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4.1   Introduction

Urethane/urea chemistry refers to both isocyanate-based and nonisocyanate-based reac-
tions that form urethane (dHNCOOd) or urea (dHNCONHd) bonds. The reactions 
between isocyanate groups and hydroxyl (to form urethane bonds, Figure 4.1(a)) or 
amino (to form urea bonds, Figure 4.1(d)) groups [1–3] are the most commonly found. 
Nonisocyanate-based urethane reactions include the reactions between cyclic carbonates 
or activated carbonate/carbamate/chloroformate derivative groups and amine groups 
(Figure 4.1(b) and (c)) [4–6]. The latter were often used as coupling reactions between 
hydroxyl and amino groups [5,7–9]. The polyaddition reaction between polyisocya-
nates and polyols is often used to make polyurethanes (PUs) [1–3], the generic term 
which represents the most versatile family of synthetic polymers containing repeating 
urethane (dHNCOOd) linkages in the polymer chains. Polyols used for PUs can be 
small molecules or macromolecules, biodegradable polyesters or nondegradable poly-
ethers, or other polymers with two or more terminal or pendent hydroxyl groups [1–3].

Segments of polyisocyanates can be aliphatic or aromatic, di-, tri-, or multifunc-
tional, pure carbon chains or containing some biodegradable ester bonds [1–3,10]. A 
variety of polyols and polyisocyanates make PUs a class of polymers that can display 
thermoplastic, elastomeric, and thermoset behavior depending on their chemical and 
morphological characteristics [2]. The unsurpassed physical and chemical properties, 
along with their biocompatibility, have led to their use in a wide range of biomedi-
cal applications, including external applications as catheters, padding and bedding 
[1,3,11,12], cardiovascular applications [1,3,11,13–16], nerve guides [1,3,11,14,17], 
bone tissue engineered substrates [14,18], artificial organs [12], tissue replacement 
and augmentation, breast implantation, and wound dressings and adhesives [11,19,20].

Traditional and most commonly used PUs are linear multiblock polymers made by the 
polyaddition reaction between diols and diisocyanates. Diols can be polyesters, polyethers, 
other polymers with two terminal hydroxyl groups, or small molecular diols and their 
mixtures. Diisocyanates can be aliphatic, such as 1,6-hexamethylene diisocyanate (HDI) 
and isophorone diisocyanate (IPDI), or aromatic, such as toluene diisocyanate [2]. Using 
different types of diols and diisocyanates, various thermoplastic, elastic, or thermoset  
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PUs have been developed and thoroughly investigated for various industrial and  
biomedical applications [1–3]. By alternately connecting soft and hard segments together 
through urethane bonds, assorted PUs, such as poly(ε-caprolactone) (PCL) containing 
block PUs [21], polylactide (PLA)-based PUs [22], and poly(ε-caprolactone-co-lactide 
acid) (PCLA)-based PUs [23], were prepared with useful shape-memory properties.

Since the synthesis and applications of traditional biodegradable PUs have been 
thoroughly reviewed by many other researchers, we will particularly analyze the  
biomedical applications of urethane/urea chemistry from a different view in this chapter. 
We will focus on the development of novel PUs, such as citrate-based urethane-doped 
polyesters, including cross-linked urethane-doped polyester elastomers (CUPE) [13,16], 
clickable CUPE (CUPE-click) [24], urethane-doped biodegradable photoluminescent 
polymers (UBPLPs) [15], photo-cross-linkable CUPE [25], and biodegradable citrate-
based waterborne PUs and their clickable counterparts. In addition, their applications in 
cardiovascular and orthopedic applications, nerve regeneration, and drug delivery will 
be reviewed. We will also expand our discussion to nonisocyanate-based urethane reac-
tions and nontraditional applications of isocyanate- and nonisocyanate-based urethane/
urea chemistry in polymer synthesis, surface functionalization, polymer grafting, poly-
mer cross-linking, peptide, protein, and deoxyribonucleic acid (DNA) bioconjugations.

4.2   Citrate-based urethane-doped polyesters

Different from traditional PUs designed for long-term implantation applications, PUs 
used for soft tissue engineering (e.g., cardiac, bone tissue, and neural engineering) and 
drug delivery should be able to decompose to nontoxic degradation products in vivo. 
One of the most common methods to synthesize biodegradable PUs is to incorporate 
biodegradable polyester macrodiol soft segments that hydrolyze in vitro and in vivo, 
such as PLA, poly(lactide-co-glycolide) (PLGA), and PCL.

(a)

(b)

(c)

(d)
Figure 4.1 Representative urethane/urea chemistry reactions: (a) between isocyanate 
and hydroxyl groups (to form a urethane bond); (b) between a cyclic carbonate; activated 
 carbonate, carbamate, or chloroformate derivative group and amino group (c); between 
 isocyanate and amino groups (to form a urea bond) (d).
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Polyester is a group of polymers that contain the ester functional group in their 
chain. Esters are chemical compounds derived from a carboxylic acid and a hydroxyl 
compound, usually an alcohol. Most esters are considered biocompatible since they 
are endogenous to the human metabolism and able to break down to natural metabolic 
products by simple hydrolysis. Elastomers composed of aliphatic polyester chains 
cross-linked with each other by ester bonds, such as poly(diol citrates) and poly(glyc-
erol sebacate) (PGS), have received much attention because they are soft, elastic, and 
biocompatible [26,27]. Yang et al. synthesized the first citrate-based biodegradable 
elastomer (CABE), poly(diol citrates), in 2004 using a convenient and cost-effective 
polycondensation reaction [26,28].

A key feature of CABEs is that citric acid serves as a robust multifunctional mono-
mer in prepolymer formation through a simple polycondensation reaction while 
preserving pendant functionality for postpolymerization to produce a cross-linked 
polyester network with degradable ester bonds [29]. Citric acid is a nontoxic meta-
bolic product of the Krebs cycle and has been used in Food and Drug Administra-
tion (FDA)-approved products or devices. Citric acid prevents blood clotting so it can 
function as an anticoagulant for blood specimens. In biomaterials, citric acid is mainly 
used to participate in the ester cross-link formation, but also enhances hemocompat-
ibility, balances the hydrophobicity of the polymer network, and provides hydrogen 
bonding and additional binding sites for bioconjugation to confer an additional func-
tionality such as optical properties. The pendant functionality gives the CABEs their 
unique degradation, mechanical, and optical properties over existing biomaterials.

However, traditional polyester elastomers lack mechanical compatibility with sur-
rounding living tissues and the strategy for increasing cross-link density to improve 
their mechanical properties often makes them lose their flexibility. Although these 
polyester elastomer scaffolds have been proposed for tissue engineering of nerve tis-
sues [30–32] and small diameter blood vessels [33], they are weak and unsuitable for 
engineering tissues such as ligaments, which require high tensile strength and load 
bearing ability. For example, the human anterior cruciate ligament has an ultimate 
tensile strength of at least 38 MPa [34], which is much higher than that of poly(diol 
citrates) (up to 11.15 ± 2.62 MPa). Sufficient mechanical strength is also desired for 
an ideal tissue-engineering scaffold especially during surgical handling following ini-
tial cell seeding. Maintaining proper mechanical strength becomes even harder when 
using elastomers for porous scaffolds. Polymers used for tissue engineering tend to 
lose a significant amount of mechanical strength when fabricated into porous scaf-
folds. For example, poly(diol citrate) underwent a significant loss in peak stress from 
2.93 ± 0.09 MPa (film) to 0.3 ± 0.1 (scaffold) on pore introduction [33].

Thus, recent effort in biodegradable elastomer designs has focused primarily on develop-
ing a soft, strong, and completely elastic (100% recovery from deformation) material with 
balanced, tunable biodegradability and mechanical properties. For a decade, multifunc-
tional CABEs with tunable mechanical and degradation properties for tissue engineering, 
drug delivery, bioimaging, and other applications have been developed [17]. The resulting 
materials have shown a wide range of mechanical properties, degradation profiles, and sur-
face energies, which are all important in controlling the biological response to an implant. 
Recently, a new class of biodegradable elastomers, cross-linked urethane-doped polyesters 
(CUPEs), has been developed by doping urethane bonds in the poly(diol citrate) polyester 
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network [16]. CUPEs fuse the advantages of a fully elastic cross-linked polyester 
network with the high strength of linear PUs so they are soft and elastic with improved 
mechanical strength, which make them highly suitable for soft tissue-engineering applica-
tions. Briefly, the rationale behind CUPE synthesis was: (1) cross-linking confers excellent 
elasticity of CUPEs; (2) ester bonds confer degradability of CUPEs, all the cross-links of 
the polymer’s network consist of ester bonds to ensure a degradable cross-linked poly-
mer network; (3) introduction of urethane bonds into the polyester chains between ester 
cross-links enhances the hydrogen bonding within the polyester network, thus significantly 
improving the mechanical strength of the CUPE network. The first CUPE prepoly-
mers were synthesized in two steps similar to previously published methods as shown in  
Figure 4.2 [16]. The first step involves the synthesis of a POC (poly(1,8-octanediol citrate)) 
prepolymer, which is chain-extended by 1,6-hexamethylene diisocyanate (HDI) in the sec-
ond PU synthesis step. Briefly, a POC prepolymer was first synthesized by reacting a 1:1.1 
monomer ratio of citric acid to 1,8-octanediol [35].

The purified POC prepolymer was then lyophilized for the next step of chain 
extension. In the second step, chain extension was achieved by dissolving pre-POC in 
1,4-dioxane (3 wt%) and allowing it to react with HDI using stannous octoate as a cat-
alyst (0.1 wt%). The reaction was terminated on the disappearance of the isocyanate 
peak located at 2267 cm−1, which was determined by Fourier transform infrared (FT-
IR) analysis. HDI was chosen here as a chain extender as it has previously been used 
in the synthesis of various biodegradable PUs [36–41]. To obtain cross-linked CUPE, 
the material was postpolymerized in an oven at 80 °C for predetermined durations 
(0.5, 1, 2, 3 days). Free carboxylic acids and hydroxyl groups available on CUPEs  
allow for further biofunctionalization.

Subsequently, the physical and biological properties of CUPE both in vitro and 
in vivo [16] have been examined. The tensile strength of CUPE was as high as 
41.07 ± 6.85 MPa while still maintaining over 200% elongation at break [16]. The ini-
tial modulus ranged from 4.14 ± 1.71 to 38.35 ± 4.5 MPa. It is important to note that 
a simple chemical modification to the previous polyester network, poly(diol citrate) 
resulted in over a 10-fold increase in mechanical strength [42]. Mechanical properties 
are known to be involved with different material and process parameters such as the 
(1) choice of diol, (2) choice of isocyanate and its molar ratio used during synthesis, 
and (3) postpolymerization conditions. Consequently, these parameters can be used to 
modulate the material properties of CUPEs, which ultimately affect their biological 
performance in vitro and in vivo.

Higher tensile strength of CUPE was obtained by increasing the amount of iso-
cyanate, polymerization time, or temperature used during the synthesis. Various 
CUPE prepolymers were synthesized using different molar feeding ratios of the pre-
POC:HDI (1:0.6, 1:0.9, 1:1.2 M ratio) to evaluate the influence of HDI on CUPEs. 
The properties of CUPE polymers can also be controlled by varying the diol content. 
Various diols can be used to control the material performance and create a family of 
elastomers with their diols varied in their methylene content. Dey et al. conducted a 
detailed investigation on the development of CUPE polymers synthesized using diols 
with 4, 6, 8, 10, or 12 methylene units in an attempt to elucidate the influence of 
the diol component on the physical properties of the resulting material and assessing 
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their long-term biological performance in vivo [43]. They prepared CUPE polymers 
using diols with different numbers of carbon atoms, while maintaining the constant 
ratio 1:1.2 of the soft segment prepolymer/diisocyanate. Along with the diol content, 
polymerization times were varied from 1 to 4 days. It was found that increasing the 
diol length leads to a lower cross-linking density, higher hydrophobicity, higher tensile 
strength and elasticity, and slower polymer degradation.

Initial contact angles of the CUPE prepolymer films were affected by the diol used 
during the synthesis. Incorporating polyethylene glycol (PEG) into the diol segment of 
the polymer chain increased the hydrophilicity, thus reducing the initial contact angle. 
CUPE films made with 1,8-octanediol were more hydrophobic with an average contact 
angle of 94.20 ± 2.87°. Meanwhile, HDI played a negligible role in affecting the initial 
contact angles of CUPE films. It is likely due to the fact that the urethane-bonded seg-
ment formed a small portion of the polyester chain and did not significantly influence 
the wettability of the material.

By controlling the temperature and time of postpolymerization, the elastomer’s 
mechanical properties and degradation rate can be tuned to fit a wide range of 
 tissue-engineering applications. An increase in postpolymerization temperature and 
time resulted in a network with increased mechanical properties due to the increased 
cross-linking density. The introduction of CUPEs presents new avenues to meet the 
versatile requirements for tissue engineering and other biomedical applications.

CUPEs demonstrated good in vitro and in vivo biocompatibility. Hemocompatibility 
studies indicated that CUPE adhered and activated a lower number of platelets compared 
to poly(l-lactic acid) (PLLA) [16]. In addition to biocompatibility, CUPEs facilitate 
processing of the materials into highly porous structures compared to other poly(diol 
citrates); the higher molecular weights and nonsticky nature of the CUPE prepolymers 
allow the use of fabrication techniques such as thermally induced phase separation 
(TIPS) technique and electrospinning. Soft and elastic CUPE three-dimensional porous 
sheets (150 μm thick) fabricated from a simple TIPS allowed for even seeding, growth, 
and distribution of 3T3 fibroblasts. Good mechanical properties, processibility, and bio-
compatibility make CUPE materials well suited for soft tissue-engineering applications.

4.2.1   Photo-cross-linkable citrate-based urethane-doped 
polyesters

Photo-cross-linkable biomaterials can be of interest in biomedical applications (i.e., 
as they may allow in situ polymerization directly in or on tissues). They may provide 
advantages including localized drug delivery for site-specific action, ease of applica-
tion, and a reduction in the dosage amount. A citrate-based photo-cross-linked bio-
degradable elastomer was developed, poly(octamethylene maleate citrate) (POMC), 
derived from the previously reported POC material [44]. POMC preserves pendant 
hydroxyl and carboxylic functionalities even after cross-linking, keeping both avail-
able for potential conjugation of biologically active molecules.

POMC films promoted the adhesion and proliferation of human aortic smooth mus-
cle cells and NIH-3T3 fibroblast cell lines and demonstrated minimal inflammatory 
response when subcutaneously implanted in Sprague–Dawley rats. The success in 
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designing POMC prompted the development of another novel photo-cross-linkable 
urethane-doped polyester elastomer (CUPOMC) by reacting POMC prepolymers with 
HDI followed by thermo- or photopolymerization [25].

The synthesis of CUPOMCs was carried out in the following three steps  
(Figure 4.3). The monomers, citric acid and 1,8-octanediol, and maleic acid underwent 
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Figure 4.3 Schematic diagram for the synthesis of CUPOMC.
Reprinted with permission from Ref. [25]. Copyright © 2011, ICI Global.
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polycondensation to yield hydroxyl group capped pre-POMC in step 1. In step 2, 
1,6-hexamethylene diisocyanate (HDI) was used to extend the pre-POMC chain. In 
step 3, pre-CUPOMC was thermo- and/or UV-cross-linked to obtain the CUPOMC 
network. Similar to CUPEs, mechanical properties of the CUPOMCs can be tuned by 
varying the molar ratios of pre-POMC monomers and the prepolymer:HDI ratios. The 
mechanical strength and elongation at break of the CUPOMCs range from 0.73 ± 0.12 
to 10.91 ± 0.64 MPa and from 72.91 ± 9.09% to 300.41 ± 21.99%, respectively.

The results suggest that doping urethane bonds in photo-cross-linkable POMCs 
to make CUPOMCs did not compromise the elasticity, thus making CUPOMCs a 
candidate for soft tissue engineering. CUPOMCs can be cross-linked into a three- 
dimensional network via either polycondensation or UV polymerization. Using thermal 
polymerization, a highly interconnected porous CUPOMC structure was built (Figure 
4.4). Tensile tests on the pre-CUPOMC scaffolds confirmed the elastic property of the 
material (Young’s modulus, 0.09 ± 0.01 MPa; elongation at break, 192.44 ± 24.76%).

4.2.2   Urethane-doped biodegradable photoluminescent 
polymers

CABEs have demonstrated excellent biocompatibility in vivo animal studies [16–
18,43]. Although it is recognized that the scaffold degradation rate should match the 
rate of new tissue formation [45], biomaterial designs to control the in vivo scaffold 
degradation rate remain empirical due to the lack of in vivo quantitative validation. 
Histological analysis is commonly used for probing such processes, but it is an end-
point measurement and requires sacrifice of an animal for each time point [46]. It is 
imperative to find an in situ real-time method to facilitate tracking or monitoring tis-
sue regeneration and scaffold degradation processes without sacrificing animals. This 
issue has been rarely addressed previously.

To meet this unmet need in regenerative tissue engineering, a breakthrough was 
recently made in developing soft and elastic biodegradable photoluminescent poly-
mers (BPLPs) with tunable and in vivo detectable fluorescence with emission from 

(a) (b)

Figure 4.4 SEM images of (a) the surface and (b) cross-section of a 
CUPOMC-0.2–0.8–1.1–1.0 scaffold thermally cross-linked at 80 °C for 1 day.
Reprinted with permission from Ref. [25]. Copyright © 2011, ICI Global.
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blue to near infrared (up to 725 nm) that can function as a noninvasive, real-time 
imaging probe to monitor the scaffold degradation and tissue infiltration/formation 
by measuring the fluorescence decay over time in vivo [15,47,48]. It is notable that 
BPLPs’ tunable fluorescence emission results by the use of different natural amino 
acid residues. For example, BPLP-serine (BPLP-Ser) emits strong red fluorescence.

Although BPLPs are attractive materials for tissue engineering and drug deliv-
ery, the tensile strength of BPLPs is 6.5 ± 0.8 MPa, which is not sufficient for certain 
tissue-engineering applications (e.g., vasculature grafts). To address the above chal-
lenges, UBPLPs were synthesized [15]. As shown in Figure 4.5(a), BPLPs were first 
synthesized via condensation polymerization of 1.0:1.1:0.2 monomer ratios of citric 
acid, 1,8-octanediol, and l-cysteine, respectively. Next, the BPLP prepolymer (3 w/v% 
in 1,4-dioxane) was chain-extended at 55 °C with HDI to obtain UBPLP using stan-
nous octoate as a catalyst. The reaction was terminated on the disappearance of the 
isocyanate peak located at 2267 cm−1, determined by FT-IR analysis. The resulting 
UBPLP was cross-linked in an oven maintained at 80 °C for predetermined periods to 
obtain cross-linked urethane-doped BPLP or CUBPLP.

Mechanical properties of UBPLPs were manipulated by (1) postpolymeriza-
tion conditions, (2) feeding ratio of diisocyanates, and (3) choice of amino acids. A 
dramatic improvement was made by doping with urethane bonds (tensile strength, 
49.41 ± 6.17 MPa; elongation at break, 456.60 ± 62.49%) from the previously reported 
mechanical strength of cross-linked BPLP (tensile strengths, 6.50 ± 0.80 MPa; elonga-
tion, 240 ± 36%) [47]. UBPLPs synthesized with different amino acids retained their flu-
orescent properties. This confirms that the fluorophores of BPLPs remained intact during 
the synthesis of UBPLPs, although the chain extension of BPLPs caused some loss of 
fluorescence intensity after urethane bond doping, due to the increased average number 
of fluorophores per polymer chain. Degradation properties can also be modulated by 
varying the feeding ratios of diisocyanate to prepolymers and the choice of amino acids.

The potential of using UBPLPs as an organic dye-free theranostic system has been 
evaluated. Using a nanoprecipitation technique, UBPLP-Ser 1.2 was able to form 
nanoparticles in PBS (Figure 4.5(b)). Nanoparticles have a spherical shape with an 
average diameter of 103 nm. The cytocompatibility of UBPLP nanoparticles was 
also found to be significantly higher than quantum dots at all dilutions and compa-
rable to PLGA nanoparticles at 2, 10, and 50X dilutions. Tubular triphasic scaffolds 
made of CUBPLP-Cys and CUBPLP-Ser 1.2 were subcutaneously implanted in the 
back of black mice for in vivo fluorescence imaging (Figure 4.5(d)). Fluorescence 
was detected with a concentration of the UBPLP-Ser 1.2 at 5 mg/mL (Figure 4.5(e)). 
UBPLPs present new avenues for noninvasive and real-time assays to advance the 
fields of tissue engineering and drug delivery.

4.2.3   Click chemistry to enhance citrate-based urethane-doped 
polyesters

Click chemistry represents a rapid, selective, and high-yielding bioorthogonal reac-
tion that is also capable of immobilizing materials on cell surfaces [49,50]. To further 
expand click chemistry-based elastomers, Guo et al. introduced click chemistry into 
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Figure 4.5 (a) Synthesis of UBPLP polymers; (b) TEM images of UBPLP-Ser 1.2 
 nanoparticles. Inset image was captured under higher magnification showing evenly  dispersed 
nanoparticles; (c) cytotoxicity evaluation of BPLP and UBPLP nanoparticle solutions at 
different dilutions. PLGA nanoparticles as a control; (d) combined fluorescence images of 
CUBPLP-Cys and CUBPLP-Ser triphasic scaffolds implanted in a black mouse;  
(e) in vivo fluorescence images of UBPLP-Ser nanoparticles at various concentrations injected 
 subcutaneously in the back of a black mouse.
Reprinted with permission from Ref. [15]. Copyright © 2013, Elsevier Ltd.
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CABEs as a strategy to both improve mechanical properties and enable facile surface 
site-specific bioconjugation [24].

Azide and alkyne groups were introduced to POC prepolymers to synthesize pre-
POC-N3 and pre-POC-Al, respectively (Figure 4.6(a)). Pre-POC-N3 and pre-POC-Al 
were cross-linked via a thermal synchronous binary (TSB) cross-linking mechanism to 
make POC-clicks (Figure 4.6(b)). In the TSB cross-linking, thermal click reaction between 
azide groups and alkyne groups and esterification between –COOH and –OH groups took 
place simultaneously to form TSB cross-linked POC-click polymers. The introduction of 
click chemistry into POCs improved their mechanical properties significantly. For exam-
ple, the wet mechanical strength of POC-click was stronger than that of CUPE [16].

Cross-linked urethane-doped polyester clickable prepolymer (UPE-click) was 
synthesized by chain-extending pre-POC-click macromolecules (pre-POC-N3 and 
pre-POC-Al) with HDI as a chain extender using the weight ratio 1:0.22 of pre-POC-
click:HDI followed by TSB cross-linking. The TSB cross-linked polymer (CUPE-
click) showed significantly enhanced mechanical strength compared to normal CUPE. 
As shown in Figure 4.6(c) and (d), click chemistry also fortified the mechanical 
strength of CUPE and CBPLP materials after chemical modification with azide and 
alkyne groups and TSB cross-linking.

The residual azide groups on the surface of click materials can be sites for conve-
nient and efficient bioconjugation. As an example, collagen mimetic peptide p15 was 
conjugated onto the surface of POC-click-3 films by strain-promoted azide–alkyne 
cycloaddition (SPAAC) and the viability and proliferation of human umbilical vein 
endothelial cells (HUVECs) on POC-click-3-p15 films were investigated. Based on 
the methylthiazolyldiphenyl-tetrazolium bromide (MTT) results, HUVEC prolifera-
tion on POC-click-3-p15 films was much faster than that on untreated POC-click-3 
films. The HUVEC cell density on POC-click-3 films was nearly twice that of the 
control POC-click-3 films. The results suggest that the same SPAAC method can be 
utilized for conjugating CUPE-click materials with such biomolecules for various bio-
medical applications.

The triazole rings formed by click reactions were recently found to possess anti-
microbial properties. The large dipole moment of triazole modulates N-2 and N-3 
nitrogen atoms present in the triazole ring as good H-bond acceptors [51]. The 
 hydrogen-bonded triazole acts as a biologically active site that protects the material 
from bacterial and fungal attacks. The antimicrobial property of triazoles is expected 
to make CUPE-click more promising for future applications in tissue engineering.

4.2.4   Applications

4.2.4.1   Vascular grafts

To demonstrate the feasibility of using CUPEs as a tissue engineered vascular graft 
(TENG), Dey et al. developed biphasic CUPE scaffolds prepared as previously 
reported [33]. The nonporous phase was created by dip coating a glass rod (outer 
diameter 3 mm) in a 3 w/w% CUPE0.9 in 1,4-dioxane. The prepolymer coated glass 
rods were air-dried and cross-linked for 12 h in an oven at 80 °C. The porous phase 
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Reprinted with permission from Ref. [24]. Copyright © 2014, Wiley-VCH Verlag GmbH & 
Co. KGaA, Weinheim.
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consists of a 3 w/w% solution of CUPE0.9 in 1,4-dioxane mixed with salt particles 
(150–250 μm) in a 1:9 ratio by weight. The biphasic scaffolds were prepared by (1) 
casting the slurry into tubular poly(tetrafluorethylene) molds (inner diameter 6 mm), or 
by (2) inserting the partially polymerized nonporous phase, consisting of the glass rod 
with the prepolymer coats, concentrically into the mold. Purely porous salt-leached 
scaffolds were used as controls.

The prepared CUPE material was evaluated for its mechanical properties (tensile 
strength, burst pressure, and suture retention) and hemocompatibility as a poten-
tial blood-contacting vascular graft material. The tensile strength of CUPE biphasic 
scaffolds (5.02 ± 0.70 MPa) was greater than that of native vessels (1.43 ± 0.60 MPa). 
CUPE scaffolds showed tunable burst pressure between 1500 and 2600 mm Hg and 
their suture retention values were 2.45 ± 0.23 N. CUPE scaffolds exhibited mechan-
ical properties similar to those of native veins and arteries. Hemocompatibility of 
CUPE in vitro was evaluated by assessing blood clotting characteristics, leukocyte 
activation, inflammatory cytokine release, and red blood cell hemolysis. The results 
showed that CUPE is less prone to thrombosis and inflammation, compared to PLLA. 
CUPE also behaved similarly to PLLA in terms of leukocyte activation. Suitable 
mechanical properties combined with a reduced tendency to cause thrombosis make 
CUPE a promising material for implantation in in vivo vascular  tissue-engineering 
applications.

4.2.4.2   Bone tissue engineering applications

In the field of bone tissue engineering, it is highly desirable to design mechanically 
strong and osteoconductive scaffold materials for orthopedic applications. A class of 
citrate-based polymer blends (CBPBs) with hydroxyapatite (HA) (CBPBHAs) was 
developed for bone regeneration [18]. Citrate makes up about 5 wt% of the organic 
component in bone, and is responsible for regulating and stabilizing apatite nanocrys-
tals. Additionally, a study has shown that citrate has an innate ability to induce the HA 
formation in simulated body fluid (SBF) [52]. It was hypothesized that the mechani-
cally strong CUPE material increased the strength of the resulting material to meet the 
load-bearing requirements of orthopedic devices. In addition, the introduction of an 
optimal percentage of carboxyl-rich POC into the CUPE network helps the polymer/
HA interactions to better mimic the inorganic composition of bone.

For these reasons, HA was used in CSPBs to better replicate the natural bone citrate 
and inorganic mineral content to produce a more biomimetic material and to enhance 
bone formation (Figure 4.7(a)).

CBPBHA composites were fabricated in three steps. First, a mixture of CUPE 
and POC prepolymers was prepared by dissolving POC prepolymer in 1,4-dioxane 
and mixing with various weight ratios of CUPE prepolymer to form a homogeneous 
CSPB. In the second step, various CBPBs were mixed with 65 wt% HA and stirred 
in Teflon dishes, which were prewarmed to 50 °C to help solvent evaporation, until a 
homogeneous mixture was formed. Following solvent evaporation, the mixture was 
inserted into machined cylindrical metal molds and compressed into rod-shaped sam-
ples. In the final step, the resulting cylindrical composites were postpolymerized for 
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1 day to form a cross-linked CBPBHA-X composite (where X denotes the weight ratio 
of CUPE in CBPB).

The CBPBHA composite material possesses a compressive strength of 116.23 ±  
5.37 MPa, comparable to human cortical bone (100–230 MPa). In vitro mineral-
ization of CBPBHA composites was assessed in SBF. CBPBHA exhibited a rapid  
mineralization in SBF and showed promising osteoconductivity results (Figure 
4.7(b)). As shown in Figure 4.7(c) and (d), it also increased osterix gene (obsteo-
blast-specific transcription factor required for osteoblast differentiation and bone  
formation) and alkaline phosphatase (an early osteoblast differentiation gene marker 
for bone formation) gene expression in C2C12 (a typical pluripotent mesenchymal 
cell line) cells. The role of soluble citrate was also investigated to show that exogenous 
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citrate supplemented into cell media improved the in vitro phenotype progression 
of MG-63 (a Homo sapien bone osteosarcoma) osteoblasts. CBPBHA composites 
induced minimal fibrous tissue encapsulation and were well integrated with the  
surrounding tissues after 6 weeks of implantation in a rabbit lateral femoral condyle 
defect model. This study highlighted the role of citrate molecules that had previously 
been overlooked.

4.2.4.3   Nerve applications

To demonstrate the applicability of using our soft, elastic, and biodegradable CUPE 
for nerve tissue engineering, TENGs for peripheral nerve regeneration were designed 
[17]. Porous, suturable, and multichanneled CUPE TENGs were fabricated using 
microengineering approaches and particulate leaching (Figure 4.8). Elastic CUPE 
TENGs showed an ultimate peak stress of 1.38 ± 0.22 MPa and a corresponding elon-
gation at break of 122.76 ± 42.71%, which were comparable to those of native nerve 
tissue. Our CUPE TENGs were successfully implanted to repair a 1 cm sciatic nerve 
defect. They showed comparable performance with nerve autografts and outperformed 
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Figure 4.8 (a) Multidirectional bend without kinks to show soft and elastic nature of CUPE 
materials; (b) scanning electron microscope images of porous and elastic multichannel CUPE 
TENG with five channels; (c) surgical image of a rat with the implantation of CUPE scaffold; 
(d) microscopic images of a semithin cross-sections of tissue explants stained with H&E  
(top row) and toluidine blue (bottom row).
Reprinted with permission from Ref. [17] Copyright ©2014, Wiley Periodicals, Inc.
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PCL hollow tubes in terms of fiber population and densities 8 weeks after their implan-
tation. The elastic and biomimetic CUPE TENGs could serve as off-the-shelf nerve 
conduits for peripheral nerve regeneration.

4.3   Waterborne polyurethane biomaterials
4.3.1   Waterborne polyurethane technology

Traditional solvent-based PUs have long established the standard for high performance 
systems. However, due to high levels of volatile organic compounds (VOCs) in 
 solvent-based PUs, serious concerns have emerged about environmental and applica-
tion safety in the use of typical solvent-based PUs [53]. Waterborne PU technology 
uses water as the primary dispersion solvent. The resultant waterborne PU materials 
have many advantages: (1) zero or very low levels of VOCs (environmentally friendly), 
(2) absence of isocyanate residues (nontoxic), and (3) good applicability, versatility, 
and a wide range of superior properties, such as abrasion resistance, impact strength, 
and low temperature flexibility. As such, waterborne PUs have rapidly become import-
ant materials used in diverse applications [54].

An aqueous waterborne PU dispersion is a binary colloid system in which PU 
particles range in size from 0.01 to 5.0 μm [55]. The effective method for making 
PU dispersible in water is to introduce ionic and/or nonionic hydrophilic moieties 
into its backbone structure. The most important and practical type of waterborne 
PU is the anionic type. This type of waterborne PU possesses pendant ionized 
carboxylic acid groups [56]. Anionic waterborne PUs with carboxylic acid groups 
can be synthesized by a four-step process, which is schematically presented in 
Figure 4.9.

In the first step, macromonomer diisocyanate is prepared by reacting excess diisocy-
anate with a long-chain polyol and/or low-molecular-weight glycol. Then, carboxylic 
acid-containing macromonomer diisocyanate is prepared through the hydrophiliza-
tion of macromonomer diisocyanate in a second step, where bis-hydroxycarboxylic 
acid, such as dimethylolpropionic acid (DMPA), is incorporated into the backbone of 
macromonomer diisocyanate. The next step involves the neutralization of carboxylic 
acid with tertiary amine. Finally, the anionic PU prepolymer is vigorously sheared and 
stirred in water with diamine. Chain extension in water causes the residual isocyanate 
groups to transform into urea linkages resulting in an anionic PU that is stably dis-
persed in water.

4.3.2   Design and synthesis of waterborne polyurethane 
biomaterials

Most conventional waterborne PUs derived from petroleum resources are not biore-
newable or biodegradable. The most common method to obtain biorenewable and/or 
biodegradable waterborne PU is to incorporate bio-based and/or biodegradable com-
ponents into a waterborne PU backbone during polymer synthesis.
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4.3.2.1   Introduction of bio-based materials into waterborne 
polyurethanes

Vegetable oils are widely used bio-based renewable resources due to their low toxicity, 
inherent biodegradability, ready availability, and relatively low price. As such, a great 
deal of effort has been made to develop waterborne PUs from vegetable oils [57,58]. 
Castor oil, which has inherent hydroxyl groups in its structure, was the first vegetable 
oil directly used in the synthesis of waterborne PUs. Other vegetable oils, such as sun-
flower, corn, palm, rapeseed, soybean, and linseed oils, must be modified into polyols 
for synthesizing waterborne PUs [59,60].

Vegetable oil-based polyols are long-chain polyols that offer promise in producing 
biorenewable waterborne PUs. Castor oil-based waterborne PUs show good mechani-
cal properties in terms of both tensile strength (9.3 ± 1.5 MPa) and elongation at break 
(520 ± 20%). Thus they have been used to modify plasticized starch to prepare novel bio-
degradable materials with high performance [60]. Waterborne PUs containing 50–60 wt% 
of biorenewable components have been prepared using methoxylated soybean oil polyols 
(MSOLs) with hydroxyl functionality ranging from 2.4 to 4.0 by Lu and Larock. Par-
ticle sizes of the resultant waterborne PUs range from 12 to 130 nm. An increase in the 
hydroxyl functionality of the MSOL significantly improved the cross-link density of the 
waterborne PUs and resulted in biorenewable PUs ranging from elastomeric polymers to 
ductile plastics [61]. A challenge in the synthesis of vegetable oil-based, environmentally 
friendly waterborne PU is the high cross-linking of the PU prepolymers caused by high 
hydroxyl functionality of the vegetable oil-based polyols. Vegetable oils are also suscep-
tible to hydrolytic breakdown due to the three ester bonds in their structure. Vegetable oil-
based waterborne PU bonds may degrade when exposed to excessive humidity, releasing 
amines and carbon dioxide and they are also susceptible to microorganism attack [62].

Chain extenders can also be substituted with bio-based components in the synthesis 
of waterborne PUs. For example, chitosan, a derivative of abundant naturally occurring 
polysaccharides that has active amino groups, can be used to chain-extend waterborne 
PUs in water. Chitosan possesses unique biological properties such as nontoxicity, 
biocompatibility, anticoagulant properties, and biodegradability. Waterborne PU films 
synthesized with chitosan as a chain extender exhibited excellent mechanical and anti-
coagulating properties, as well as antibacterial and antifungal activities [63].

Gelatin from cold fish skin also can be introduced into waterborne PUs by covalent 
bonding, to reinforce and render biodegradability. Lee et al. chemically modified gel-
atin with vinyltrimethoxysilane and incorporated the modified gelatin into waterborne 
PU with terminal hydroxyl ethyl acrylate groups by UV polymerization. The water-
borne PU showed excellent mechanical properties and water-resistant properties along 
with significantly enhanced biodegradability both in trypsin solution and in soil [64].

4.3.2.2   Introduction of biodegradable polyesters into 
waterborne polyurethanes

To render waterborne PUs biodegradable, researchers have attempted to incorpo-
rate biodegradable polymeric materials into the backbones of waterborne PUs. The 
biodegradable polymeric materials can be long-chain polyols, chain extenders, or 
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diisocyanates. Among biodegradable long-chain polyols, PCL diols, PLA diols, 
 poly(lactic acid-caprolactone) (PLCL) diols, and PLGA diols are often used for the 
synthesis of biodegradable waterborne PUs. However, it is reported that satisfactory 
mechanical properties (e.g., elongation higher than 25%) are not obtainable by merely 
reacting a single PLA diol as a long-chain polyol component [65]. Biodegradable 
long-chain polyols and conventional polyether/polyester polyols are often synergis-
tically used in the synthesis of waterborne PUs to adjust the biodegradability and the 
film-forming properties of waterborne PUs [66].

Recently, a breakthrough on the development of biodegradable photoluminescent 
prepolymers (BPLPs as described in Figure 4.10(a)) with superior inherent photo-
luminescence and photostability has been made [47]. BPLP–cysteine, a hydroxyl- 
terminated aliphatic polyol, is fully biodegradable and biocompatible. It can be used as 
a long-chain polyol to produce biodegradable BPLP-based waterborne polyurethane 
(BPLP-WPU as in Figure 4.10(b)). The emission spectra of the obtained BPLP-WPU 
excited at different wavelengths of 335, 365, 380, 425, 455, and 485 nm are shown 
in Figure 4.10(c), which demonstrates the versatile and strong photoluminescence of 
BPLP-WPU. Nanomicelles of BPLP-WPU are distributed evenly in water with the 
average size of 20–30 nm as shown in Figure 4.10(d). The resulting photoluminescent 
waterborne polyurethane can be used as noninvasive bioimaging elastomeric films 
and porous scaffolds in tissue engineering, as well as amphiphilic fluorescent nanomi-
celles for theranostic drug delivery.

Many amino acid derivatives can be used as chain extenders for the synthesis 
of PUs in bulk or in organic solvents. Among natural amino acids, water solu-
ble  l-lysine, which contains two active amino groups and one carboxyl group, 
is a good extender candidate for waterborne PUs [36]. Low-molecular-weight 
 l-lysine can be incorporated as a biodegradable component to help the degra-
dation of high-molecular-weight waterborne PUs. Waterborne PUs made from 
isophorone diisocyanate (IPDI), DMPA, and PCL were prepared and chain- 
extended in water using l-lysine by Chen et al. [67]. Results demonstrated that 
the prepared waterborne PU films exhibited excellent mechanical properties, good 
anticoagulating characteristics, desirable water swellability, and hydrolysis prop-
erties. Jiang et al. have successfully prepared nontoxic waterborne biodegrad-
able PU by using IPDI, 1,4- butandiol (BDO), and l-lysine as hard segments, and 
PEG and PCL as soft segments with a molar feed ratio of IPDI/PCL/PEG/BDO/ 
l-lysine = 3/0.75/0.25/0.85/0.85. Three-dimensional interconnected porous scaf-
folds fabricated with the waterborne PU showed better adhesion and proliferation 
of endothelial cells and can be utilized in soft tissue engineering [68].

To achieve biodegradability and nontoxicity, there has been intensive research on 
replacing common isocyanates with amino acid diisocyanates in the development 
of waterborne PUs [69]. l-Lysine diisocyanate and l-lysine ethyl ester diisocyanate 
have gained attention because lysine is nontoxic, less prone to inflammation, and easy 
to connect with bioactive molecules. Lysine ethyl ester diisocyanate was prepared 
with an improved method that avoids the use of gaseous phosgene, elevated tem-
perature, and strongly acidic conditions as described by Nowick et al. [70]. l-Lysine 
diisocyanate and PCL diol were used as main components to prepare nontoxic and 
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biodegradable waterborne PUs. The materials showed tensile strength up to 46.5 MPa 
and 42% hydrolytic degradation after 80 days [71].

In conclusion, waterborne PU biomaterials have the advantages of low viscosity 
at high molecular weight, nontoxicity, and good applicability over conventional PU 
biomaterials. Driven by the continuous reduction in costs and the control of VOC 
emissions, the development of waterborne PUs as biomaterials has significantly 
increased.
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4.3.3   Applications of waterborne polyurethane biomaterials

Much effort has been made to improve the biocompatibility and biodegradability of 
waterborne PUs, thus making them suitable for a wide range of medical applications. 
For example, waterborne PUs have great potential in the field of tissue engineering. 
Xu et al. studied the response of bladder smooth muscle cells (BSMCs) on biodegrad-
able waterborne PUs. BSMCs showed better attachment, proliferation, and α-actin 
distribution behavior on waterborne PU membranes than on PLGA membranes [72]. 
Waterborne PUs have also been developed as nanoparticles for drug delivery. Biode-
gradable waterborne PU nanocomposites containing clay nanoparticles have been used 
to deliver dexamethasone acetate for the treatment of ocular diseases [73]. Research-
ers also prepared bioactive waterborne PU nanomicelles for breast cancer treatment. 
The nanomicelles successfully caused apoptosis of human breast cancer MCF-7 cells 
[74]. In addition, waterborne PUs could be used in wound healing [75] and antibacte-
rial materials [76]. Hsu et al. have developed biodegradable elastomeric nanoparticles 
that could self-assemble into hydrogels, microspheres, nanofibers, sponges, and films, 
all of which have great value in biomedical applications [77].

4.4   Functionalization of polyurethanes and novel 
applications of urethane/urea chemistry

The properties of biodegradable PUs (e.g., hydrophobicity/hydrophilicity, bio-
compatibility, biodegradability, and conjugation with proteins, drugs, or biologi-
cal agents) can be tailored by the introduction of different functional groups for 
various biomedical applications. Urethane/urea reactions (isocyanate-based and 
 nonisocyanate-based reactions) can be used to impart specific functionalities to 
polymers or biomaterials. The reactions between polyisocyanates and polymers/ 
proteins that contain abundant hydroxyl or amino groups have also been applied as a 
room temperature cross-linking method to fabricate tissue-engineering scaffolds or 
3D printed patterns. In the following sections, applications of urethane/urea chem-
istry in biomaterials will be discussed in detail.

4.4.1   Functionalization of polyurethanes

4.4.1.1   An overview of functionalization methods for 
polyurethanes

The introduction of functionalities into PUs can be made before, during, or after 
polymerization. Traditional linear PUs are made by the polyaddition reactions between 
diols and diisocyanates. One route to obtain functional PUs is to use monofunctional 
compounds (alcohol or isocyanate, b1, b2, and c1 in Figure 4.11(a)), but they lead 
to a limited number of terminal functionalities and reduced molecular weight [78]. 
Although there are some examples of introducing specific functionalities using func-
tional diisocyanates, such as diisocyanates derived from l-lysine (e.g., l-lysine methyl 
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ester diisocyanate [LDI], a1 in Figure 4.11(a)) [79], or biodegradable diisocyanates 
(a2 in Figure 4.11(a)) [10], the sources of functional diisocyanates are limited and 
their synthesis processes are inconvenient. By controlling the feed ratios of diols and 
diisocyanates, desired terminated groups, such as isocyanates, can be obtained and 
can be used for functionalizing PUs through postmodification [78]. Side ester groups 
introduced by either LDI or ethyl isocyanatoacetate (b1 in Figure 4.11(a)) [79,80] can 
be further modified through aminolysis by amino group-containing compounds, such 
as N,N-dimethylenediamine [79] or poly(ethyleneimine) [80], to obtain cationic poly-
mers. The cationic polymers can then be used for gene delivery. All of the functional-
ization methods noted above are limited by a complex reaction process or limited raw 
material sources. In contrast, the incorporation of functionalities into PUs through the 
addition of functional diols is convenient and straightforward (Figure 4.11(b)).

4.4.1.2   Introduction of functional groups into polyurethanes 
using functional diols

The introduction of hydrophilic carboxyl groups by the addition of 2,2-bis(hy-
droxymethyl) propionic acid (DMPA, a in Figure 4.11(b)) followed by salt forma-
tion of carboxyl groups with amines, such as triethylamine, is frequently applied as 
a functionalization method, to obtain waterborne PUs [81]. Du Prez and colleagues 
developed maleimide-functionalized PUs by adding furan-protected maleimide-con-
taining diols (FMD, b in Figure 4.11(b)) followed by simple heating at 100 °C under 

Figure 4.11 (a) Examples of functional diisocyanates (a1, a2), functional monoisocyanates 
(b1, b2), and monofunctional alcohol (c1) used for polyurethane functionalization before, 
concurrent, or post polymerization; (b) introduction of functional groups into polyurethane 
through functional diols.
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vacuum overnight. Maleimide-functionalized PUs can be further used to conduct 
thiol– maleimide reactions without the use of UV light or any toxic catalyst [82]. Bio-
degradable PUs with pendant hydroxyl groups were synthesized by Yang et al. by the 
introduction of benzal pentaerythritol (BPO, c in Figure 4.11(b)) into PUs followed by 
de-protection [83]. The pendant hydroxyl groups were used for reaction with 4-azido-
benzoic acid to obtain PUs functionalized with photoactive phenyl azide groups. The 
PUs had the ability to immobilize proteins under UV light [84]. Clickable functional 
groups can also be directly introduced into PUs by the addition of click functional 
diols, such as 2,2-bis(prop-2-yl) propane-1,3-diol (DPPD, d in Figure 4.11(b)) [85–
87], propargyl 2,2-bis(hydroxymethyl)propionate (e in Figure 4.11(b)), 2,2-bis(azi-
domethyl)propane-1,3-diol (f in Figure 4.11 (b)), and click functionality containing 
macromolecular diols [87]. Pendant vinyl groups can be obtained by the addition of 
double bond-containing diols such as 3-allyloxy-1,2-propanediol [87]. By adding 
dihydroxy-terminated poly(2-(dimethylamino)-ethyl methacrylate) (PDEM(OH)2), 
Zhang et al. developed protein-resistant PUs containing zwitterionic side chains [88].

Overall, the incorporation of functionalities through the addition of functional diols 
is convenient and straightforward, especially when the desired functional groups have 
no obvious side reactions with isocyanate groups such as carboxyl, azide, alkyne, and 
vinyl groups [80–88]. The introduction of functional groups that can react with isocy-
anate groups, such as hydroxyl or amino groups, requires these functional groups be 
protected before PU formation and de-protected afterward [83].

4.4.2   Urethane/urea chemistry as a functionalization method

4.4.2.1   Introduction of functional groups into OH- or 
NH2-containing polymers using functionalized 
monoisocyanates

As noted above, the addition of monofunctional isocyanates/alcohols in the polyad-
diton process of diols and diisocyanates is a way of obtaining terminally functional-
ized PUs [78]. The urethane/urea reactions between monofunctional isocyanates and 
hydroxyl or amino groups on polymers can also serve as a functionalization route 
for OH- or NH2-containing polymers (Figure 4.12(a)). Among monofunctional iso-
cyanates, ester group-containing monoisocyanate, which can be further modified by 
aminolysis post polymerization [80], and vinyl group functional isocyanates, such as 
2-isocyanatoethyl (meth)acrylate and allyl isocyanate, are the most commonly used 
(Figure 4.12(a)). 2-Isocyanatoethyl methacrylate (IEM) has been used to react with 
the terminal OH– groups of star shaped PCL [89] or amino groups of silk protein 
[90,91] to obtain photo/free radical cross-linkable PCL or silk protein for gelation, 
precise patterning, dynamic topographical control, or microfabrication. IEM has also 
been used to introduce vinyl groups onto cellulose [92], or perfluoropolyether polyol 
macromonomer, creating a polymer with low surface energy [93]. Through the mod-
ification of 1,1,1-tri-[4-(methacryloxyethyl-aminocarbonyloxy)-phenyl]ethane with 
IEM, urethane-based trimethacrylate monomer has been also developed and used as a 
dentin adhesive [94].
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4.4.2.2   Introduction of isocyanates as functional groups

Vinyl group-functional isocyanates, such as IEM, can be polymerized through free 
radical polymerization with other vinyl monomers to give polymers with pendant 
isocyanate groups (Figure 4.12(b)). Polymers with pendant isocyanate groups have 
been used as tissue adhesives [95]. The pendant isocyanate groups can also be used 
to react with thiol/amino group-containing compounds for polymer surface func-
tionalization [96].

4.4.2.3   Urethane/urea chemistry as a cross-linking method

As noted above, monofunctional isocyanates can be used to introduce functionalities 
onto OH- or NH2-containing polymers. Similarly, compounds with two or more 
isocyanate groups can be used as cross-linkers for OH- or NH2-containing polymers 
(Figure 4.12(c)). The application of PUs with preserved isocyanates as  tissue adhe-
sives is based on the cross-linking reaction between isocyanate and amino groups 
that are from tissue proteins or produced by water hydrolysis of isocyanate groups 
[19,20]. By employing the urethane reaction between 1,6-hexamethylene diisocy-
anate (HDI) and the pendant hydroxyl groups on PGS, Pereira et al. developed a 
highly tunable biocompatible biodegradable elastomer, poly(glycerol sebacate ure-
thane), which can be cross-linked under melt conditions through solvent-based or 
solvent-free methods [97]. Similarly, by simply employing LDI as a cross-linker 
for gelatin, Neffe et al. were able to create open porous three- dimensional archi-
tecture hydrogels that can induce bone regeneration in just one step [98]. By 
reacting 1,2,3-triazole-rich hyperbranched polyether polyols with diisocyanate, 
moist- curable antimicrobial hyperbranched PU–urea coatings were developed by 
Kantheti et al. [51]. A DNA–lipid organogel cross-linked by IPDI has been devel-
oped by Yao et al. and reported to possess shape-memory properties [99].

Figure 4.12 Application of urethane/urea chemistry in polymer functionalization and 
cross-linking: (a) introduction of functional groups using functionalized monoisocyanates; (b) 
introduction of isocyanates as functional groups; (c) application of urethane/urea reaction as a 
cross-linking method.
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4.4.2.4   Nonisocyanate-based urethane reactions and the 
application of urethane-forming hydroxyl–amino 
coupling reactions

In addition to the most intensively researched urethane reactions between isocyanate 
and hydroxyl groups (Figure 4.1(a)) that form urethane bonds, there are also noniso-
cyanate urethane reactions, such as the reactions between cyclic carbonate or acti-
vated carbonate/carbamate/chloroformate derivative groups and amine groups (Figure 
4.1(b) and (c)) [4–6].

The ring-opening polymerization of cyclic carbonates with polyfunctional amines 
forms poly(hydroxyl-urethanes). The most traditional syntheses of cyclic carbonates 
use phosgene chemistry, which involves environmental hazard issues [100].

Another approach with cyclic carbonates is the transesterification of diols with 
dicarbonates [101]. The development of a green chemistry approach has eliminated 
the use of phosgene in cyclic carbonate syntheses. Among them, catalytic conversion 
of epoxides with carbon dioxide into cyclic carbonates is the most promising ( Figure 
4.13(a)) [4,102–104]. This chemistry opens the development of isocyanate-free  
bio-based green PUs from natural-based compounds, such as vegetable oils (including 
castor oil) [103–105]. Poly(hydroxyl-urethanes), as one type of nonisocyanate poly-
urethane, contain side hydroxyl groups that bring hydrophilicity and can be used as 
functionalities (Figure 4.13(b)). Furthermore, they do not have labile allophanate 

Figure 4.13 Nonisocyanate urethane reactions: (a) example of the formation of cyclic  carbonate 
and the reaction with polyamines servers as a new polyurethane synthesis route; (b) representa-
tive coupling reactions between hydroxyl group and amino group that form a urethane bond;  
(c) the reaction between urethane bond and isocyanate group results in labile allophanate groups, 
which make traditional isocyanate-based polyurethanes less chemical resistant.
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groups, side reaction products between urethane and isocyanate that make conven-
tional isocyanate-based PU less chemical resistant (Figure 4.13(c)) [4].

Activated carbonate, carbamate, or chloroformate derivative groups, including 
(imidazolylcarbony1)oxyl (IC) derivative, carbonate derivatives of 2,4,5-trichlorophe-
nyl and p-nitrophenyl, succinimidyl carbonate, and chloroformate derivative (Figure 
4.1(c)), can react with amino groups under mild conditions to form urethane bonds 
that are very stable under physiological conditions and show little breakdown in var-
ious buffers of pH 2–11 [6]. Thus these reactions have been extensively used as the 
coupling reactions between hydroxyl and amino groups (Figure 4.13(c)) and applied 
in protein-selective modification on amino groups, drug or protein bioconjugation, 
and polymer modification [5–9,104]. An example of the application of urethane bond 
forming hydroxyl–amino group coupling reactions in drug conjugation is described 
below. By activating the side hydroxyl groups on biodegradable amphiphatic mPEG-
b-P(LA-co-DHP) polymer with 4-nitrophenyl chloroformate (NPC), Hu et al. con-
jugated the amino group containing the anticancer drug doxorubicin (Dox) onto the 
polymer by a direct hydroxyl–amino coupling reaction with the formation of a stable 
urethane bond. In the same work, the acid-liable hydrazine linkage between the poly-
mer and the Dox was also formed by reacting the NPC-activated polymer with hydra-
zine monohydrate followed by the reaction between the hydrazine and the ketone 
group on Dox [9]. The drug release profiles of these two different polymer–drug con-
jugate micelles were investigated [9]. Urethane bonds formed from hydroxyl–amino 
group coupling reactions have also been widely used in polymer modification or 
functionalization. By the reaction between NPC-modified PEG diols and tyramine, 
followed by the grafting of monotyramine-terminated NPC-activated PEG diol onto 
gelatin or chitosan, Park et al. [7] and Tran et al. [8] synthesized tyramine-modified 
gelatin or chitosan. They could be cross-linked enzymatically into bioadhesive hydro-
gels and used for tissue regeneration or wound healing. By modifying monohydroxyl 
PCL with carbonyldiimidazole, Yu el al. synthesized IC terminal PCL. It was grafted 
onto chitosan and formed into an amphiphilic biodegradable polymer that can be used 
to form micelles [5]. By activating terminal hydroxyl groups with phosgene, Wang 
et al. synthesized a chloroformate terminated PEO–PPO–PEO block copolymer and 
reacted it with propargylamine to obtain alkyne group-functionalized PEO–PPO–PEO 
block copolymer [106].

4.5   Conclusions and outlook

Urethane/urea chemistry has evolved and transformed to offer convenient and effec-
tive tools for the modification of biomaterials, providing them with desirable proper-
ties for biomedical applications. The efforts described above have produced an array 
of multifunctional urethane/urea chemistry-based biomaterials to meet the specific 
requirements of each application. A collection of citric acid-based PUs has been 
developed with tunable mechanical, degradation, photoluminescent, and biomedical 
properties. The CABE platform technology enables easy modulation of their unique 
properties by simply altering the ratios of diols, prepolymers, and other additive(s) and 
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the polymerization conditions. With this expandable list of CABEs, the development 
of more robust, elastic, soft, and biocompatible materials for biomedical applications 
is possible. Additionally, novel urethane/urea chemistry with isocyanate-based and 
nonisocyanate-based approaches was discussed in this chapter to provide insights on 
their potential for designing novel biomaterials. The versatility of urethane/urea chem-
istry in modern biomaterial designs that have been described has an impact on a broad 
range of applications, especially in the field of biomedical engineering.
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