with unique 

combination of diverse mechanical properties and flexibility. PU’s properties such as abrasion 

resistance, affordable manufacturing, chemical stability, durability, elasticity and 

haemocompatibility are fundamental for their extended applications in the biomedical field. 

Owing these properties, PUs have been successfully utilized for constructing variety of 

biomedical materials like blood bags, bladders, artificial heart, vascular grafts, neural conduits 

and bone cement for fracture.  
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Figure 1.11 Diversity of applications of PUs 

1.1.3.1 EVALUATION OF PUS FOR CYTOTOXICITY IN-VITRO 

In order to evaluate biocompatibility of PUs, the first step is to check its cytotoxicity in-vitro. 

The effect of PUs on cell viability, cell proliferation and cell adhesion are determined by using 
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appropriate cell line. MTT (3-[4,5-Dimethyl-thiazol-2-yl]-2,5-diphenyltetrazolium bromide) 

assay has been used for assessment of cell metabolic activity [37]. NAD(P)H-dependent cellular 

oxidoreductase enzymes may, under defined conditions, reflect the number of viable cells 

present. These enzymes are capable of reducing the tetrazolium dye MTT to its insoluble 

formazan, which has a purple color. Only living cells can produce such enzyme leading to the 

purple color formation. The absorbance of the colored solution can be determined by using UV-

spectrophotometer by constructing the calibration plot. The variation in absorbance can be 

related to cell viability. 

The commonly used cell lines for this purpose are fibroblasts and endothelial cells [38]. Some 

specific types of leukocytes, human osteosarcoma cell line MG63 [2,39], human cervical 

carcinoma cell line (HeLa cells), human breast adenocarcinoma cell line (MCF-7 cell) [40], and 

epithelial cells have also been used for evaluation of cytotoxicity of PUs intended for the 

application of implants [41,42]. 

1.1.3.2 CONTINGENCY OF PU STRUCTURE ON BIOCOMPATIBILITY 

Structurally speaking, the biocompatibility of PUs depends on the type of ingredients used in the 

PU synthesis. PUs derived from aromatic isocyanate are more toxic as compared to PUs derived 

from aliphatic isocyanate. This is due to the fact that the hard segments obtained from aromatic 

isocyanates when degrade, yields aromatic amines which are toxic in nature [43–45]. More 

specifically, PUs prepared with TDI and MDI underwent degradation to yield 2,4-toluene 

diamine (TDA) [46] and 4,4-methylenedianiline (MDA) respectively, both of the products are 

toxic in nature [47]. However, many medical grade PUs are prepared from aromatic 

diisocyanates. These PUs may degrade in vivo to carcinogenic aromatic diamines. Although the 

https://en.wikipedia.org/wiki/Formazan
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question of whether the concentrations of these harmful degradation products attain 

physiologically relevant levels is currently unresolved and strongly debated. In short, the 

aromatic isocyanates have been utilized to prepare PUs in biomedical application where 

degradation is not desired. Therefore, aromatic isocyanates based PUs are used in applications 

such as pacemaker lead coverings, catheters, and wound dressings. Such applications do not 

involve degradation of material and hence there is no trauma of toxic products and its associated 

side effects. The PUs with aliphatic isocyanates are more preferred for in-vivo biomedical 

applications due to its non-toxic degradation products. For example, Lysine diisocyanate is 

derived from amino acid (lysine), hence the products obtained after its in-vivo degradation are 

non-toxic and can be used for biomedical implants [2]. Segmented polyurethane urea synthesized 

by using lysine diisocyanate showed no toxicity when analyzed by using NIH3T3 fibroblasts and 

endothelial cells [48]. Porous polyurethane scaffolds based on Lysine diisocyanate, glucose, and 

poly(ethylene glycol) (PEG) supported the attachment, proliferation, and differentiation of rabbit 

bone marrow stromal cells and degraded to non-toxic decomposition products (e.g., lysine and 

glucose) in vitro [49], Isophorone diisocyanate [50] and Hexamethylene diisocyanate are also of 

interest for synthesis of biocompatible PUs [51].   

Besides isocyanate, the type of polyol used in the synthesis of PU also plays an important role 

for PU to show biocompatibility. Natural oils like castor oil and other natural resources derived 

polyols can show better biological acceptance as compared to petroleum based polyols due to 

more adaptability to living organisms and better biocompatibility. For example, 

Polycaprolactone diol is finding increasing applications as a soft segment/polyol for synthesis of 

biocompatible polyurethanes due to its biocompatibility and biodegradability [52]. The 

biocompatibility of the Polycaprolactone diol is due to the fact that its degradation product is 
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lactic acid which can get easily metabolized. The biodegradability is attributed to affinity of its 

ester bonds to degrade under basic conditions. For this advantage, the Polycaprolactone diol 

based PUs have been reported for the intended applications like scaffolds for tissue engineering 

[53], cardiac tissue engineering [54] and biodegradable bone cement for healing of fractures 

[55]. Polycarbonate polyol has been successfully utilized for tissue-engineering [56–58] due to 

its biocompatibility. Polyethylene glycol is also widely used polyol for synthesis of 

biocompatible PUs [50,51]. 

The type of chain extender/ cross linkers used in synthesis of PU can also influence its 

biocompatibility. For instance, if naturally available biodegradable products are used as a 

crosslinker/chain extender, the resulting PU can give better biocompatibility. This is due to the 

fact that the degradation of hard segments of such PUs are expected to yield biodegradable and 

non-toxic byproducts. Amongst PUs based on petroleum derived chain extenders also, there can 

be difference in biocompatibility depending on the type of chain extenders. Zhang et al reported 

that while comparing N,N-bis (2-hydroxyethyl) -2-aminoethane-sulfonic acid (BES) and 2,2-

(methylimino) diethanol (MIDE)  chain extenders, PU containing MIDE showed better fibroblast 

cell attachment and proliferation than PU containing BES as a chain extender. The result was 

ascribed to higher interaction of chains in hard segment in BES based PU [59].  

1.1.3.3 BIOMEDICAL APPLICATIONS OF PUS 

PUs can be synthesized from a wide variety of materials exhibiting extremely different 

properties that can lead to a broad spectrum of biomedical application as illustrated in Fig.1.12. 
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Figure 1.12 Applications of PUs in biomedical field 

A broad spectrum of properties essential for biomedical applications can be duly achieved by 

maintaining the type and quantity of ingredients used for PU synthesis. The PUs are largely 

explored for various biomedical applications including drug delivery devices. Sivak et al 

reported catalyst dependent drug loading and controlled release of PU foams for implantable 

devices. The study revealed the role of catalyst selection in maintaining biocompatibility of 

medical-grade PU [60]. Biocompatible PU based on lysine diisocyanate was prepared and 

covalently bonded with 7-tert-butyldimethylsilyl-10-hydroxy-camptothecin (DB-67) for potential 

application in postoperative intracranial chemotherapy of cancers. The drug was released through 
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slow, passive hydrolysis of urethane bonds [61]. The commercially available biomedical grade 

PUs are listed in Table 1.3 [41].  

Table 1.3 List of commercially available biomedical-grade PUs 

Polyurethane Description 

(Possible Formulation) 

Uses 

Biomer (Ethicon) Family of polyurethane Ureas Bladders, Chamber coatings 

Biospan MDI based Polyurethane Artificial heart, drug eluting stents 

Cardiothane 51 Mixture of polyetherurethane and 

polydimethylsioxane 

Intra-aortic balloons, blood conduits 

Corethane Polycarbonate based PU Cardiovascular applications 

Techoflex Aliphatic isocyanate based PU Wound dressings 

Bioclusive Transparent PU film  Semi-occlusive/ occlusive 

Enka PUR 817 Polyetherurethane Vascular prosthesis 

Viasorb Polyester pad within PU sleeve Composite dressing 

Microthane Polyester PU foam Breast implant 

 

1.1.3.4 IMPACT OF PU-CHEMISTRY ON DRUG DELIVERY PROFILES 

As discussed in previous section, the PUs are characterized with phase segregation due to 

presence of hard and soft segments. This specific property is a boon for loading and release of 

drugs as shall be discussed in this section. The loading of drug in the PU matrix can be obtained 

due to three phenomenon (Fig. 1.13) as listed below [31].  

(1) Drug entrapment inside crosslinked structure of PU (Fig. 1.13a). 
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 (2) Incorporation of drug in soft segments (Fig. 1.13b). 

 (3) Covalent attachment of drug with the hard segment of PU (Fig. 1.13c).  

 

Fig. 1.13 Mechanism of drug loading in PU matrix (Reproduced from Cherng et al) [62]. 

The first phenomenon is true for all polymers with cross-linked structure as for the PUs. What 

are special for PUs are last two phenomenons. It is therefore said that phase segregation can be a 

boon for drug delivery applications in case of PUs. The process of migration of drugs from their 

initial position inside the polymer matrix to the release medium is responsible for the release of 

drug from the polymeric matrix. The drug molecules might also have adsorbed onto the surface 
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of material that might get released immediately after it has been brought in contact with the 

release medium. PUs have been explored with increasing complexity and several functions in 

order to control release of drugs with respect to external factors like pH [63], temperature 

[39,64,65] and magnetic field [66]. Moreover, the surface of PU nanoparticles can be conjugated 

with targeting units to promote cellular recognition, binding and internalization [67]. 

Another interesting fact about structural dependency of drug release in case of PUs is that the 

drug release from the PU network is expected to follow different mechanisms depending on 

degradability of PUs. For example, the drug release in case of non-degradable PUs is mainly 

governed by diffusion and the rate of drug release is controlled by thickness and permeability of 

polymer network as well as the solubility of drug in the polymer matrix [68]. The non-

degradable PUs find biomedical applications such as orthopedic implants [69] due to their good 

blood compatibility, durability and mechanical strength for long-term exposure. On the other 

hand, the drug release from degradable PU matrix is often discussed in relation to their 

composition, drug loading, swelling and rate of degradation. The pH of external media, presence 

of enzymes and temperature of release media also affect the rate of drug release. The major area 

of application for degradable PUs include nano particulate systems [70], membrane systems [64] 

and matrix/scaffolds [71,72]. 

Moreover, the stoichiometry of PUs does impact the drug release profiles. This is because by 

variation of stoichiometry of PU, the mechanical, thermal and morphological properties can be 

tuned [44,73–75]. Such tuning can lead to control over swelling properties of PUs thereby 

possible command over drug loading and release profiles of PUs. The variation in ratio of 

hard/soft segment content can have considerable effect on properties of PU. This characteristic of 
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PU can be implemented for essential modification of drug diffusion and release profiles. Hence, 

by altering the stoichiometry of PUs, desired drug payload and release rate can be established. 
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1.1.3.5 USE OF CARBOHYDRATES IN PU SYNTHESIS 

Carbohydrates are amongst abundant and inexpensive renewable resources. Being multihydroxyl 

compounds they easily serve the purpose of a crosslinker due to reactivity of hydroxyl groups 

with isocyanate groups. Carbohydrates such as starch, cellulose, chitosan, carrageenan and 

alginate are finding increasing application as biomaterials, due to their properties like 

availability, biodegradability, sustainability, lower toxicity and biocompatibility. However, lack 

of thermal stability, poor solubility and difficult processability are serious limitations for these 

materials. The incorporation of carbohydrates in the structure of PU can result into synergistic 

polyurethane with enhanced mechanical properties, thermal stability and biodegradability. The 

multiple hydroxyl groups in the carbohydrate structure can be utilized in the synthesis of PUs to 

confer biomaterial qualities. Hence we decided to use multi hydroxyl carbohydrates as 

crosslinkers in PU system which is likely to offer following advantages. 

1. Enhance both degradability and mechanical properties of polymer 

2. Provide multifunctional sites to form randomly crosslinked networks 

3. Nontoxic, inexpensive, readily available from renewable resources  

Among carbohydrates, the use of starch and cellulose has been reported in the synthesis of PUs 

[74,76–78].  

Starch is major carbohydrate reserve in plants. It is found in natural resources of plants like its 

leaves, fruits, flowers, seeds, stems and roots [79]. Chemically, starch consists of mainly two 

units’ viz. several million amylopectin molecules and much larger number of smaller amylase 

molecules. The biochemical chain responsible for starch synthesis involves glucose molecules 

produced in plant cells by photosynthesis. Amylopectin consists of linear chains of glucose units 

linked by α-1, 4 glycosidic bonds. It is highly branched at the α-1, 6 positions by small glucose 
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chains at intervals of 10 nm along the molecule’s axis. Amylopectin  constitutes between 70 to 

85% of common starch [80]. On the other hand, Amylose is essentially a linear chain of α-1, 4 

glucans with limited branching points at the α-1, 6 positions. Amylose constitutes between 15-

30% of common starch. Starch’s structural units, amylose and amylopectin, are shown in Fig 

1.14. 

 

Figure 1.14 Chemical structures of (a) Starch, (b) Amylose and (c) Amylopectin 

 

Plasticized starch has been reported for enhancement of mechanical properties, biodegradation 

and water resistance of poly(ε-caprolactone) based PUs [81]. For enhancement in mechanical 

properties, starch nanocrystals have been used as fillers to prepare nanocomposite materials by 

preparing its composites with PU [76]. 

Cellulose is found in plants as microfibrils [82,83] with dimension of around 2-20 nm diameter 

and length of 100 - 40 000 nm. The cellulose is responsible for the formation of strong 

framework in the cell walls. Structurally, cellulose is a linear polymer of β-(1 4)-D-

glucopyranose units as shown in Fig 1.15. The fully equatorial conformation of β-linked 
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glucopyranose residues stabilizes the chair structure, minimizing its flexibility (for example, 

relative to the slightly more flexible α-linked glucopyranose residues in amylose). 

 

Figure 1.15 Chemical structure of Cellulose 

 Cellulose nanocrystals were loaded in low quantity as fillers in waterborne PU matrix in order to 

obtain reinforcement effect on resulting PU. The strong hydrogen bonding between PU matrix 

and cellulose nanocrystals as well as the rigid nature, hydrophilicity and high aspect ratio were 

considered as main factors contributing excellent reinforcement of properties [65,84]. Cellulose 

nanocrystals were dispersed in thermoplastic polyurethane as matrix. It was observed that the 

matrix formation can have significant effect on PU microstructure. The presence of high number 

of hydroxyl groups on the surface of cellulose nanocrystals were deemed responsible for 

interactions between soft segments and hard segment [35]. Moreover, the nanocomposites 

prepared from cellulose nanocrystals and PU have been reported for wool antifelting agents 

intended for application in textile field [4]. Cellulose acetate and PU were blended to prepare 

nano-fibrous scaffolds. The drug loading on PU scaffolds was carried out by electrospinning 

process for intended applications in burn, chronic and diabetic wound infections [85]. 

Incorporation of modified forms of starch and cellulose nanocrystals in PUs showed 

enhancement in mechanical strength, biodegradability as well as biocompatibility [84,86,87]. 

However a systematic investigation and comparison of performance of various carbohydrates as 



Chapter 1       
 

44 The Maharaja Sayajirao University of Baroda 

 

crosslinkers of PUs is not available. Moreover the major concern is the thermal stability of the 

resulting PUs. 

1.2 THESIS AIM AND HYPOTHESIS 

This thesis aims to carry out studies on synthesis and characterization of novel carbohydrate 

crosslinked polyurethanes and to further explore the application of synthesized PUs as drug 

delivery devices. A variety of polyols ranging from synthetic polyols like polypropylene glycols 

of different molecular weights to the bio-based polyol like castor oil have been used to 

demonstrate effect of polyols on structure and properties of PUs. Similarly, a range of 

carbohydrates starting from monosaccharide such as glucose to disaccharide like sucrose and 

polysaccharides like starch and cellulose have been utilized as a crosslinkers into the PU network 

in order to observe the effect on PUs implied by carbohydrate crosslinkers. After establishing the 

structure-property relationships of PUs, a new set of carbohydrate crosslinked PUs with 

diethylene glycol as a chain extender has been prepared. The effect of variation of stoichiometry 

on drug release properties of such PUs has been studied. Furthermore, to prepare stimuli-

sensitive polyurethanes, the so called “Smart polymers”, were prepared by introduction of α-

hydroxy acids into the PUs. This resulted into pH-responsive characteristic of synthesized PUs, 

with varying response to pH as a function of α-hydroxy acids-drug release modifiers. One more 

variety of stimuli-sensitive polyurethane i.e. magnetic responsive PUs were synthesized by 

conjugating PU on iron oxide nanoparticles. Additionally, β-Cyclodextrin was used in the 

backbone of PU for enhancing drug release. Of interest, is the application of these materials to 

accommodate and release a wide variety of drugs in response to the properties of external 

stimuli. The various types of drugs that have been used as model drugs include antiepileptic 
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(Lamotrigine and Felodipine) and anticancer (Dacarbazine) drugs. The overall objective of this 

research was to examine the potential of carbohydrate crosslinked PUs as controlled drug 

delivery systems and devise a guide for prediction of drug release profile based on the structure 

of PUs. 

The main hypotheses driving this research were: 

1. The carbohydrates can be promising crosslinkers for synthesis of polyurethanes.  

2. With a combination of polyols and carbohydrates, a wide spectrum of significant 

mechanical properties can be achieved which can be further tuned by varying the 

NCO/OH ratio and polyol/crosslinker ratio. 

3.  Synthesis of PUs with carbohydrate crosslinkers can lead to a strategy for achieving high 

mechanical performance along with biodegradability and biocompatibility for potential 

applications as drug delivery systems. 

4. Control of structural design of PUs can allow control of the drug release from the 

polyurethane matrix. 

5. Introduction of α-hydroxy acids into the PU matrix can alter the properties of PU such 

that it behaves in response to pH, leading to synthesis of pH responsive PU. 

6. A system with combination of β-Cyclodextrin and magnetic nanoparticles can be 

prepared by using PU as linking material. Such system can provide synergistic advantage 

of both enhanced bioavailability of drug and magnetic responsive transport. 
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