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Abstract

Polyurethane is an important biomaterial with wide applications in biomedical engineering. Here, 

we report a new method to make an azido-functionalized polyurethane pre-polymer with no need 

of post modification. This pre-polymer can easily form stable porous elastomers through click 

chemistry for crosslinking, instead of using a toxic polyisocyanate. The mechanical properties can 

be modulated by simply adjusting either the pre-polymer concentrations or azido/alkyne ratios for 

crosslinking. The Young’s modulus therefore varies from 0.52 to 2.02 MPa for the porous 

elastomers. When the APU elastomer is made with a compact structure, the Young’s modulus 

increases up to 28.8 MPa at 0-15% strain. The strain at break reaches 150% that is comparable 

to the commercially resourced Nylon-12.  Both the porous and compact elastomers could undergo 

reversible elastic deformations for at least 200 and 1000 cycles respectively within 20% strain 

without failure. The material showed a considerable stability against erosion in a basic solution. 

In vivo biocompatibility study demonstrated no degradation by subcutaneous implantation in mice 
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over two months. The implant induced only a mild inflammatory response and fibrotic capsule. 

This material might be useful to make elastomeric components of biomedical devices. 

Keywords: 

Polyurethane, elastomers, azido functionality, click chemistry, scaffolds

Introduction

Polyurethanes (PUs) have been widely used to engineer medical devices, tissue scaffolds 

and prostheses.1-4 It has been reported that some commonly used PU medical devices or 

products contained low but measurable concentrations of residual isocyanates, which caused 

safety concerns.5-7 Scientists have been seeking new methods to make PUs for a safer use, 

particularly in biomedical fields. In some circumstances, PUs with reactive functional groups are 

highly desirable to impart functionalities for different engineering designs.8-12 For example, 

immobilizing anti-inflammatory or cell attachment moieties on a tissue scaffold would improve the 

tissue compatibility or promote cell adhesion and proliferation in the scaffolds.13-15 Typically, a diol 

monomer with a protected amino or hydroxyl group is reacted with a diisocyanate, followed by 

de-protection to yield a PU with amino or hydroxyl groups for further functionalization.16-19 

Compared with amino and hydroxyl groups, azido functionality can more efficiently and 

specifically undergo click reaction with alkyne-bearing molecules under a mild condition.18 The 

azide-alkyne click chemistry has been well established for biomedical applications.20 Here, we 

report a new azido-containing diol monomer and use to make an azido-functionalized 

polyurethane (APU) pre-polymer. We subsequently use this pre-polymer to make a series of APU 

elastomers through click chemistry for studies. 

Previously, the pendent azido functionality can be introduced into a PU or a polymer by 

post-modification of amino-, hydroxyl-, chloride-, or bromo- groups on the backbone, followed by 

purification.8, 11, 18, 21-23 For example, a three-step method was reported to make an azido-

functionalized PU. A polyether diol segment was first synthesized to bear chloride groups. This 

chloride-bearing polyether diol was then reacted with sodium azide and purified to obtain an 
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azido-containing polyether diol. Finally, this diol segment was copolymerized with butane-1,4-diol 

and diisocyanate to yield the resultant azido-functionalized PU.8 Alternatively, a PU was 

synthesized and de-protected to bear free hydroxyl groups, followed by coupling with 4-

azidobenzoic acid through DCC/DMAP coupling reaction and purification to introduce azido 

groups to the PU.18 Such post-modification and purification complicates the synthesis and also 

likely hydrolyzes the polymer backbone. On the other hand, a 2,2-bis-(azidomethyl)propane-1,3-

diol was ever synthesized to make azido-functionalized polyesters, polycarbonates and 

poly(ester-carbonates).24-27 In this monomer, the two azidomethyl groups are attached to the 

same second carbon of the propane-1,3-diol, showing a limited space between the two azido 

groups. No literatures have reported using this bisazido diol monomer to introduce azido 

functional groups to PUs for utilities.  Therefore, we designed a new bisazido diol monomer, 2,2’-

bis(azidomethyl)-triethylene glycol, to conveniently impart azido- functionality to the PUs. This 

bisazido diol monomer together with a polyester or polyether diol segment are reacted with a 

diisocyanate to yield an APU pre-polymer. The diol segment can be used to manipulate the 

physico-chemical and biological properties such as the mechanical properties, hydrophilicity, 

biocompatibility and biodegradability.1, 28-29 At the proof-of-concept stage, we examined the 

polymerization using the designed bisazido diol and tetraethylene glycol with hexamethylene 

diisocyanate to make the APU pre-polymer.  This pre-polymer is then crosslinked with a di-alkyne 

crosslinker to examine the click reactions to yield the APU elastomers. The tetraethylene glycol 

is selected as the ether diol segment because it is hydrophilic and biologically stable with a low 

glass transition temperature. These features will make the designed APU elastomers relatively 

stable and ease the mobility of polymer chains for reversible mechanical deformations in a 

biological setting.

This work focuses on the material synthesis and characterizations. FTIR, proton NMR, 

HPLC and GPC analyses are used to characterize the chemical structure, composition and 

molecular weight. Uniaxial tensile and cyclic tensile tests are performed to evaluate the 
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mechanical properties and the performance for reversible elastic deformations. The as-made APU 

elastomer is implanted subcutaneously in mice to examine the host responses.

Result and Discussion

1. Syntheses of the bisazido diol monomer and di-alkyne crosslinker

To impart azido functionality to PUs, we designed a bisazido diol monomer for the utility. 

The bisazido diol is synthesized by a ring opening reaction of ethylene glycol diglycidyl ether 

(EGDE) with excessive sodium azide in the presence of Oxone monopersulfate catalyst (Fig. 

1A). This reaction could regioselectively open the epoxides in EGDE by azide anions,30 which 

mainly yields a viscous 2,2’-bis(azidomethyl) triethylene glycol (BAG). The raw BAG is purified by 

flash chromatography with a purity above 97% as verified by HPLC analysis (Fig. 1B). The overall 

yield of the BAG can reach approximately 65% after purification.

Figure 1. (A) Synthesis of the BAG monomer by ring opening reaction of EGDE with excessive 

sodium azide in the presence of Oxone monopersulfate catalyst. The molar ratio of EGDE to 

sodium azide to Oxone monopersulfate is 1 : 4 : 1. (B) HPLC analysis indicates the purity of the 

BAG monomer above 97% by flash chromatography. (C) Comparison of FTIR spectra of the 

starting EGDE and the resultant BAG monomer. The new absorptions at 3414 and 2094 cm-1 are 
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attributed to hydroxyl and azido groups in the BAG monomer, indicating a successful azidolysis 

of the epoxide rings. (D) Proton NMR analysis further confirmed the chemical structure of the 

BAG monomer. The integral area ratio of Hd to Hc approaches to 2 : 1, matching well with the 

chemical structure of the BAG monomer (Fig. S1). ‘’ marked chemical shifts are from the solvent 

residue of ethyl acetate.

FTIR and proton NMR spectroscopic analyses are used to identify the chemical structure 

of the purified BAG monomer (Fig. 1C and D). The FTIR absorptions of the starting EGDE at 

1337, 909 and 838 cm-1 disappear after the epoxide rings are opened by the azide anions. Two 

new absorptions are shown at 3414 and 2094 cm-1, which are attributed to the hydroxyl and azido 

groups in the resultant BAG monomer, indicating a successful ring opening reaction (Fig. 1C). 

Further, the proton NMR analysis confirmed the correct chemical structure of the BAG monomer. 

The corresponding chemical shifts (s) are labeled in Fig. 1D.  The s at 3.38 and 3.97 ppm are 

attributed to the protons of Hd and Hc after the ring opening reaction of the epoxides with the azide 

anions. The integral area ratio of Hd to Hc is determined to be approximately 2 : 1 (Fig. S1), 

matching well with the chemical structure of the BAG monomer. The NMR together with the FTIR 

analyses well confirmed an efficient regioselective ring opening reaction between the EGDE and 

azide anions catalyzed by the Oxone monopersulfate. Such regioselective ring opening reaction 

is consistent with a prior report.30

We further synthesized a di-alkyne (DA) as a crosslinker.  The DA molecule is made from 

5-hexyn-1-ol and hexamethylene diisocyanate (HDI) (Fig. 2A). The as-prepared DA compound 

could be purified by repetitive solvation in tetrahydrofuran and precipitation in diethyl ether. HPLC 

analysis demonstrates a purity above 96 % of the resultant DA (Fig. 2B). We could obtain the 

purified DA compound with an overall yield of approximately 78 % using our protocol. 
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Figure 2. (A) Synthesis of the DA crosslinker. The molar ratio of hydroxyl to isocyanate is 1.1 to 

1 in the reaction. (B) HPLC analysis indicates the purity of the DA product above 96%. (C) FTIR 

spectroscopic analysis. The DA compound demonstrates absorptions at 1680, 1533 and 1463 

cm-1 from urethane linkages. A weak absorption at 2115 cm-1 from the stretching of alkyne carbon-

carbon triple bond. (D) Proton NMR analysis to confirm the chemical structure. The integral area 

ratio of Ha : Hf : Hg is approximately 1 : 1 : 2, in agreement with the chemical structure of the DA 

molecule (Fig. S2). ‘’ marked chemical shift at 3.33 ppm is from the water molecules.

Similarly, the chemical structure of the as-prepared DA crosslinker is verified by FTIR and 

proton NMR analyses (Fig. 2C and D). The FTIR absorptions at 3317 and 3278 cm-1 are assigned 

to the alkyne carbon-hydrogen (C-H) and urethane imide (-N-H) stretches respectively. The 

weak absorption at 2115 cm-1 is attributed to carbon-carbon triple bond (-CC-) stretch. The 

compound also shows the absorptions at 1680, 1533 and 1463 cm-1 from the urethane linkages.31 

The proton NMR spectrum demonstrates the s at 2.76 ppm (Ha), 2.93 ppm (Hg) and 7.06 ppm 

(Hf). They are attributed to the protons from the alkyne, HDI and urethane linkage, respectively 
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(Fig. 2D). The integral area ratio of Ha : Hf : Hg is approximately 1 : 1 : 2 (Fig. S2), in agreement 

with the chemical structure of the DA molecule. The proton NMR and FTIR characterizations 

confirmed the successful synthesis of the DA crosslinker.

2. Synthesis and characterization of the APU pre-polymer

We copolymerize the BAG monomer and tetraethylene glycol (TEG) with HDI to yield the 

APU pre-polymer (Fig. 3A). 10 mol.% of BAG is reacted with HDI, followed by adding 90 mol.% 

of TEG to form the resultant APU pre-polymer. In this case, the BAG is randomly incorporated 

into the APU backbone. The resultant APU is purified by repetitive solvation in dimethylformamide 

and precipitation in diethyl ether and ethanol/deionized water, followed by additional wash with 

deionized water with yield of approximately 87% after freeze-drying. 

Figure 3. (A) Synthesis route of the APU pre-polymer. The theoretic molar ratio of BAG to TEG 

to HDI is 1 : 9 : 10. (B) FTIR analysis of the resultant APU pre-polymer. The spectrum shows 

absorptions at 3322 cm-1 from urethane -N-H stretching, and 1681, 1534 and 1465 cm-1 from 

urethane linkages. The absorption at 2101 cm-1 is attributed to the azido groups. (C) Proton NMR 

analysis of the resultant APU pre-polymer. The NMR spectrum demonstrates chemical shifts from 
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BAG, TEG and HDI components. The integral area ratio of Hd to He is used to determine the actual 

azido content to be approximately 10 mol.% pendent on the polymer backbone (Fig. S3A).

The FTIR spectroscopic analysis shows absorptions at 3322 cm-1 from the urethane imide 

(-N-H) stretch and the absorptions at 1681, 1534 and 1465 cm-1 from the stretching of the 

urethane bonds. Importantly, the spectrum also exhibits the absorption at 2101 cm-1 in the 

resultant APU, indicating the presence of azido groups (Fig. 3B). The FTIR analysis provides a 

qualitative evidence for the successful synthesis of the APU pre-polymer. 

Proton NMR analysis is performed to further examine the APU chemical structure and 

composition. The overall s are correspondingly labeled in Fig. 3C. The NMR spectrum shows s 

from BAG, TEG and HDI components as well as the urethane linkages formed between them. 

For example,  at 7.16 ppm is attributed to the urethane imide protons (-NH-C=O, Hh);  at 4.03 

ppm is assigned to the methylene protons from TEG (–CHH-O-C=O, Hi);  at 3.32 ppm is from 

the azido-methylene protons in BAG (N3-CHH-, Hd);  at 2.95 ppm is assigned to the methylene 

protons in HDI (-CHH-NH-C=O, He). The integral area ratio of Hd to He is used to determine the 

actual azido content to be approximately 10 mol.% in the APU pre-polymer (Fig. S3A). Because 

one BAG monomer bears two azido groups (Fig. 3A), we can calculate that approximately 5 mol.% 

of the BAG monomer is incorporated into the APU backbone. Therefore, under the current 

reaction condition, about 50 % of the BAG monomer was actually reacted with HDI according to 

the reactant feed ratio. We expect that a longer reaction time between the BAG and HDI is needed 

before adding the TEG segment if a higher incorporation efficiency of the BAG monomer is 

desired. This is because the secondary hydroxyl groups in the BAG monomer is less reactive with 

isocyanate compared with the primary hydroxyl groups in the TEG monomer. To this end, we 

further examined the reaction efficiency by increasing the reaction time to 3 h between the BAG 

and HDI before adding the TEG segment. All other reaction conditions remained the same. Proton 

NMR analysis indicates that approximately 6.6 mol.% of BAG monomer is incorporated into the 

Page 8 of 41

ACS Paragon Plus Environment

ACS Biomaterials Science & Engineering

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



9

resultant APU backbone, indicating 66% of reaction efficiency is achieved under this reaction 

condition (Fig. S3B). These data confirmed the hypothesis that increasing the reaction time 

between the BAG and HDI could enhance the incorporation efficiency if needed. A higher content 

of azido pendants can theoretically form more crosslinking points in the resultant APU elastomers 

to adjust the mechanical properties and elastic deformation profiles. However, because of UV 

light sensitive and explosive nature of the azido groups,32 a higher content of azido pendants is 

not advantageous for material storage and handling.  We therefore focus on the APU pre-polymer 

with 10 mol.% of azido pendants for study in this work.

The molecular weight of the APU pre-polymer is determined by gel permeation 

chromatography (GPC) (Fig. S4). The weight average and number average molecular weights 

(Mw and Mn) are 21930 ± 1230 Da and 15000 ± 2127 Da with polydispersity (PDI) of 1.47 ± 0.12. 

Because the material property is typically dominated by high molecular weight polymers, we use 

the Mw value to calculate the repeat units and the incorporated BAG molecules per chain. 

Therefore, according to the molecular weight of the repeat unit and the actual azido content (10 

mol.%), the APU pre-polymer is comprised of approximately 56 repeats with 3 to 4 BAG units per 

chain, namely 6 to 8 azido groups pendent on each chain. These pendent azido groups are 

responsible for the subsequent click reaction with different amounts of the di-alkyne crosslinker 

to make APU elastomers.

Because the azido group is thermally instable,32-33 this might affect the stability of the pre-

polymer for utility. We therefore examined the material thermal properties by DSC analysis in a 

heat-cool-heat model under nitrogen atmosphere with a heating rate at 5 °C/min (Fig. S5A). The 

DSC test demonstrates five endothermic absorptions at 24, 78, 244, 260 and 310 °C as well as a 

minor exothermic peak at around 230 °C in the first heating process from 20 to 450 °C. No thermal 

events are observed upon cooling and the second heating process to the same sample. The 

sample turned from an initially white powder to a dark brown bulky solid after the DSC test. The 

small exothermic peak at around 230 °C is attributed to the decomposition of azido groups.33 The 
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heat release is not intensive because of the low azido content (10 mol.%) in the pre-polymer. The 

other three endothermic events at 244, 260 and 310 °C are attributed to the decomposition of the 

polyurethane in three steps (Fig. S5A). Such polyurethane decomposition profile with three 

endothermic events was also reported in a literature.34 The DSC data suggest a considerable 

thermal stability of the resultant APU pre-polymer at temperature below 200 °C. 

To better understand the glass transition temperature (Tg), melting temperature (Tm) and 

crystallization (Tc) of the APU pre-polymer, the DSC analysis is performed (Fig. 4 and Fig. S5B). 

In this case, the maximum temperature is at 200 °C to avoid the decomposition of the pre-polymer. 

The APU pre-polymer demonstrates an intense Tg at -11.6 °C and a mild Tg at 42.4 °C respectively. 

They are attributed to glass transitions of the amorphous domains formed by soft segments and 

the low contents of azido-containing hard segments. In addition, the material also shows two 

melting temperatures at -8.0 °C (Tm1) and 81.1 °C (Tm2), and one crystallization temperature (Tc) 

at -9.4 °C with an enthalpy of approximately 3.5 J/g from the crystallization process (Fig. S5B). 

According to the above DSC analyses, this APU pre-polymer is a semi-crystalline material with a 

reversible crystallization feature. For a long-term storage, the APU pre-polymer is suitable to keep 

in a sealed container at 4 °C and avoid UV light exposure which might induce reactions of the 

azido groups.32
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Figure 4. DSC analysis of the APU pre-polymer in a heat-cool-heat model under nitrogen flow of 

50 ml/min. The thermal profiles from the cooling and second heating are shown here. The APU 

pre-polymer possesses two Tgs at -11.6 °C and 42.4 °C, two Tms at -8.0 °C and 81.1 °C, and one 

Tc at -9.4 °C. The pre-polymer is a semi-crystalline material with a reversible crystallization feature.

3. APU pre-polymer quickly forms stable elastomers by click chemistry

The main objective to design this APU pre-polymer is to easily make PU elastomers using 

copper(I)-catalyzed azido/alkyne click chemistry under a mild condition. In principle, the as-

prepared APU elastomer with free azido groups can be further functionalized with any alkyne-

bearing moieties for utility. Here, we focus on making APU elastomers by click chemistry for 

investigation. To this end, we made a series of APU elastomers by crosslinking the pre-polymer 

solution (20% wt./v in DMF) with different amounts of the DA crosslinker in the presence of copper 

(I) catalyst (Fig. 5A). The click reaction was performed at 37 C for 4 h to form different APU gels, 

followed by subsequent wash in DMF/EDTA solution, deionized water and 0.9% saline to obtain 

the resultant APU elastomers with porous structure. 
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12

We examined the crosslinking reactions with azido to alkyne molar ratios (Az/Ak) ranged 

from 1.2 to 0.6 to make the APU elastomers, namely APU-1.2, APU-1.0, APU-0.8 and APU-0.6. 

The copper (I) catalyzed azido/alkyne click reaction could achieve approximately 85-95% reaction 

efficiency within hours.35 Therefore, Az/Ak ratios at 1.0 to 0.8 will yield more densely crosslinked 

elastomers compared to the Az/Ak ratios at 1.2 and 0.6, and few free azido group will be present 

on the crosslinked network (Fig. 5A(b)). When making the APU-1.2 elastomer, approximately 20% 

of azido groups are free from the crosslinking reaction, resulting in a lower crosslinking density 

(Fig. 5A(a)). Given the actual 10 mol.% of azido groups in the APU pre-polymer (Fig. 3), there 

are approximately 2 mol.% of free azido groups pendent on the APU-1.2 networks (Fig. 5A(a)). 

When Az/Ak ratio at 0.6, the reaction also leads to a lower crosslinking density in the APU-0.6 

likely with some unreacted alkyne groups pendent on the networks (Fig. 5A(c)). However, there 

are some unreacted DA residues as well because the click reaction efficiency is less than 100%. 

We expect the mechanical properties will accordingly change as the Az/Ak ratios alter for the 

crosslinking to make these elastomers. In addition, regardless of the different Az/Ak ratios for 

crosslinking, we would like all elastomers to be stable enough for reversible mechanical 

deformations. To examine the elastic performance, cyclic tensile tests are first performed to 

evaluate the elasticity and the ability to recover from the reversible mechanical deformations (Fig. 

5B-E). 
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Figure 5. (A) Schematic illustration of the APU pre-polymer crosslinked with DA crosslinker by 

copper(I) catalyzed click chemistry. (a) Az/Ak ratio > 1.0, free azido groups; (b) Az/Ak ratio = 1.0 

to 0.8, few free azido or alkyne groups; (c) Az/Ak ratio < 0.8, free alkyne groups. (B-E) Cyclic 

tensile tests to examine the elasticity and the abilities for reversible elastic deformations. (n = 3) 

(B) APU-1.2, (C) APU-1.0, (D) APU-0.8 and (E) APU-0.6. All elastomers demonstrated similar 

elastic deformation profiles and could undergo at least 200 cyclic loading without break, indicating 

highly stable polymeric networks within the strain range tested.

Here, all APU elastomers are prepared with porous structure and soaked in 0.9% saline 

before the mechanical tests given the biological setting. The cyclic tensile test is limited to 200 

cycles to avoid excessive water evaporation that will lower the consistency of test conditions. 

Notably, all elastomers can undergo reversible elastic deformations between 5 and 20% strain for 

at least 200 cycles without break. These elastomers demonstrate similar reversible deformation 

profiles (Fig. 5B-E). The first two cycles led to relatively large hysteresis loops among them, 

indicating somewhat damages in the polymeric networks. We speculate that the damages at this 

stage mainly occur in some physically entangled or interacted polymer chains, which are not 

reversible and easily disrupted by the loading force. In the following cyclic loading, the hysteresis 

loops remain nearly identical to the second cycle across the cyclic tensile tests, suggesting little 
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further damage occurred in the polymer networks. The exerted stress from the cyclic loading is 

efficiently dissipated by the reversible interactions between the polymer chains, including the 

hydrogen bonds formed between the urethane linkages. Such elastic performance is very 

important for an elastomeric scaffold in biomedical applications. For example, when fabricating 

polyurethane scaffolds for myocardial tissue engineering, robust elasticity is highly desired to 

retain the heart patch integrity for mechanical support and thus improve the treatment efficacy.15, 

36-38  We would like to note that all of these APU elastomers demonstrate a stable network 

structure for reversible deformations within the strain range tested, regardless of the different 

Az/Ak ratios for crosslinking. We examined the deformations within 20% strain, which is a typical 

range of biomechanical deformations for many soft tissues.39-40 In addition, if the APU elastomer 

needs to be further functionalized with biomolecules in a design, the APU-1.2 can be used for this 

purpose as the FTIR analysis confirmed the presence of free azido groups (Fig. S6). Less 

crosslink does not compromise its elastic performance for utility. 

We further investigated other mechanical properties including the strain at break, ultimate 

tensile strength (UTS) and Young’s modulus (E) using uniaxial tensile test (Fig. 6). All elastomers 

demonstrate an elastic elongation until break (Fig. 6A). As we expected, when the crosslinking 

density increases, the strain at break decreases and the E elevates. These phenomena are 

typically seen in chemically crosslinked elastomers.41 In our case, the APU-1.2 and APU-0.6 are 

less crosslinked than the APU-1.0 and APU-0.8, they therefore show a longer elongation at break; 

the APU-0.6 is most stretchable among them (*p = 0.0331, Fig. 6B). On the other hand, the E 

values increase in the APU-1.0 and APU-0.8 because of the higher crosslinking density compared 

to the APU-1.2 and APU-0.6 (Fig. 6D). For all of these elastomers, the UTS values range from 

562 ± 53 kPa to 647 ± 49 kPa, showing no significant difference (Fig. 6C). The APU-0.8 and APU-

1.0 show similar strain at break and E values, indicating a very close crosslinking density between 

them given the actual azido/alkyne reaction efficiency.
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Figure 6. (A) Representative stress-strain curves of APU elastomers made with Az/Ak molar 

ratios ranged from 1.2 to 0.6. The mechanical properties are compared: (B) strain at break (*p = 

0.0331), (C) UTS (p = 0.1620) and (D) E (*p = 0.0467). Generally, when the Az/Ak ratio 

approaches to 1.0 for crosslinking, the elastomer demonstrates an increased E and decreased 

strain at break. One-way ANOVA analysis with Tukey post-test is performed for statistical analysis. 

Data represents the mean ± SD (n = 5).

Although the Young’s moduli demonstrate differences along with the crosslinking density, 

they only range from 1.20 ± 0.05 MPa for the APU-1.2 to 1.38 ± 0.13 MPa for the APU-1.0 (*p = 

0.0467, Fig. 6D). This scope is very limited to adjust through the crosslinking reactions. We 

therefore further examined the impacts of the APU pre-polymer concentrations on the mechanical 

properties of the resultant elastomers.

We compare the APU pre-polymer concentrations at 10, 20 and 30% wt./v in DMF while 

the Az/Ak ratio is remained at 1.2 for crosslinking to make the elastomers. They are designated 
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as APU-10%, APU-20% and APU-30%. Changing the pre-polymer concentration would alter the 

density of polymer chains and hydrogen bonds between the urethane linkages, the chain-chain 

interaction patterns and the network porosity. Thus, the mechanical properties are expected to be 

further tunable (Fig. 7). 

Figure 7. (A) Cyclic tensile tests to examine the elasticity and the ability for reversible elastic 

deformations (n = 3). (a) APU-10%, (b) APU-20%, (c) APU-30%. All elastomers could undergo at 

least 200 cyclic loading without break. The lower pre-polymer concentration yields a softer 

elastomer with a smaller hysteresis loop, indicating less network damages.  (B) Comparison of 

the mechanical properties. (a) Strain at break (* p = 0.0342) (b) UTS (*** p < 0.0001), (c) E (*** p 

< 0.0001). The pre-polymer concentrations could significantly affect the UTS and E values of the 

elastomers, but slightly the strain at break. One-way ANOVA analysis with post-test of Bonferroni 

is performed for the statistical analysis. Data represents the mean ± SD (n ≥ 4).

Similarly, we performed cyclic tensile tests to examine the elasticity and the ability to 

recover from reversible mechanical deformations (Fig. 7A). All elastomers could undergo 

reversible elastic deformations without break across the 200 cyclic loading within 20% strain. 

However, their deformation profiles are apparently different. The APU-10% is much softer than 
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the APU-20% and APU-30%, and thus demonstrates a smaller hysteresis loop, indicating less 

damages of the polymer networks by the cyclic loading. Both the UTS and E values demonstrate 

significant differences among them (Fig. 7B). The E value elevates from 0.52 ± 0.03 MPa to 2.02 

± 0.07 MPa and the UTS ranges from 213.3 ± 46.3 kPa to 971.2 ± 75 kPa as the pre-polymer 

concentrations increase from 10 % to 30 % wt./v to make the elastomers. On the other hand, 

when the Az/Ak ratio is remained at 1.2 for crosslinking in the three elastomers, a reduction of the 

APU pre-polymer concentration only slightly compromises the strain at break. These mechanical 

properties suggest this material is suitable to design different elastomeric scaffolds for different 

applications by easily adjusting the pre-polymer concentration for crosslinking. In addition, we 

anticipate the presence of free azido groups would be useful in the elastomeric scaffold designs. 

We therefore mainly examined the mechanical properties of these porous elastomers with the 

Az/Ak ratio remained at 1.2 for the crosslinking. 

To examine the mechanical properties of APU in a compact form, porous APU-1.2 sheets 

were freeze-dried and compressed to fuse at 80 ºC for 30 min to form compact APU-1.2 samples. 

The cyclic tensile test is performed for 1000 cycles with 20 % strain to evaluate the elasticity. 

Water evaporation is minimized and do not interfere the reversible deformations throughout the 

cyclic tensile test. The elastic deformations and mechanical properties are compared with two 

commercially resourced catheter materials, PVC and Nylon-12 (Fig. 8). They are selected for 

comparison because the PVC and Nylon-12 are typical thermoplastics with low and high Young’s 

modulus and widely used to make medical devices including the catheters.42 The PVC is a 

relatively soft elastomer that is able to undergo a linear elongation with E of 5.6 ± 0.3 MPa and 

strain at break up to 376 ± 48%. Nylon-12 is a relatively stiff plastic with E of 456 ± 20 MPa during 

an elastic elongation of approximately 6% strain, followed by a plastic deformation with a strain 

at break of 183 ± 29% (Fig. 8B). The cyclic tensile tests indicate that the PVC shows relatively 

small hysteresis loops with a slight permanent elongation across the 1000 cyclic loading, 

indicating a mild network damage. However, the Nylon-12 exhibits a permanent elongation of 
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approximately 13% strain with relatively large hysteresis loops after 1000 cyclic loading, indicating 

a severe network damage and a permanent deformation by the loading stress (Fig. 8A). 

Compared to the PVC and Nylon-12, the compact APU-1.2 elastomer is able to undergo elastic 

elongation with a strain at break of 150 ± 13% that is comparable to the Nylon-12 (Fig. 8B(b)).  

The reversible elastic deformations are more like the PVC at the early stage with similarly small 

hysteresis loops (Fig. 8A(a, b)). The first two hysteresis loops without a permanent elongation 

are mainly attributed to the disruption of the irreversible physical interactions, which is similar to 

the wet porous APU-1.2 elastomer demonstrated (Fig. 5B). However, because no water 

molecules act as plasticizer in the compact APU-1.2 elastomer, thus the polymer chain mobility 

and reversible interactions between the polymer chains are compromised. As a result, the exerted 

stress by the cyclic loading cannot be efficiently dissipated. Therefore, as the cyclic loading 

increases, damages accordingly occur in the compact APU-1.2 networks. A permanent elongation 

reaches approximately 10% strain after 1000 cyclic loading, but is milder than that of the Nylon-

12 (Fig. 8A(a, c)). The cyclic tensile tests suggest that the compact APU-1.2 elastomer possesses 

elastic performance between the PVC and Nylon-12 resins. Other mechanical properties are 

further examined by uniaxial tensile tests (Fig. 8B).

Page 18 of 41

ACS Paragon Plus Environment

ACS Biomaterials Science & Engineering

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



19

Figure 8. (A) Cyclic tensile tests to compare the elastic performances (n = 3). (a) Compact APU-

1.2, (b) PVC, (c) Nylon-12. Compared to the PVC and Nylon-12, the compact APU-1.2 elastomer 

is more like the PVC for reversible elastic deformations at the early stage. As the cyclic loading 

goes up to 1000 cycles, the APU-1.2 shows a permanent elongation of approximately 10% strain, 

indicating some network damages but less severe than Nylon-12. (B) Comparison of the 

mechanical properties. (a) Representative stress-strain curves of PVC, Nylon-12 and APU-1.2, 

(b) strain at break (*** p < 0.0001), (c) UTS (*** p < 0.0001) and (d) E (*** p < 0.0001). The 

compact APU-1.2 elastomer shows a strain at break comparable to the Nylon-12. The E at 0-15% 

strain reaches 28.8 ± 5.2 MPa, nearly 5 times to that of the PVC. One-way ANOVA analysis with 

Bonferroni post-test is performed for the statistical analysis. Data represents the mean ± SD (n = 

4).

The uniaxial tensile tests indicate that the compact APU-1.2 demonstrates two elastic 

elongation regions at 0 to 15% strain and 25% strain to break with a curved region between 15% 

and 25% strain. The E values transit from an initially high modulus of 28.8 ± 5.2 MPa (0-15% 
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strain) to a relatively low modulus of 3.0 ± 0.4 MPa (25% strain - break) (Fig. 8B). Such elastic 

elongation profile with a transition region is apparently different with the typical plastic deformation 

with a yield stress as the Nylon-12 demonstrated (Fig. 8B(a)). We speculate that the unique 

elastic elongation is mainly caused by different crosslinking densities, different polymer chain 

length between the crosslinks and some irreversible physical interactions in the compact APU-

1.2 elastomer. This is because the azido pendants are randomly distributed along the APU pre-

polymer for crosslinking to form the APU-1.2 elastomer. Therefore, at the early phase of the 

elongation, the high crosslinking domains with short polymer chains dominate the high E value 

under stretching (0-15% strain). As the elongation continues to 15% - 25% strain, the tightly 

crosslinked polymer networks are gradually broken and thus E value accordingly transits to the 

low modulus region (25% strain - break) for elongation. In addition, some irreversible physical 

interactions also contribute to the crosslinks and the high E value that are disrupted at the early 

stage during the stretching. This is evidenced by the above cyclic tensile tests and DSC analysis 

of the compact APU-1.2 elastomer (Fig. 8A, Fig. S5C). The DSC analysis shows a melting 

temperature at 75.3 ºC with an endothermic enthalpy of 25.6 J/g during the first heating, indicating 

the presence of crystalline structures. However, no similar endothermic event is observed in the 

second heating, except a glass transition temperature at approximately -8.9 ºC. The cooling 

process demonstrates a mild exothermic enthalpy of 5.7J/g at -6.8 ºC, indicating only a partial 

crystallization occurred. These DSC data suggest that most of the crystalline structures are not 

reversible because of the limited chain mobility for crystallization during the cooling process in the 

crosslinked compact APU-1.2 networks. Therefore, the crystalline domains contribute to the 

crosslinking points and the E value at the early stage of elongation. Compared to the wet porous 

APU-1.2 elastomer that does not show a curved transition region between 15% and 25% strain 

upon elongation (Fig. 6), we speculate that the irreversible crystalline crosslinks are mainly 

responsible for this curved transition region in the compact APU-1.2 elastomer. Based on the 

above analyses, it appears that the distribution and the numbers of the azido pendants along the 
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APU backbone can be further adjusted to mediate the crosslinking density, the uniformity of chain 

length between the crosslinks and the elastic deformation profiles. 

Because the Nylon-12 only demonstrates an elastic elongation of approximately 6% strain, 

the E value at 0-15% strain of the compact APU-1.2 elastomer is used to compare with those of 

the PVC and Nylon-12. The modulus of the APU-1.2 is nearly five times to that of the PVC, but 

only one sixteenth to that of the Nylon-12. The UTS reaches 8.2 ± 1.3 MPa, which is smaller than 

both the PVC (16.7 ± 1.6 MPa) and the Nylon-12 (41.2 ± 5.5 MPa). Here, we only examined the 

mechanical properties of the compact APU-1.2 elastomer and compared with the commercial 

PVC and Nylon-12 materials. Like the porous APU elastomers, changes of the crosslinking 

densities can also modulate the E, UTS and strain at break of the compact APU elastomers. 

Overall, although this APU elastomer is not as tough as the PVC and Nylon-12 resins, its versatile 

elastic performance with a wide range of tunable modulus makes this material attractive to design 

stable elastomeric components.

4. In vitro degradation

We examined the degradation of the compact APU-1.2 elastomer over 6 days in a 60 

mM NaOH solution at 37 °C (Fig. 9). For comparison, a biodegradable poly(glycerol sebacate) 

elastomer similarly with a compact structure demonstrated 23.1  1.6% degradation over 3 days 

under the same testing condition . To this stable APU elastomer, the degradations of all groups 

are remained below 1.9 ± 0.7% across the experimental window, demonstrating a considerable 

stability under this testing condition. An in vivo subcutaneous implantation study in mice 

indicates similar stability of the samples during the 8 weeks test window (Supporting 

Information, Fig. S7).
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Figure 9. In vitro degradation of the APU-1.2 elastomer in a 60 mM NaOH solution at 37 °C over 

different times. The degradation is remained below 1.9 ± 0.7% across the experimental window, 

showing a considerable stability against basic erosion. One-way ANOVA analysis with Bonferroni 

post-test is performed for the statistical analysis. Data represents the mean ± SD (n = 4).

5. In vivo biocompatibility

Currently, we focus on making the APU elastomers without any further functionalization, 

we therefore selected the APU-1.0 elastomer for in vivo biocompatibility study. Disc samples with 

diameter of approximately 6 mm and 1 mm in thickness were punched from an elastomeric sheet 

and sterilized by autoclave for implantation. The disc samples were subcutaneously implanted in 

mice backs over 56 days to investigate the host responses. All animals survived throughout the 

experiments without any infection or abscess at the implanted sites. All implants demonstrated 

no degradation or surface erosion across the experimental time, demonstrating a considerable 

biostability (Fig. S7). 

At days 3, 28 and 56, tissues along with the implants were harvested, sectioned and 

stained with hematoxylin and eosin (H&E) and Masson's trichrome (MTS) for histological studies. 

Tissues around the implants show mild adverse responses such as inflammation and fibrosis, but 

no necrosis or muscle degeneration (Fig. 10, 11). H&E staining shows mild phagocytic 

inflammatory infiltrates near the implants at days 3 post-implantation (Fig. 10A, D). The 

inflammatory infiltrates increase around the implant at days 28, but no cells can infiltrate the 

implant because of no open pores on the implant surface for cell infiltration (Fig. 10B, E). At days 
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56 post-implantation, the implants remain intact with smooth surface and no erosion occurs. Few 

cells could attach the implant surface and form foreign body giant cells. The cell population around 

the implant appears steady compared to that of 28 days (Fig. 10E, F). However, the extracellular 

matrix (ECM) deposition around the implant turns into a denser porous structure. It is worth noting 

that the native tissue alignment and muscle cell morphologies remain the same, indicating no 

toxins leached from the implants to affect the native tissues.

Figure 10. Representative micrographs of H&E stained sections surrounding the implants. White 

star marks the implants. Low magnification of images (A, B and C) represent the H&E stained 

tissues harvested at days 3, 28 and 56 post-implantation respectively, (Scale bar, 500 μm). 

Rectangular frames indicate the regions chosen for a higher magnification (D, E and F), (Scale 

bar, 100 μm).

We further examined the collagen deposition around the implants by MTS staining.  The 

MTS stained sections show a loose layer of collagen surrounding the implant (blue fibrous 

structure) at days 28 (Fig. 11A, C). The collagen deposition becomes a denser and porous 

capsule to isolate the implant from the surrounding tissue at days 56 (Fig. 11B, D). This is 

consistent with what we observed in H&E stained sections (Fig. 10E, F). When comparing the 
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collagen thickness over the implantation time, it shows no statistical difference between the days 

56 and 28 (Fig. 11E). The collagen capsule prevents the recruited cells from approaching the 

implant, which likely further contributes to the material stability against biological degradation and 

reduce foreign body reactions.

Figure 11. Representative MTS stained sections illustrate the collagen deposition around the 

APU implant over implantation time.  The white stars mark the implants. Low magnification of 
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images (A and B) are the tissues harvested at days 28 and 56 post-implantation (Scale bar, 500 

μm). Rectangular frames indicate the regions chosen for a higher magnification (C and D), (Scale 

bar, 100 μm). (E) The thickness of collagen deposition around the implants is quantified for 

comparison at days 28 and 56 post-implantation. To each group, twelve locations around the 

implants are randomly selected from three MTS stained micrographics to measure the thickness 

and obtain the mean value with a standard deviation. Red arrow indicates one location as an 

example for collagen thickness measurement. One-way ANOVA with Bonferroni post-test is used 

for statistical analysis. A p value < 0.05 is considered significantly different.  Data represent the 

mean ± SD (n = 12). 

To further investigate the host reactions and cell activities, we use CD68 and DAPI to 

detect macrophage distribution around the implants (Fig. 12). CD68 is a pan-macrophage marker. 

By days 3 post-implantation, the implants induce a non-specific inflammatory response and recruit 

immune cells to the implantation site as revealed by CD68 staining (Fig. 12A). At days 28 after 

implantation, the macrophages further increase around the implants compared to days 3, 

indicating more inflammatory cells are recruited to the implantation site (Fig. 12B). The 

macrophages are then significantly reduced to a level close to that of the contralateral control at 

days 56 post-implantation (Fig. 12C-E), indicating that the inflammation to the material is nearly 

resolved at this time point. The change of macrophage numbers over the implantation time is 

consistent with the process of fibrotic encapsulation of the implant. Thus, the inflammatory 

response further evidenced that the fibrotic capsule indeed reduced the foreign body reactions to 

the material.
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Figure 12. Representative micrographs of immunohistochemically stained sections of CD68 

positive macrophages merged with DAPI staining (Scale bar, 100 µm). Tissues were harvested 

at days (A) 3, (B) 28, (C) 56 and (D) the contralateral tissue at days 56 without implant as a 

control. The dark areas without DAPI in the images A-C are the implant locations. Some red spots 

are attributed to the background fluorescence from the absorbed CD68 stain on the implants. (E) 

Quantification of CD68 positive macrophages (MP number per mm2) at different time points. The 

population of CD68 positive cells increases from days 3 to 28 post-implantation with a statistical 

difference. The macrophages then significantly reduce to a level close to the contralateral control 
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at days 56 post-implantation. Images from more than 9 random areas around the implantation 

sites are selected for quantification. *** p < 0.0001. P < 0.05 is considered significant different. 

Data represent mean ± SD (n ≥ 9).

Generally, a biomaterial implant in living tissue will activate and recruit the immune cells 

such as neutrophils, monocytes and macrophages to the implantation site.39, 43-44 The recruited 

cells are induced to secrete inflammatory cytokines and chemokines to recruit more immune cells 

to degrade the foreign material.44 In this case, the elastomeric implant is made with smooth 

surface and isolated pores. No erosion occurs on the implant surface after implantation. This is 

different with the reported surface degradation phenomena on the ether-based PU implants.45-46 

We speculate that such difference is likely because of the different implantation time, elastomer 

structure, crosslinking bonds and ether segment properties of our APU implant. The recruited 

cells approach the implant, but could not infiltrate it because of no pathway to allow infiltration 

(Fig. 10). The recruited cells secrete ECM around the implant over time. At days 56 post-

implantation, the collagen deposition is densified to become a fibrotic capsule surrounding the 

implant (Fig. 11). Most of the recruited cells are confined in the capsule layer (Fig. 10C, F). The 

fibrotic encapsulation contributes to isolate the implant from surrounding tissues and thus reduce 

the foreign body reactions (Fig. 12). The cell population remains relatively steady across the 

implantation time. No other adverse host responses were observed after implantation. Overall, 

the in vivo studies suggest the suitability of this material to construct a stable elastomeric scaffold 

for tissue engineering applications.

Compared to conventional PU elastomers made from polyol and polyisocyanate,1 we 

introduce azido functionality to make the APU elastomers using click chemistry without causing 

other side reactions. Currently, we selected TEG as an ether diol segment together with the 

designed BAG monomer to make the APU elastomers. We expect this method to be similarly 

versatile to make other biodegradable APUs by selecting a polyester based diol as a segment to 

react with HDI and the BAG monomer. In addition, current method formed isolated pores in the 
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APU elastomers with smooth surface. No cells could infiltrate the implant. The pore 

interconnectivity is another important aspect that needs to be improved if an interconnected 

porous APU scaffold is needed to make a tissue scaffold that could allow cell infiltration and 

proliferation along with the scaffold.

Conclusion

We have reported an APU pre-polymer using a newly designed azido-bearing diol 

monomer to introduce azido functionality for click crosslinking under a mild condition. This pre-

polymer could easily generate stable porous elastomers with tunable mechanical properties 

through adjusting the azido/alkyne ratios or the pre-polymer concentrations for crosslinking. In 

addition, this material can also easily form a thermoset elastomer by a compressive heat 

treatment at a temperature close to its melting temperature. These APU elastomers with different 

structures therefore possess a wide range of modulus and elastic performance for different utilities. 

The elastomer showed a considerable stability against erosion in a basic solution. The 

elastomeric scaffold also demonstrated a considerable biostability as revealed by the 

subcutaneous implantation study. The implant induced only mild inflammatory responses and 

fibrotic capsules around the implant. No other adverse host responses were observed. Although 

we only examined the feasibility using the designed BAG monomer to make an azido-

functionalized PU for utility. We believe this monomer can also react with HDI together with other 

diol segments to manipulate the physical, chemical and biological properties of the resultant APUs 

for specific applications.

Experimental Methods

1. Synthesis of bisazido diol monomer

All chemicals were used as received. The bisazido diol monomer was synthesized by ring 

opening reaction between ethylene glycol diglycidyl ether (EGDE) and sodium azide using a 

reported protocol with modification.30 Specifically, EGDE (1.742 g, 10 mmol, ~90%, Pfaltz&Bauer 

Inc, CT, USA) was mixed with 10 ml of CH3CN:H2O (9:1 v/v). Then Oxone monopersulfate (Alfa 
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Aesar) (6.15 g, 10 mmol) was added as catalyst under magnetic stirring for 5 min. Next, sodium 

azide (99.0%, EMD) (1.30 g, 20 mmol) was added to the mixture and stirred for 30 min, followed 

by adding another 1.30 g of sodium azide and 1.0 ml of deionized water. The reaction was 

remained for 44 h under nitrogen atmosphere with gentle magnetic stirring to yield a light yellowish 

solution with sediments. The mixture was rot-evaporated under reduced pressure (50 mmHg) at 

25 C for approximately 2 h to remove solvent. The solid residues were then extracted with 430 

ml dichloromethane (DCM) and the organic layers containing raw product were combined, 

followed by adding sodium sulfate anhydrous (25 g) to dry overnight. The organic layer was then 

decanted into another flask and rot-evaporated under reduced pressure at 50 C for about 2 h to 

remove DCM. A raw product of the bisazido diol (2,2’-bis-azido-methyl triethylene glycol, called 

as BAG) in light yellowish was obtained with yield of 88%.

The raw BAG was purified by a Biotage Flash Chromatography (Isolera One, Biotage, 

USA) using hexanes/ethyl acetate (17%/83% v/v) as mobile phase and silicone gel cartridge as 

the stationary phase. The desired eluate was collected and rot-evaporated under reduced 

pressure at 50 C for 2 h to remove solvent. A transparent liquid BAG monomer was obtained 

with yield of 74%. 

2. Synthesis of di-alkyne (DA) crosslinker

The DA crosslinker was synthesized by mixing 5-hexyn-1-ol (2.226 g, 22 mmol) and 

hexamethylene diisocyanate (HDI) (1.682 g, 10 mmol) in 2 ml dioxane anhydrous (99.0%, 

ACROS Organics) in a round bottom flask. The reaction was remained at 70 C for 17 h with 

magnetic stirring under nitrogen atmosphere. After cool down to room temperature, a white solid 

product was formed. The raw product was rot-evaporated to remove solvent at 60 C for 1 h. Then 

6 ml tetrahydrofuran (THF, HPLC grade, Alfa Aesar) was added to dissolve the raw product and 

rot-evaporated to remove the solvent again. The solid was then completely dissolved in 8 ml THF 

by heating at 60 C. After cool down to approximately 30 C, the solution was precipitated in two 
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50 ml centrifuge tubes filled with 45 ml diethyl ether per tube. The precipitates were settled in a -

20 C refrigerator overnight and centrifuged to collect the solids. The solvation and precipitation 

were replicated twice and the solid was further washed twice with diethyl ether to obtain a purified 

DA product with yield of approximately 78% after drying overnight under reduced pressure at 

50 °C.

3. Synthesis of azido-functionalized polyurethane

The azido-functionalized polyurethane (APU) was synthesized by condensation 

polymerization between hexamethylene diisocyanate (HDI), the as-prepared BAG and 

tetraethylene glycol (TEG). Specifically, HDI (99+%, ACROS ORGANICS) (1.682 g, 10 mmol) 

and BAG (0.260 g, 1 mmol) were mixed in 2 ml of N,N-dimethylformamide  anhydrous (DMF, 

99.8%, ACROS ORGANICS). Then 5 l of di-n-butyltin dilaurate (DBTDL, 95%, Alfa Aesar, dried 

by molecular sieve) was added as a catalyst to react for 1 h with magnetic stirring under nitrogen 

atmosphere. Then, TEG (1.748 g, 9 mmol, 99.5%, ACROS ORGANICS, dried by molecular sieve) 

in 3 ml of DMF were added and the reaction was continued for approximately 20 h under nitrogen 

atmosphere. The reaction turned to a white gel-like state. The magnetic stirring was discontinued 

due to the high viscosity. Additional 10 ml DMF was added to dissolve the pre-polymer to yield a 

clear solution which was then precipitated in two 50 ml centrifuge tubes filled with 40 ml diethyl 

ether per tube. The solid was collected by centrifugation at 3500 rpm for 15 min. The solvation 

and precipitation were replicated twice. The solid was then washed twice with diethyl ether and 

dried under reduced pressure overnight. The solid was further washed with ethanol/deionized 

water (1:1 v/v) and deionized water under gentle agitation overnight per wash and isolated by 

centrifugation. The solid was freeze-dried for 48 h to obtain the product with a yield of 

approximately 87 %.

To examine the reaction efficiency of the BAG monomer with HDI relative to the reaction 

time, another experiment was conducted by increasing the reaction time of BAG with HDI to 3 h, 
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followed by adding the TEG segment for further reaction. All other reaction conditions were 

remained the same. The resultant APU was similarly purified and analyzed by proton NMR 

analysis to identify the actual azido content.

4. Material characterization

The molecular weight of the APU pre-polymer was determined by gel permeation 

chromatography using Malvern Panalytical OMNISEC GPC system (Malvern Instruments Ltd, 

UK). The OMNISEC advanced detection system is equipped with triple detectors, including 

refractive index, right angle and low angle light scattering (RI, RALS and LALS). Advanced 

detection method was used to determine the molecular weight. Column set of T6000M and T3000 

and THF were used as stationary and mobile phases respectively. THF flow rate was set at 1.0 

ml/min. The autosampler, column and detector temperatures were set up at 20, 25 and 25 ºC 

respectively. The detection was first calibrated with the company supplied narrow and broad 

polystyrene standards. The APU pre-polymer was dissolved in HPLC grade DMF at 2.35 mg/ml 

and filtered through 0.2 m PTFE syringe filter for test. The detection was replicated thrice. Mn, 

Mw and PDI were determined to be 15000 ± 2127 Da, 21930 ± 1230 Da and 1.47 ± 0.12.

The chemical structure and composition of the purified BAG, DA crosslinker and APU pre-

polymer were characterized by FTIR (NICOLET iS10, Thermo SCIENTIFIC, USA) and 1H-NMR 

(400 Hz, Bruker, MA). The purities of the monomer and the crosslinker were examined by HPLC 

analysis. 10 mg/ml of BAG or DA in methanol was respectively prepared for test using UltiMate 

3000 HPLC equipped with UltiMate 3000 variable wavelength detector (ThermoFisher 

SCIENTIFIC, USA). Methanol and Discovery C18 column (25 cm x 4.6 mm, 5 m) were used 

as mobile and stationary phases. The flow rate of mobile phase was set at 1.000 ml/min with 

pump pressure at 1107 psi. The detector wavelength was set at 245 nm for detection.

 The thermal properties of the APU pre-polymer was examined by DSC analysis (DSC 

Q200, TA Instrument). 5.67 mg of the APU solid was loaded in an aluminum cuvette and the test 
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was performed in a heat/cool/heat model under nitrogen atmosphere with flow rate of 50 ml/min. 

The temperature was first raised from 20 to 450 °C with heating rate at 5 °C/min, followed by 

cooling down to -80 °C and then raising again to 450 °C. In this way, the change of thermal 

properties caused by potential chemical reactions could be detected because of the presence of 

azido groups in the APU pre-polymer.

To further examine the glass transition temperature (Tg), melting temperature (Tm) and 

crystallization (Tc) of both the APU pre-polymer and APU elastomer, DSC analysis (MDSC Q1000, 

TA Instrument) was further performed with the maximal temperature set up at 200 °C without 

decomposing the polymers. In this case, the heating rate was set at 10 °C/min with the cooling 

rate at 5 °C/min and nitrogen flow rate at 50 ml/min. 5.6 mg APU pre-polymer and 6.4 mg APU-

1.2 elastomer were respectively loaded in a standard Tzero pan with lip. The tests were recorded 

by first heating up from 25 °C to 200 °C and then cooling down to -60 °C, followed by the second 

heating up to 200 °C.

5. Preparation of APU elastomers

All porous APU elastomers were made by crosslinking APU pre-polymer solutions with 

DA crosslinker in the presence of copper (I) catalyst at 37 °C for 4 h. First, we prepared a series 

of APU elastomers with azido to alkyne (Az/Ak) molar ratios ranged from 1.2 to 0.6 for crosslinking 

while the APU pre-polymer solution at 20 wt./v % was used. These elastomers were made to 

investigate how the crosslinking density would affect the mechanical properties. Specifically, APU 

pre-polymer in DMF at 20 wt./v % (~66 mM azido), DA in DMF at 270 mM, CuSO4 in deionized 

water at 1 M and Na-L-Ascorbate in DMF/deionized water (1:1, v/v) at 750 mM were prepared for 

use. To each vial, 1.0 ml of APU solution was respectively mixed with 100, 117, 150 or 200 µl of 

DA solution. In these mixtures, the Az/Ak molar ratios were 1.2, 1.0, 0.8 and 0.6 respectively for 

the click reactions. Then, to each vial, 12 µl of CuSO4 solution was added and mixed by pipetting 

and gently shaking, followed by quickly mixing with 80 µl of Na-L-Ascorbate solution. The mixture 

was immediately transferred into a rectangular silicone rubber mode (about 1 mm in thickness) 
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mounted on a glass slide. All samples were settled in culture dishes with cover and the click 

reaction was remained in an incubator at 37 °C for 4 h to obtain four APU organogels as the 

precursors. The organogels were subsequently washed in DMF/10 mM EDTA (1:1 v/v) for 24 h, 

then 10 mM EDTA, deionized water and 0.9 % saline for 48 h per wash to form APU elastomers. 

They were named as APU-1.2, APU-1.0, APU-0.8 and APU-0.6 respectively. 

To study the effects of pre-polymer concentrations on the mechanical properties, 10, 20 

and 30 wt./v % APU in DMF solutions were prepared while the Az/Ak ratio was remained at 1.2 

for crosslinking. All other components and procedures were the same as the above. The 

elastomers were designated as APU-10%, APU-20% and APU-30%. 

To study the mechanical properties of a compact APU elastomer with little porous 

structure, the as-prepared porous APU-1.2 elastomer sheets were freeze-dried and clamped 

between two glass slides by a medium binder clips (1.25 inch). The samples were fused at 80 °C 

in an oven for 30 min to form compact APU-1.2 elastomers for mechanical tests. Two catheter 

materials, poly(vinyl chloride) (PVC) catheter of 16 French  (McKesson Medical-Surgical Inc.) and 

Nylon-12  catheter tube of 11 French (Duke Extrusion) were used to compare the mechanical 

properties with the compact APU-1.2 elastomer.

6. Mechanical property tests

Dog-bone samples were punched from all APU elastomers, PVC catheter and Nylon-12 

tube using a dog-bone cutter (3.0x0.5 cm with a neck length of 10.5 mm and width of 1.5 mm). 

Uniaxial tensile and cyclic tensile (hysteresis) tests were performed according to the standard 

method (ASTM D412) using Instron 5943 single column testing system equipped with 50N loading 

cell and Bluehill Universal software (INSTRON, MA, USA). An elongation rate was set up at 10 

mm/min for tensile tests and 30 mm/min for hysteresis tests. The hysteresis tests were repeated 

thrice to obtain an average cyclic loading numbers for each material; whereas the uniaxial tensile 

tests for each material were replicated at least four times to obtain the mean value with standard 

deviation of ultimate tensile strength (UTS), Young’s modulus (E) and strain at fracture (%).
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7. In vitro degradation test

The compact APU-1.2 sheet with thickness of approximately 0.55 mm was cut into 

rectangular pieces with width of 5 mm and length of 9 mm. The initial mass of each sample was 

recorded as M0. To each sample, 5 ml of 60 mM NaOH solution was added and the degradation 

test was set in an incubator at 37 ºC for 2, 4 and 6 days. At the scheduled time points, the samples 

were collected, washed completely with deionized water and freeze-dried to record the residual 

mass as Mr. The degradation rate was calculated as degradation% = (M0 - Mr)100/M0.

8. In vivo biocompatibility study

Male BALB/cJ mice (Jackson Laboratory) with an average age of 8–9 weeks were used 

and cared for in compliance with a protocol approved by the Institutional Animal Care and Use 

Committee of the University of Pittsburgh. 

The APU elastomeric scaffold prepared in section 5 were punched using a circular 

puncher with a diameter of 6 mm and thickness of 1 mm. The scaffolds were sterilized by 

autoclave prior to the subcutaneous implantation. Under isoflurane anesthesia, the APU 

samples were implanted in the left backs of BALB/cJ mice. At days 3, 28 and 56 after 

implantation, the animals were sacrificed and the tissues were harvested at the implantation 

sites. Tissues were fixed in 10% formalin for 15 min, and then soaked in 30% sucrose and 

embedded in the Tissue-Tek optimum cutting temperature (O.C.T) compound (Sakura Finetek 

USA). Cross sections (6 μm thick, longitudinal axial cut) were stained with hematoxylin and 

eosin (H & E), Masson's trichrome stain (MTS) and ED-1 to examine host responses such as 

inflammation, collagen deposition or any adverse effects. For ED-1 immunohistochemical 

analysis, the 6 μm thick tissue sections were dried and fixed in histology-grade absolute ethanol 

for 15 min, air dried, and incubated with rat monoclonal anti-CD68 (1:200, Abcam, Cambridge, 

MA) for ED-1 identification. The slides were then incubated with a goat anti-rat-Alexa 594 

(1:400, Life technologies, Carlsbad, CA) for 1 h. ED-1 stained sections were analyzed for the 
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population of recruited macrophages. Twelve to twenty-four 200x magnification images were 

obtained for each specimen. The images were taken using an inverted microscope Eclipse Ti 

(Nikon, Melville, NY) equipped with a digital camera (QImaging, BC, Canada).

To quantify the collagen thickness around the implant, twelve locations from three MTS 

stained sections per group were selected to measure the collagen thickness to obtain the mean 

value with a standard deviation. To quantify the CD68 positive macrophages, nine to eighteen 

immunohistochemically stained sections per group were randomly selected to count the 

macrophage numbers on each image. The macrophage numbers over each image area (MP 

number per mm2) were calculated to obtain the mean value with a standard deviation.

9. Statistical analysis

Statistical analysis was performed using one-way ANOVA with post-test of Bonferroni or 

Tukey correction. A p value < 0.05 is considered significant. Data represent the mean ± standard 

deviation (SD).
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