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ABSTRACT: A pair of alkyne- and thiol-functionalized polyesters are designed to
engineer elastomeric scaffolds with a wide range of tunable material properties (e.g.,
thermal, degradation, and mechanical properties) for different tissues, given their different
host responses, mechanics, and regenerative capacities. The two prepolymers are quickly
photo-cross-linkable through thiol-yne click chemistry to form robust elastomers with small
permanent deformations. The elastic moduli can be easily tuned between 0.96 ± 0.18 and
7.5 ± 2.0 MPa, and in vitro degradation is mediated from hours up to days by adjusting the
prepolymer weight ratios. These elastomers bear free hydroxyl and thiol groups with a
water contact angle of less than 85.6 ± 3.58 degrees, indicating a hydrophilic nature. The
elastomer is compatible with NIH/3T3 fibroblast cells with cell viability reaching 88 ±
8.7% relative to the TCPS control at 48 h incubation. Differing from prior soft elastomers, a mixture of the two prepolymers without
a carrying polymer is electrospinnable and UV-cross-linkable to fabricate elastic fibrous scaffolds for soft tissues. The designed
prepolymer pair can thus ease the fabrication of elastic fibrous conduits, leading to potential use as a resorbable synthetic graft. The
elastomers could find use in other tissue engineering applications as well.
KEYWORDS: biodegradable and bioresorbable polyesters, elastomers, thiol-yne click chemistry, synthetic vascular grafts, electrospinning

1. INTRODUCTION
Biocompatible and biodegradable polyester elastomers have
shown wide applications in tissue engineering, such as nerve
conduits, cardiac patches, and synthetic vascular grafts.1−5 For
tissue engineering applications, different tissues and animals
typically show different host responses, mechanical properties,
and regenerative capacities.6−8 Therefore, the elastomers with
appropriate hydrophilicity, robust elasticity, and tunable
material properties (e.g., degradation, mechanical properties)
are preferred to engineer scaffolds for different applications. An
elastomer with a water contact angle of less than 85 degrees is
typically considered to be hydrophilic which will allow cell
infiltration, adhesion, and proliferation in the scaffolds for
remodeling.5,9,10 In addition, an elastomer with robust
elasticity is desired to undergo reversible deformations,
dissipate stress exerted on the scaffolds, and help retain the
scaffold integrity to guide tissue growth in a mechanically
dynamic environment.11,12 Further, a scaffold with an
appropriate degradation rate is preferred to avoid immature
tissue regeneration or complications such as foreign body
reactions caused by either too quick or too slow degradation of
the scaffold.5,13,14 Finally, mechanical match with native tissues
is important to provide sufficient mechanical support for tissue
regeneration and at the same time avoid mechanical irritation
by mismatch.15−17 When it comes to engineering bioresorb-

able synthetic grafts for in situ arterial regeneration, we
hypothesize that the designed grafts need to simultaneously
possess features of appropriate hydrophilicity and degradation
rate, robust elasticity, and suitable mechanical properties
together with good biocompatibility and bioresorbability.
These features likely play synergistic roles in graft regener-
ation.5,14,18−22 In addition, an electrospinnable and quickly
cross-linkable soft polyester elastomer will make the material
feasible to fabricate elastic fibrous conduits as resorbable grafts
for preclinical studies in different animal models.23 To our
knowledge, no elastomer has been designed to simultaneously
satisfy all of these application requirements. Therefore, we
report such an elastomer for applications in resorbable
synthetic grafts and beyond.
To render good biocompatibility and bioresorbability to the

designed elastomer and its degraded components, we selected
monomers 1,8-octanediol, glycerol, alkyne-functionalized ser-
inol, sebacic acid, thiomalic acid, and poly(ε-caprolactone)
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(PCL) as building blocks. Among them, the alkyne-serinol is
our recently designed diol monomer to impart alkyne
functionalities to polyesters for biomedical applications.24

Thiomalic acid has been used to make sodium aurothiomalate
in the treatment of rheumatoid arthritis.25 This monomer has
also been used to synthesize thiol-bearing polyesters such as
poly(1,8-octanediol-co-citrate-co-thiomalate) and poly(1,8-oc-
tanediol-co-maleicate-co-thiomalate) for biomedical applica-
tions.26 The other monomers such as glycerol, 1,8-octanediol,
and sebacic acid have been used to make bioresorbable
polyesters of poly(glycerol sebacate) (PGS) and poly(1,8-
octanediol citrate) (POC).27−29 Therefore, these selected
monomers can ensure our designed elastomers are biocompat-
ible and bioresorbable.
Prior designs typically combined different monomers into

one batch to synthesize a copolyester with a specific
composition, which showed limited tunable material proper-
ties. If different material properties and performances are
required, new syntheses need to be conducted with a different
composition by adjusting the monomer ratios, copolymeriza-
tion with different monomers, or postmodifications.28,30−32

For example, glycerol, 1,8-octanediol, and sebacic acid at
different molar ratios were copolymerized to yield poly-
(glycerol-co-1,8-octanediol-co-sebacate) (PGOS) prepolymers,
which were thermally cross-linked to form the PGOS

elastomers. The material properties such as mechanical
properties, hydrophilicity, and degradation rates could be
tuned by the prepolymer composition and curing time.30,32 If
the curing time was not included, only synthesis of each
prepolymer took about 71 h in the presence of an enzymatic
catalyst.30 In another case, we designed an alkyne-bearing
polyester by copolymerizing 1,3-propanediol, alkyne-function-
alized serinol, and sebacic acid.24 This alkyne-bearing random
copolyester could be UV-cross-linked with a small dithiol
cross-linker in minutes to form elastomers. However, the
material properties were also dependent on the prepolymer
composition and the cross-linking density. In this case,
synthesis of each prepolymer took about 96 h, although the
curing was eased by UV-cross-linking.24 It is worth noting that
such a batch-to-batch synthesis of prepolymers with different
compositions is time- and energy-consuming.
Here, we use our selected monomers to synthesize a pair of

alkyne and thiol-functionalized polyesters to ease the tunability
of the material properties and performances for different
applications. When the alkyne- and thiol-bearing prepolymers
are mixed at different weight ratios, they are quickly cross-
linked through thiol-yne click chemistry under UV light to
form a series of elastomers. The prepolymer ratios are used to
control the material compositions, structures, and properties of
the resultant elastomers. These elastomers simultaneously

Figure 1. Synthesis routes. (A) Poly(ε-caprolactone)-b-poly(glycerol-co-sebacate-co-alkyne-serinol) block copolyester with the PCL block at 50
mol % and the alkyne pendant at 20 mol % in the PGSA block (PCL50-b-PGSA20). (B) Poly(1,8-octanediol-co-sebacate-co-thiomalate) with 50 mol
% thiomalate (POST50). (C) Schematic illustration of thiol-yne click cross-links between the PCL50-b-PGSA20 and POST50 prepolymers to form
network structures. The click cross-link is triggered by UV light at 254 nm in the presence of a photoinitiator (DMPA). The weight ratios of the
PCL50-b-PGSA20 and POST50 are used to tune the material properties (e.g., thermal properties, degradation, mechanical properties).
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possess features of robust elasticity, considerable hydro-
philicity, and a wide range of tunable degradation and
mechanical properties. Further, a mixture of the two
prepolymers is electrospinnable and UV-cross-linkable to
construct elastic fibrous scaffolds. This report demonstrates
the syntheses and characterizations of the prepolymers and the
resultant elastomers. We investigate the effects of the chemical
structures and compositions on the thermal properties,
hydrophilicity, in vitro degradation, elasticity, and mechanical
properties. In addition, we also demonstrate the feasibility of
fabricating elastic conduits by electrospinning and UV cross-
linking as well as examine the relevant mechanical properties of
the conduits.

2. RESULTS AND DISCUSSION
2.1. Syntheses of a Pair of Alkyne- and Thiol-

Functionalized Polyesters. We have designed a pair of
functional polyesters to engineer elastomeric scaffolds for
biomedical applications. One polyester is condensed from
glycerol, alkyne-functionalized serinol, sebacic acid, and PCL
in two steps to form an alkyne-functionalized block
copolyester, poly(ε-caprolactone)-b-poly(glycerol-co-sebacate-
co-alkyne-serinol) (PCLx-b-PGSAy) (Figure 1A). The alkyne-
serinol, glycerol, and sebacic acid are first condensed at a molar
ratio of 1:4:5 to make the PGSA block (Figure 1A (step 1) and
Table 1). This block bears 20 mol % of alkyne pendants and 80

mol % of unreacted hydroxyl groups. In the second step, the
PCL block at 50 mol % based on the PCL repeats to the PGSA
repeats is further condensed with the PGSA block to yield the
resultant PCL50-b-PGSA20 block copolyester (Figure 1A (step
2) and Table 1). In this way, the PCL50-b-PGSA20 prepolymer
is designed to combine the soft PGSA block with the relatively
stiff PCL block into one system. The PGSA block bears the
alkyne pendants for thiol-yne click reactions and the free
hydroxyl groups to retain certain hydrophilicity, while the PCL
block is to impart crystalline domains. It is worth noting that
the initial PCL (Mn = 80 kDa) is reacted with the free hydroxyl
groups on the PGSA block through transesterification to form
short PCL-b-PGSA chains, which are further condensed to
form the resultant PCL50-b-PGSA20 block copolyester, instead
of just a diblock structure (Figure 1A (step 2)). Thus, there is
no concern about slow degradation of the initial 80 kDa PCL
in this prepolymer (Table 1). On the other hand, the PCL
blocks are important to impart the crystalline domains that can
interact with our designed thiol-bearing polyester based on

crystal-domain interactions to make the resultant elastomers as
we will demonstrate in the subsequent sections. Previously, the
ε-caprolactone monomer was copolymerized with glycerol and
sebacic acid to yield a viscous random copolyester of poly(ε-
caprolactone-co-glycerol-co-sebacate), which was dominated by
amorphous structure and showed limited tunable material
properties.33 Our PCL50-b-PGSA20 prepolymer is highly
viscoelastic and stretchable because of the soft nature and
strong physical interactions between the polymer chains
(Figure S2A,B). The PCL50-b-PGSA20 prepolymer is soluble
in acetone, THF, HFIP, DMF, and acetone/DCM cosolvent
for use.
The thiol-bearing polyester is condensed from 1,8-

octanediol, sebacic acid, and thiomalic acid at a 2:1:1 molar
ratio. The polycondensation yields a random copolyester of
poly(1,8-octanediol-co-sebacate-co-thiomalate) with 50 mol %
thiomalate (POST50) (Figure 1B). The POST50 prepolymer
appears slightly more solid than a wax (Figure S2C), and is
soluble in acetone, DCM, THF, and HFIP, respectively. We
would like to note that changes of the monomer fractions, such
as the thiomalate in the POST and the alkyne-serinol and PCL
block in the PCL-b-PGSA, can accordingly alter the
prepolymer properties such as the viscoelastic and thermal
properties, among others (Data not shown here). Here, we will
focus on using the POST50 and the PCL50-b-PGSA20
prepolymers mixing at different weight ratios to make
elastomers for investigations (Figure 1C).

2.2. Polymer Molecular Weight and Polydispersity.
Gel permeation chromatography (GPC) analysis is used to
examine the prepolymer molecular weight and polydispersity
(PDI) (Figure S3). The GPC spectrum of the PCL50-b-
PGSA20 prepolymer exhibits a portion of high molecular
weight polymers followed by a low molecular weight portion
(Figure S3A). The number-average molecular weight (Mn) can
reach 43 550 Da with a molar mass distribution (PDI) of 5.10
(Table 1). The relatively high PDI is because the glycerol
monomer tends to yield a certain percentage of branched
structures.34 This is a common phenomenon in glycerol-
containing polyesters such as the PGS and its derivatives.31,32

Another reason is because the incorporation of the PCL block
increased the viscosity of the reaction system which also
contributed to the relatively high molar mass distribution.
Nonetheless, incorporation of the PCL block is an efficient
strategy to obtain the block copolyester with a relatively high
number-average molecular weight (Mn above 43 kDa, Table
1). In contrast, prior glycerol-containing polyesters such as the
PGS and its derivatives are difficult to reach an Mn of above 10
kDa, even when using an enzyme catalyst for synthesis.31,32,34

This is because the glycerol monomer contains three hydroxyl
groups that easily form cross-links to achieve a high degree of
polymerization. However, it should be noted that the high PDI
(5.10) indicates the system still contains a portion of low
molecular weight PCL50-b-PGSA20 prepolymer.
Compared to the PCL50-b-PGSA20 prepolymer, the POST50

shows a relatively low Mn of 8990 Da with a PDI of 4.15
(Table 1 and Figure S3B). Although there is no concern about
forming cross-links among the 1,8-octanediol, sebacic acid, and
thiomalic acid under the current reaction condition, slight
evaporation of the thiomalic acid during the reaction leads to
deviation from stoichiometry and thus a relatively low
molecular weight. We expect a slightly lower reaction
temperature and a longer reaction time in the step shown in
Figure 1B(a) might reduce the monomer evaporation and

Table 1. Monomer Quantities (mmol), Number Average
Molecular Weight (Mn), and Polydispersity (PDI) of the as-
Made PCL50-b-PGSA20 and POST50 Prepolymers

sample PCL:AS:G:Sa, mmol Mn (Da)/ PDIb

PCL50-b-PGSA20 12.5:5:20:25.0 43,550/5.10
O:S:T, mmol

POST50 20.0:10.0:10.0 8990/4.15
aPoly(ε-caprolactone) (PCL), alkyne-functionalized serinol (AS),
glycerol (G), sebacic acid (S), 1,8-octanediol (O), thiomalic acid (T).
The PCL quantities are based on its repeat units. The actual moles of
each monomer are listed, instead of their molar ratios, given that the
current reaction conditions and the tested polymer molecular weight
and PDI are related to the current reactant quantities. bThe polymer
molecular weight is tested by gel permeation chromatography
(Supporting Information, Figure S3).
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increase the molecular weight of the resultant POST
prepolymer. Nonetheless, the current POST50 can satisfy our
application requirements.
2.3. Proton NMR Analysis To Study the Chemical

Structure and Composition. Proton NMR analysis is
performed to examine the chemical structure and composition
of each prepolymer (Figures 2 and S4). The PCL50-b-PGSA20
sample shows corresponding chemical shifts (δs) from alkyne-
serinol, glycerol, sebacate, and PCL block, respectively (Figure
2A). The alkyne-serinol component shows characteristic δs
from the methylene protons (4Hj and 2Hi), alkyne proton
(Hk), and amide proton (Hh), which is in agreement with the
spectrum of the alkyne-serinol monomer (Figure S1). Because
the glycerol bears three hydroxyl groups at 1,2,3-positions for
condensation with sebacic acid in a different manner, the δs are
relatively complicated. The majority of the reactions occur at
the 1,3-position to form a linear structure, showing a δ of
methylene protons (Hd) at 4.1141 ppm [Figure 2A(a)]. A
small portion of the glycerol reacts with sebacic acid at 1,2,3-,
1,2-, or 2,3-positions, showing δs for the methine proton (He’
and He”) at 5.2795 and 5.0768 ppm, respectively [Figure
2A(b,c)]. Another small portion of the glycerol is pendent
along the backbone or on the chain ends, which shows δs for
methine proton (He

#) at 4.8755 ppm, and methylene protons
(Hd

# and Hd*) at 3.6908 and 3.5530 ppm, respectively [Figure
2A(d,e)]. Such a chemical shift distribution from the glycerol
component is similar to previously reported poly(glycerol
sebacate).34 The sebacate component shows three character-
istic δs of the methylene protons (8Hc, 4Hb, 4Ha) at 1.3320,
1.6067, and 2.3183 ppm, respectively. They are overlapped
with δs from the PCL methylene protons (2Hn, 2Hm, 2Ho,
2Hl). The PCL block also shows a δ of methylene proton
(2Hp) at 4.0550 ppm.
Compared to the PCL50-b-PGSA20, the POST50 prepolymer

is relatively simple in the monomer constituents (Figure 2B).
The thiomalate shows δs at 2.6736 ppm for the thiol proton
(Hi), 2.7651−2.8105 and 2.9587−3.0114 ppm for the
methylene protons (2Hg), and 3.7688 ppm for the methine
proton (Hh). The sebacate component also demonstrates three
characteristic δs at 1.3318, 1.6156, and 2.2926 ppm for the

methylene protons (8Hc, 4Hb, and 4Ha). In this case, the
sebacate methylene protons at 1.3318 and 1.6156 ppm are
overlapped with the methylene protons (8Hf and 4He) from
the 1,8-octanediol component. The 1,8-octanediol component
also shows a distinct δ at 4.0594 ppm for the methylene
protons (4Hd). These proton NMR spectra confirmed the
chemical structures of the PCL50-b-PGSA20 and POST50
prepolymers.
Furthermore, we use the proton integration area ratios to

identify the actual chemical compositions of the PCL50-b-
PGSA20 and POST50 prepolymers (Figure S4 and Table S1).
For the POST50, the integration area ratio of the protons Ha to
Hd is used to determine the sebacate composition to be 51.1
mol % using eq S1. The integration area ratio of Hh to Hd
shows the thiomalate content to be 46.9 mol % using eq S2.
The actual sebacate to thiomalate molar ratio is about 1.09:1
which is close to their starting ratio at 1:1 in the reaction,
indicating an efficient polycondensation of the dicarboxylic
acid and 1,8-octanediol monomers to yield the resultant
POST50 prepolymer. The thiomalate composition is slightly
lower than the theoretical value because of a slight evaporation
of the thiomalic acid during the reaction process.
For the PCL50-b-PGSA20 prepolymer, integration area ratios

of the proton Hi from alkyne-serinol, Hl, Hm, Hn, and Ho from
PCL, and Ha, Hb, and Hc from sebacate are respectively used
to calculate the actual compositions of these monomers and
PCL repeats according to eqs S3−S5 (Table S1). The actual
alkyne-serinol content is slightly lower than the theoretical
value because of a slight evaporation of this monomer when
making the PGSA block. In contrast, the actual PCL block
content is close to the theoretical value because of the difficult
evaporation of this building block. Overall, the resultant
prepolymers show a desired chemical structure and acceptable
actual composition. A slight evaporation of the monomers is
not uncommon in a polycondensation reaction that leads to a
slight deviation of the actual composition from the theoretical
composition.35 For simplicity, we still use the theoretical
contents to designate the prepolymers as POST50 and PCL50-
b-PGSA20, respectively.

Figure 2. Proton NMR analysis to examine the chemical structures and compositions of the prepolymers. (A) (a) Representative chemical
structure of the PCL50-b-PGSA20 prepolymer. (b) 1,2,3-trisubstituted glycerol to form a branched structure. (c) 1,2 or 2,3-substituted glycerol.
(d,e) Portion of glycerol pendent on the chain ends or along the backbone. (B) POST50. Each prepolymer demonstrates chemical shifts from each
monomer component accordingly, indicating appropriate chemical structures.
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2.4. Thermal Property Studies of the as-Made
Prepolymers and Elastomers. We use differential scanning
calorimetry (DSC) analysis to examine the thermal properties
of the PAPT_x:y elastomers made from the PCL50-b-PGSA20
(PA) and POST50 (PT) prepolymers at different PA to PT
weight ratios (x:y) (Figures 3 and S5). Glass transition
temperature (Tg) is the temperature of the amorphous
polymer segments changing from a rigid glassy state to a
rubbery state for movements.36 The melting temperature (Tm)
is the temperature of the polymer transitioning from a
crystalline state into a viscous flow state, and melting enthalpy
(ΔHm) is proportional to the quantity of the crystalline
structures.36−38

The DSC data demonstrate that both the PCL50-b-PGSA20
and POST50 prepolymers show Tg and Tm, indicating they are
semicrystalline materials at temperatures below the Tm (Figure
S5). For the PCL50-b-PGSA20 prepolymer, the soft PGSA
blocks are more amorphous and responsible for the Tg at
−39.6 ± 0.03 °C with a weak Tm at −11.6 ± 1.1 °C, whereas
the PCL blocks are dominant for the crystalline structures
showing two distinct Tms at 48.3 ± 1.1 °C and 55.0 ± 0.01 °C
with an enthalpy of 10.3 ± 0.9 J/g (Figure S5A and Table S2).
After the PCL50-b-PGSA20 prepolymer is cross-linked with a
trithiol cross-linker to form the PA-alone elastomer (Figure
S6), the PGSA blocks are less flexible to move and difficult to
form crystalline structures. As a result, the Tg is elevated to
−27.4 ± 2.3 °C and the originally weak Tm at −11.6 ± 1.1 °C

is eliminated in the PA alone elastomer (Figure 3A and Table
2). Without interferences from the adjacent soft PGSA blocks,
the PCL blocks in the PA alone form crystalline structures
showing only one melting temperature (Tm, 58.9 ± 0.9 °C)
(Figure 3A), which is similar to that of the 80 kDa PCL control
(Tm, 58.2 ± 0.4 °C) (Figure S5C). However, the melting
enthalpy (−ΔHm, 9.14 ± 0.73 J/g) of the PA alone is
significantly lower than that of the PCL control (−ΔHm, 56.1
± 1.1 J/g) (Figure S5C and Table S2). This is because short
PCL blocks are incorporated into the PCL50-b-PGSA20
polymer backbone and the PCL block content is only 50
mol %, which forms less crystalline domains compared to the
80 kDa PCL control.
The POST50 prepolymer shows two Tgs (−50.7 ± 0.7,

−16.9 ± 0.7 °C) and one strong Tm at 39.2 ± 0.1°C
accompanied by two weak Tms at 28.2 ± 0.6 and 44.2 ± 0.1
°C, representing a typical random copolymer structure with a
semicrystalline nature (Figure S5B and Table S2). The melting
enthalpy of the POST50 prepolymer (−ΔHm, 37.8 ± 2.1 J/g) is
much higher than that of the PCL50-b-PGSA20 prepolymer
(−ΔHm, 10.3 ± 0.9 J/g), suggesting the POST50 is easier to
form crystalline structures. After the POST50 is cross-linked
with the 1,10-decanediol diacrylate cross-linker to form the
PT-alone elastomer, both the Tg and Tm are increased
accordingly (Figures 3F and S5B). The phenomenon of
increase of the Tg and Tm after cross-linking is similar to the
PA alone. Such a phenomenon was also observed in other

Figure 3. DSC analyses of the PAPT_x:y elastomers with different PA to PT weight ratios. (A) PA alone. The PCL50-b-PGSA20 prepolymer is
cross-linked with a trithiol cross-linker at 20 mol % cross-links to form the PA alone. (B) PAPT_7:3. (C) PAPT_1:1. (D) PAPT_3:7. (E)
PAPT_1:9. (F) PT alone. The POST50 is cross-linked with 1,10-decanediol diacrylate at 10 mol % cross-links to form the PT alone.

Table 2. Summary of Glass Transition Temperature (Tg), Melting Temperature (Tm), and Enthalpy (ΔHm) of the PAPT_x:y
Elastomers with PA to PT Weight Ratios (x:y) Varying from 7:3 to 1:9 and the PA and PT Alone Elastomers (n = 3)a

elastomer sample Tg, °Cb Tm, °C -ΔHm
c
, J/g

PA −27.4 ± 2.3 58.9 ± 0.9 9.14 ± 0.73
PAPT_7:3 −34.8 ± 0.5 11.4 ± 0.8, 55.7 ± 0.3 7.71 ± 0.48
PAPT_1:1 −36.5 ± 0.4 22.6 ± 0.5, 48.8 ± 0.6, 56.2 ± 0.2 11.6 ± 0.95
PAPT_3:7 −43.1 ± 1.0 34.0 ± 0.6, 47.1 ± 0.4, 54.7 ± 1.1 21.2 ± 0.59
PAPT_1:9 −45.8 ± 0.4 41.1 ± 0.3 35.9 ± 0.61
PT −45.5 ± 0.1 41.1 ± 0.1 38.5 ± 0.6

a(a,b) One-way ANOVA was performed for statistical analysis with Bonferroni post-test for multiple pair comparison. bTg: One-way analysis of
variance, p < 0.0001, ***. For multiple pair comparison, PAPT_7:3 vs PAPT_1:1 and PAPT_3:7 vs PAPT_1:9 vs PT show no significance (ns).
Comparison of the other pairs shows a significant difference (***). c−ΔHm: One-way analysis of variance, p < 0.0001, ***. For multiple pair
comparison, PA vs PAPT_7:3 vs PAPT_1:1 and PAPT_7:3 vs PAPT_1:1 show ns. Comparison of the other pairs shows a significant difference
(***). A p value <0.05 is considered significantly different. Data represent the mean value ± standard deviation.
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copolymer and block copolymer-based elastomers cross-linked
with small-molecule cross-linkers.39,40 In our case, the cross-
links make the polymer more compact and the interferences of
the soft segments with the crystallization of the stiff segments
are inhibited, which likely promoted the crystallization and
increased the Tm. On the other hand, the polymer segments
between the cross-links are shorter than that of the
prepolymer, which hindered the segmental mobility and
elevated the Tg.

39

Different from the PA and PT alone elastomers, the PAPT
elastomers show tunable Tg and Tm with the PA to PT weight
ratios (Figure 3B−E and Table 2), suggesting that the PA and
PT polymer chains can interact with each other to form
different amorphous and crystalline structures at the different
weight ratios. The Tg is gradually tuned from −34.8 ± 0.5 to
−45.8 ± 0.4 °C as the PT fraction increases from 3:7 to 9:1
(Table 2). Interestingly, these PAPT elastomers show new Tms
as the PA to PT ratio changes. For example, the PAPT_7:3
sample shows two Tms (Tm1 at 11.4 ± 0.8 °C and Tm2 at 55.7

Figure 4. Cyclic tensile tests to evaluate elasticity of the PAPT_x:y elastomers (n = 3). (A) PA alone. (B) PAPT_1:1. (C) PAPT_3:7. (D)
PAPT_1:9. (E) PT alone. When the PA fraction is at 1:1 or above, the elastomers are soft like the PA alone for elastic deformations with a small
hysteresis loop, indicating stable networks and robust elasticity. Increase of the PT fraction above 1:1 increases the plastic deformations and
network instability.

Figure 5. Uniaxial tensile tests of the PAPT elastomers with different PA to PT weight ratios. (A) Representative stress−strain curves. (B) Strain at
break, % (p < 0.0001). (C) Elastic modulus (E, MPa) (p < 0.0001). (D) Ultimate tensile strength (UTS, MPa) (p < 0.0001). The cross-links in
PAPT_7:3, PAPT_1:1, PAPT_3:7, and PAPT_1:9 are 64, 27, 12, and 3 mol %, respectively. More PT fractions significantly elevate the E and UTS
values but increase plastic deformations accordingly due to the formation of more crystal-domain cross-links. *p < 0.05, **p < 0.01, ***p < 0.001.
A p-value <0.05 is considered significantly different. Data represent mean value ± standard deviation (SD) (n = 7). (Please note that these
elastomer samples were prepared and stored in a 4 °C fridge before the tensile test. The PAPT_1:9 and the PT alone were easier to form crystalline
domains than the other samples (Figure 3). The different storage time in the 4 °C fridge likely resulted in the formation of different amounts of
crystal-domain cross-links, leading to a relatively large standard deviation in the PAPT_1:9 and the PT alone samples compared to the other
elastomer samples.)
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± 0.3 °C) (Table 2). The Tm1 is not observed in either the PA
or the PT alone, indicating the formation of new crystalline
structures. We deduce that the PT chains interact with the
PCL blocks in the PA to form the new crystalline domains. At
the same time, the Tm2 for the PCL crystalline domains is
decreased from originally 58.9 ± 0.9 to 55.7 ± 0.3 °C (Figure
3A,B). The enthalpy is slightly reduced too, but not
significantly, when comparing the PAPT_7:3 with the PA
alone (Table 2). As the PA to PT ratio changes from 7:3 to 1:1
and 3:7, the new melting temperatures (Tm1) for the
PAPT_1:1 and PAPT_3:7 samples are accordingly increased
to 22.6 ± 0.5 and 34.0 ± 0.6 °C, respectively. The enthalpy
shows a significant increase too, indicating the formation of
more crystalline domains with the increase of the PT fraction
(Table 2). At the same time, the PCL crystalline domains are
weakened and split into two types of crystalline structures (Tm2
and Tm3) and ultimately disappear in the PAPT_1:9 sample
(Figure 3C−E). The PAPT_1:9 possesses a Tg and a Tm
similar to the PT alone, but with a significantly lower enthalpy,
indicating that the PA chains at this low content can still
interact with the PT chains for crystallization.
These DSC studies demonstrate two important findings: (1)

the PA and PT polymer chains can interact with each other to
form new crystalline structures; (2) the thermal properties (Tg,
Tm, and ΔHm) can be manipulated by the prepolymer ratios in
the PAPT elastomers. These thermal properties can be used to
control the material properties such as mechanical properties
and elasticity to engineer elastomeric scaffolds.39,40 In addition,
we will use the PA and PT mixture for electrospinning to
construct PAPT fibrous scaffolds. Strong physical interactions
between the PA and PT prepolymers are desirable to form a
homogeneous mixture and mediate the solution viscosity for
electrospinning to form fibers.41

2.5. PCL50-b-PGSA20 Is Cross-Linked with POST50 at
Different Weight Ratios To Form Elastomers with a
Wide Range of Tunable Properties. We examined the
elasticity and mechanical properties of the PAPT elastomers
with PA to PT weight ratios varying from 7:3 to 1:9 using
cyclic tensile and uniaxial tensile tests (Figures 4 and 5). The
PA and PT alone elastomers were also compared. These PAPT
elastomers are the same as those for the DSC studies (Figure
3). In this way, we can establish the relationship of the
mechanical properties with the thermal properties.
All of these PAPT elastomers can undergo elastic

deformations within 20% strain for at least 1000 cycles
without a break, but the hysteresis loops are different among
them (Figure 4). The PAPT_1:1 elastomer is soft and shows a
small hysteresis loop, indicating a robust elasticity like the PA
alone (Figure 4A,B). As the PT fraction increases, the
hysteresis loops increase proportionally, indicating less stable
networks (Figure 4C−E). This is because more PT fractions in
the elastomers form more crystalline domains as physical cross-
links (crystal-domain cross-links).42 The DSC studies have
indicated that these crystal-domain cross-links are formed by
the interactions between the PA and PT chains and are
proportional to the PT fraction (Figure 3). The more crystal-
domain cross-links result in increased plastic deformations and
network instability because some of the crystal-domain cross-
links are damaged and cannot recover quickly under the
current cyclic loading rate (30 mm/min). The cyclic tensile
curves show an increased extent of fracture between 4 and 6%
strain in the first cycle as the PT fraction increases (Figure 4).
These data suggest that the PAPT elastomers with the PA

fraction at 1:1 or above are soft and more likely to form coiled
chains between the cross-links for reversible deformations with
better elasticity.
After knowing the elastic performance, we then examined

the mechanical properties of these PAPT elastomers. The
mechanical properties are synergistically affected by the PA to
PT ratios, the polymer chain structures (e.g., coiled chains,
crystalline) between the cross-links, and the cross-linking
densities. We would like to note that the PA prepolymer bears
alkyne pendants of ∼420 μmol/g, and the PT prepolymer
bears thiol groups of ∼1530 μmol/g according to the proton
NMR analysis (Table S1). When the PA and PT are mixed at
7:3, 1:1, 3:7, and 1:9 weight ratios to make these elastomers,
their cross-linking densities are varied from 64%, 27%, 12%, to
3% by mole, respectively. We assumed all of the alkyne groups
were fully reacted with the thiol groups at a 1:1 molar ratio by
40 min UV cross-linking. In principle, one mole of the alkyne
group can react with two moles of thiol groups.24,43 Although
the thiol groups are excessive to the alkyne groups in our case,
we still make such an assumption because the thiol groups are
pendent on the PT backbone that is difficult to move for
further reactions once the PT chains are cross-linked with the
PA chains. Using PAPT_1:1 as an example, we compared the
effects of UV cross-linking time at 1, 4, and 40 min on the
mechanical properties (Figure S7). The PAPT with 4 min
cross-linking shows nearly the same strain at break, E, and UTS
as the sample with 40 min cross-linking, indicating they are
cross-linked similarly. In contrast, 1 min cross-linking forms a
slightly more stretchable elastomer with a significantly higher E
and UTS compared to the other two samples. This is because
less covalent cross-links are formed by 1 min cross-linking,
leading to longer polymer chains between the cross-links and
thus the formation of more crystalline domains. The more
crystal-domain cross-links contribute to elevating the E and
UTS values significantly but also impart more plastic
deformations in the PAPT_1 min sample (Figure S7). In
addition, we also examined the elasticity of the PAPT_1:1
elastomers cross-linked for 4 and 40 min (Figure S8). Both the
elastomers show similar elastic deformation profiles with small
hysteresis loops without a break, indicating a similarly stable
network. These data indicate that 4 min UV exposure is
sufficient to accomplish a full thiol-yne click cross-link like the
one with 40 min cross-linking. The data also confirmed our
assumption that the thiol-yne click cross-link is dominated by a
1:1 molar ratio for reaction. 40 min UV exposure is adopted to
ensure a complete click cross-link even at a lower alkyne
concentration as the PA fraction decreases.43 Therefore, the
following PAPT elastomers with different PA-to-PT ratios
were cross-linked for 40 min for comparison (Figure 5).
Notably, the E values can be tuned from 0.96 ± 0.18 MPa

for the PAPT_7:3 to 7.5 ± 2.0 MPa for the PAPT_1:9. At the
same time, the strain at break increases from 43 ± 11 to 227 ±
28%, and the UTS is accordingly increased from 0.31 ± 0.050
to 2.4 ± 0.59 MPa as the PA to PT ratio changes from 7:3 to
1:9. The tunability is easily achieved by adjusting the PA to PT
ratios to make these elastomers. Intriguingly, the E, UTS, and
strain at the break of these PAPT elastomers are all
proportional to the PT fraction (Figure 5). As we know that
increase in the PT fraction results in a decrease of the cross-
linking densities. In other word, the E, UTS, and strain at break
are all increased as the cross-linking density decreases. This is
different with conventional thermoset elastomers, which
typically show an E proportional to the cross-links but the
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strain at break is inverse to the cross-links.32,44 In our case, the
PA to PT ratios can simultaneously affect the cross-linking
densities and the polymer chain structures (crystalline vs coiled
chains). The higher PT fraction leads to a decrease in the
cross-linking densities, longer polymer segments between the
cross-links, and thus, the more stretchable PAPT elastomers
(Figure 5B). At the same time, the longer polymer segments
between the cross-links can form more crystal-domain cross-
links that elevate the E and UTS (Figure 5C,D). We would like
to note that the crystalline structures are different at the
different PA to PT ratios as demonstrated by the DSC analysis
(Figure 3). When the PA to PT ratios are at 7:3 and 1:1, these
two PAPT elastomers undergo nearly a linear elongation
(Figure 5A). The linear elongation suggests these two
elastomers are dominated by coiled chains for elastic
deformations at room temperature or above. Most of the
crystal-domain cross-links in the PAPT_1:1 are reversible to
dissipate the stress that helps maintain a stable network
structure as demonstrated by the cyclic tensile tests (Figure
4A,B).
As the PT fraction is further increased from 1:1 to 9:1 in the

PAPT elastomers, the covalent cross-links are reduced from 27
to 3 mol %. The more PT fractions impart more crystal-
domain cross-links that dominate the cross-links. This is
evidenced by the increased plastic deformations and hysteresis
loops in the elastic deformations (Figures 4C−E and 5A). The
presence of a plastic deformation region (about 16−40%
strain) gradually transitions the elongation from a high-
modulus region to a low-modulus region until break (Figure
5A). The high-modulus elongation is controlled by both the
covalent and the crystal-domain cross-links, whereas the low-
modulus elongation is determined by the covalent cross-links
because most of the crystal-domain cross-links have been
dissociated by stretching above 40% strain. Indeed, the crystal-
domain cross-links can significantly increase the E value with
relatively low covalent cross-links and make the elastomers
more stretchable to reach a significantly higher UTS (Figure
5B,D). However, too many crystal-domain cross-links lead to
less stable network structures that are not desired for some
applications. This is particularly true for elastomeric scaffolds
such as synthetic grafts for in situ remodeling in a mechanically
dynamic environment. These scaffolds typically require
relatively consistent mechanical performances and dimensions
across the remodeling process.5,45

Based on the above analyses, the PA to PT weight ratios at
7:3 to 1:1 show a reasonable range to make PAPT elastomeric
scaffolds for soft tissue engineering applications with the E
tuned between 0.96 ± 0.18 and 2.0 ± 0.14 MPa. Although the
elastomers show a relatively low strain at the break between 43
and 55% (Figure 5B), this strain range is still suitable for most
soft tissues such as ligaments and arteries because their
deformations are typically within 20% strain.46 In addition,
benefiting from the easy formation of crystalline structures
between the PA and PT chains serving as physical cross-links,
our PAPT elastomers can simultaneously increase the E, UTS,
and strain at break as the PT fraction increases (Figures 3 and
5). The previously designed photocurable polyesters such as
the (meth)acrylated PGS might be able to tune the mechanical
properties like our PAPT elastomers by cross-linking with
macromolecular cross-linkers such as diacrylated PCL and
diacrylated PEG.47 However, the presence of these slow-
degrading macromolecule chains might compromise the
resorbability of the resultant scaffold and induce complications

such as chronic inflammatory response, calcification, and
inhibition of tissue regeneration for applications in the
resorbable grafts.23,48

2.6. Studies on Hydrophilicity and In Vitro Degrada-
tion of the Elastomers. Not only the tunable mechanical
properties but also appropriate hydrophilicity and tunable
degradation rate are important to design medical devices for
different tissues given their different host responses and
regenerative speeds.6,8 In the current design, these PAPT
elastomers possess considerable amounts of free hydrophilic
hydroxyl and thiol groups and show water contact angles
between 78.3 ± 3.56 and 85.6 ± 3.58 degrees as the PA to PT
weight ratio varies from 7:3 to 1:9 (Figure S9). Typically, a
material with a water contact angle of less than 90 degrees is
considered to be hydrophilic.10 In our case, an elastomer with a
water contact angle of less than 85 degrees appears suitable for
applications in the resorbable grafts according to our prior
studies. For example, a palmitate-modified PGS elastomer with
a water contact angle of ∼84 degrees could allow an efficient
infiltration of host cells in the graft walls for remodeling in a rat
carotid artery model.31 Compared with the palmitate-modified
PGS elastomer and the graft,5,31 the water contact angle
measurements indicate these PAPT elastomers appear to
possess an appropriate hydrophilicity for the resorbable grafts.
Although the hydrophilicity is close among these elastomers,

their degradation profiles are significantly different as examined
by an accelerated degradation test in a 60 mM NaOH solution
at 37 °C (Figure 6). The accelerated degradation test is

adopted because it can quickly distinguish different degrada-
tion profiles of these elastomers. In addition, we previously
used the same method to examine the in vitro degradation
behaviors of the PGS and its derivatives.31,49 In combination
with the in vivo degradation of the PGS-based elastomers,5,50

we can estimate the likely in vivo degradation of these PAPT
elastomers.
The in vitro degradation tests indicate that the degradation

behaviors of the PAPT elastomers are also tunable by the PA
to PT weight ratios (Figure 6). The PA alone is fully degraded
within 48 h at a relatively steady rate dominated by a surface
erosion fashion like the PGS-based elastomers.31,49 In contrast,
the PT alone shows a quick degradation in the first 24 h,
followed by a plateau of slow degradation, exhibiting a bulk

Figure 6. Accelerated degradation tests of the PAPT elastomers, the
PA alone, and the PT alone in a 60 mM NaOH solution at 37 °C.
When the PA to PT ratio is at 7:3 to 1:1, these two PAPT elastomers
show relatively steady degradation profiles dominated by a surface
erosion fashion. The PAPT_1:1 degradation is about 1.6 times slower
than that of the PAPT_7:3 sample. Statistical analysis for the
PAPT_1:1 sample versus the other samples: p < 0.0001 (24−120 h).
*p < 0.05, **p < 0.01, ***p < 0.001. A p value < 0.05 is considered
significantly different. Data represent mean value ± standard deviation
(SD) (n = 3).
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erosion fashion (Figure 6). The PT polymer backbone is
composed of relatively hydrophilic 1,8-octanediol-thiomalate
segments for quick degradation and hydrophobic 1,8-
octanediol-sebacate segments for slow degradation. Because
the PT chains are easy to form crystalline structures (Figure 3),
the PT alone sample forms a relatively loose structure with
more micropores as noted during the sample preparation
process. The more micropores will allow water molecules to
penetrate throughout the networks. As a result, the PT alone
undergoes bulk erosion with two distinct degradation
behaviors at the early and the later stages. We stopped the
in vitro degradation test at 120 h because the samples via bulk
erosion were prone to break into small pieces and particles.
Some of them were easily washed away during the sample
collection process and thus compromised the accuracy of the
degradation test.
Because of the different degradation features of the PA and

the PT alone, their mixtures at the different ratios can,
therefore, efficiently mediate the degradation profiles of the
resultant PAPT elastomers. When the PA to PT ratio is at 7:3
and 1:1, these two PAPT elastomers are dominated by surface
erosion. This is manifested by a relatively steady degradation
rate (Figure 6), and the sample remains a disc shape but
gradually becomes thinner across the experimental time
(Figure S10B), indicating the degradation mainly occurs on
the sample surfaces. The PAPT_7:3 elastomer is softer with 64
mol % cross-links compared to the PAPT_1:1 with 27 mol %
cross-links (Figure 5). Theoretically, the former with more
cross-links should be slower in degradation than the latter.
However, the degradation of the PAPT_7:3 sample is about
1.6 times that of the PAPT_1:1 sample. This is because the
PAPT_7:3 sample possesses 20 wt % more PA than that of the
PAPT_1:1 sample. Thus, more hydroxyl groups are present on
the networks. The more hydroxyls absorb more water
molecules through hydrogen bonding interactions to facilitate
the degradation of the PAPT_7:3 sample. We would like to
note that the hydroxyl pendants on the polyester backbone are
important to mediate the polyester degradation. For
comparison, the PCL backbone does not bear hydroxyl
pendants. As a result, the PCL control shows a negligible
degradation over 120 h under the same testing condition
(Figure S10A), even though the water contact angle of the
PCL control is close to the PAPT elastomers (Figure S9A). It
is worth noting that the free thiol groups on the PT backbone
can also facilitate the degradation at the early stage but are less
effective than the hydroxyl groups as shown in the PA alone
(Figure 6). As the PT fraction is further increased from 1:1 to
9:1, the PAPT elastomers are dominated by bulk erosion with
degradation profiles like the PT alone (Figure 6). This is
because of the reduction of the covalent cross-links, formation
of relatively loose network structures, and increase of the
crystalline domains and micropores like the phenomena
observed in the PT alone sample.
For some applications, surface erosion-dominated elastomer

is preferred to regulate the degradation and mechanical
properties in a relatively steady manner.51 Thus, the
mechanical properties and elasticity can be maintained at a
relatively consistent level as the elastomer is gradually
degraded.47 Our PAPT elastomers with PA to PT weight
ratios between 7:3 and 1:1 appear to satisfy these application
requirements. The in vitro degradation rates of the PAPT_7:3
and the PAPT_1:1 elastomers are about 5−9 times slower
than that of an acrylated PGS elastomer under the same testing

condition.49 A PGS porous conduit is degraded in about 2−4
weeks in a rat carotid artery model.5 Therefore, we speculate
that a PAPT porous conduit would likely last for 2−9 months
in the same rat model by adjusting the PA to PT weight ratios
between 7:3 and 1:1. Of course, implantation of different
materials will induce different host responses, different levels of
reactive oxygen species and hydrolytic enzymes as well as
different cell infiltration and growth in the scaffolds, among
others.52 All these factors will affect the in vivo degradation.
Our in vitro degradation data in comparison with the PGS
degradation can only provide an estimation for in vivo use.
More studies need to be conducted to understand the host
responses and biodegradation of the PAPT elastomers.

2.7. In Vitro Cytocompatibility. The cytocompatibility is
evaluated by culturing NIH/3T3 fibroblast cells on the
PAPT_1:1 coating over 48 h. Resazurin assay is used to
evaluate the impacts of the elastomer on cell viability.53 After
24 and 48 h incubation, the cellular metabolic capacity of the
PAPT sample can reach 80 ± 4.7 and 88 ± 8.7% relative to the
TCPS control, respectively (Figure 7). Although the cell

metabolic capacity of the PAPT sample is significantly lower
than that of the TCPS control, the normalized value above
85% at 48 h indicates a cytocompatible nature of the material.
According to the cell morphologies (Figure S11), the fibroblast
cells can adhere to the PAPT coating similar to those on the
TCPS control. However, the cells appear to be slightly less
spread on the PAPT surface compared to the TCPS control
after 24 h incubation (Figure S11A,B). This phenomenon
suggests that the fibroblast cells grow slightly slower on the
PAPT surface than on the TCPS. This is likely because the
PAPT surface is slightly more hydrophobic than the TCPS
surface, instead of the cytotoxicity of the material. We observed
a similar phenomenon in a prior study that a more
hydrophobic elastomer could slow down endothelial cell
growth on the elastomer surface.31 Here, we selected the
PAPT_1:1 elastomer as a representative for the cytocompat-
ibility study as this formulation contains an equal amount of
the PA and PT prepolymers. The other formulations with
different PA-to-PT ratios might show a slightly different cell
adhesion and growth rate, but the cytocompatibility will not be
a concern.

2.8. PCL50-b-PGSA20 and POST50 Prepolymer Mixture
Is Electrospinnable and UV-Cross-Linkable To Con-
struct Elastic Fibrous Conduits. Electrospinning is a mature
method to construct resorbable grafts for evaluation in
different animal models.23 We therefore use the PA and PT

Figure 7. Resazurin assay to evaluate cell viability of NIH/3T3 cells
on the PAPT_1:1 elastomer. After 48 h incubation, the normalized
value of the cellular metabolism on the PAPT sample is 88 ± 8.7%
relative to the TCPS control, indicating a good cytocompatibility of
the elastomer. One-way ANOVA analysis with Bonferroni’s multiple
comparison test is performed for statistical analyses. p = 0.0005. A p <
0.05 is considered significantly different. The data represent mean
value ± SD (n = 5).
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prepolymers at a 1:1 weight ratio as an example to make an
electrospun PAPT conduit, followed by UV cross-linking to
yield an elastic fibrous conduit (Figure 8). Under the current
electrospinning condition, there are small amounts of micro-
particles sprayed and distributed along with the fibrous
networks (Figure 8A,C). The fibers are partially fused at the
overlap areas including the interconnection areas because of
the soft and somehow viscous nature of the PA and PT mixture
before UV cross-linking. Not surprisingly, the luminal surface
which is in direct contact with the mandrel surface is also
partially fused under the stress from the outer layers (Figure
8D). According to prior studies of PCL-based grafts, a
relatively flat luminal surface could improve hemocompatibility
and endothelialization, and thus inhibit thrombogenicity.48

Therefore, our PAPT conduit with a relatively flat luminal
surface might possess a similar performance, which is beneficial
for graft remodeling. Please note that the current UV cross-
linking condition can cure the fibers close to the outer surface
(Figure 8A(b)). Below 50−100 μm from the outer surface, the
SEM image shows a flattened interface on the conduit cross-
section caused by the cutting process (Figure 8E), indicating
that these fibers are yet to be fully cross-linked. Here, we only
preliminarily examined the electrospinnability and UV cross-
linkability using the PA and PT prepolymers to fabricate the
fibrous conduits. Further optimization of the electrospinning
and UV cross-linking conditions is underway to control the
graft parameters such as the fiber diameter, pore size, porosity,
wall thickness, and mechanical properties. These parameters
are important for graft remodeling in vivo.23

In addition, we examined the mechanical properties of the
PAPT conduit fabricated under the current condition (Figure
9). The mechanical properties of the longitudinal (PAPT_L)
and circumferential (PAPT_C) directions under dry and wet
conditions are compared. Both the PAPT_L and PAPT_C
show nearly a linear elongation until break (Figure 9A). For

the dry conduit, the strain at break can reach 200 ± 36%
circumferentially and 177 ± 44% longitudinally without a
significant difference (Figure 9B). The conduit is much more
stretchable than the PAPT_1:1 bulk elastomer likely because
the conduit is a porous structure, and the cross-linking
densities are low under the current UV cross-linking condition.
Interestingly, the circumferential E (0.95 ± 0.16 MPa) is
significantly lower than the longitudinal E (1.8 ± 0.51 MPa)
(Figure 9C). We have yet to know the exact reason. The UTS
can reach 1.6 ± 0.30 MPa circumferentially and 1.9 ± 0.42
MPa longitudinally without a significant difference (Figure

Figure 8. (A) (a) Illustration of electrospinning. A mixture of the PA and PT prepolymers at 1:1 weight ratio with 10 mol % of DMPA
photoinitiator is loaded in a syringe for electrospinning. (b) UV cross-linking of the PAPT conduit. The electrospun conduit is inserted into a glass
tube and exposed under UV light for click cross-linking to form an elastic fibrous conduit. (B) Photograph of the electrospun PAPT conduit with a
length of about 8.2 cm. The conduit inner diameter is 4.76 mm that is controlled by the rotating stainless steel mandrel used as the fiber collector.
(C−E) Representative morphologies of the PAPT conduit by SEM observation. (C) Outer surface, (D) luminal surface, and (E) cross-section.
Scale bar: C, D, 100 μm; E, 500 μm. Luminal space is labeled as L.

Figure 9. Mechanical properties of the electrospun PAPT fibrous
conduit under dry and wet conditions. (A) Representative stress−
strain curves at longitudinal (PAPT_L) and circumferential
(PAPT_C) directions under dry and wet conditions. (B) Strain at
break (%), p = 0.1561. (C) Elastic modulus (E, MPa), p = 0.0003.
(D) Ultimate tensile strength (UTS, MPa), p = 0.1598. One-way
ANOVA analysis with Bonferroni’s multiple comparison test is
performed for statistical analysis. *p < 0.05, ***p < 0.001. A p value <
0.05 is considered significantly different. Data represent mean value ±
standard deviation (SD) (n = 7).
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9D). To compare the conduit dimension and mechanical
properties under a hydrated condition, the conduit was
immersed in PBS solution (1×, pH 7.4) and incubated at 37
°C for 48 h to reach an equilibrium state. The conduit
dimension remains consistent before and after the incubation
(Figure S12). The circumferential E of the wet conduit
increases to 1.3 ± 0.20 MPa but shows a nonsignificant
difference compared to that of the dry conduit (0.95 ± 0.16
MPa). The UTS and strain at the break of the wet conduit
remain similar to those of the dry conduit. A slight increase of
the circumferential E is likely caused by the infiltration of the
PBS salt into the fiber microstructures, which possibly affects
the crystalline structures of the PAPT fibers by incubation at
37 °C for a tested period. Nonetheless, the close circum-
ferential mechanical properties of the dry and wet conduits
suggest a stable tubular structure for applications in a biological
setting. It is worth noting that the circumferential mechanical
properties are close to that of a rat aorta circumferentially
(Strain at break: 215 ± 18.9%, E: 0.94 ± 0.080 MPa, and UTS:
2.0 ± 0.17 MPa),54 suggesting that our PAPT conduit would
be sufficiently strong to withstand blood pressure after
implantation. It should be noted that the graft mechanical
properties can be further tuned by adjusting the PA-to-PT
ratios (e.g., 7:3 to 1:1), the fiber diameters, and the UV cross-
linking conditions. Although the current PAPT conduit is yet
to be an optimized version for in vivo studies, the low
circumferential E, high UTS, and high stretchability are a good
sign for the PAPT conduit to be sutured and mechanically
match the native rat aorta for reversible elastic deformations
along with blood pulsation for remodeling.15,54

Prior designs of resorbable grafts mainly use polyesters such
as poly(lactic acid) (PLA), poly(glycolic acid) (PGA),
poly(lactic-co-glycolic acid) (PLGA), poly(ε-caprolactone)
(PCL), and poly(lactic-co-caprolactone) (PLCL), among
others.22 These polyesters not only possess attractive
characteristics such as mechanical strength, biocompatibility,
and biodegradability but also show limitations. The grafts
made from these polyesters are typically rigid, hydrophobic,
and slow in degradation.55−58 Cells are difficult to infiltrate and
proliferate in these graft walls to produce extracellular matrices
(ECM) and form ECM alignments to fully remodel the
synthetic grafts.59−61 Biodegradable polyurethane (PU)
elastomer has also been used to engineer resorbable grafts.18,62

Although the PU grafts could be designed to possess an elastic
modulus (0.21−0.27 MPa) and compliance close to the rat
carotid artery, too slow degradation of the PU elastomer also
impeded the graft remodeling.18 Like those rigid polyester
grafts, cells were difficult to infiltrate and proliferate in the PU
graft wall to fully remodel it in a rat carotid artery model.18

Interestingly, a composite graft comprised a porous PGS
conduit stabilized with a thin layer of fibrous PCL sheath
possessed a suitable elastic modulus (∼0.42 MPa), robust
elasticity, and suitable hydrophilicity that could be nearly fully
remodeled in months in both the rat carotid and aortic artery
models.63−65 However, too quick degradation of the PGS core
led to immature remodeling, dilation, and split in 10−16 days
in an ovine carotid model.14 A following study improved the
graft design by modifying the PGS with hydrophobic
palmitates to make the elastomer softer and inhibit graft
degradation by about 1.3 times in vitro.31 As a result, the
remodeling outcomes were improved accordingly to generate a
new blood vessel with a structure and performance closer to
the native rat carotid artery.5 However, we noted that the

presence of the slow-degrading PCL sheath hindered tissue
integration between the media and adventitia layers in the
remodeled grafts.5 Further, the postmodification of the PGS
with the palmitates showed a limited inhibition of the
degradation. In addition, the PGS-based grafts were made by
a salt-leaching method that was difficult to scale up for large
animal studies.5,63 Based on these prior studies, we speculate
that the appropriate elastic modulus, robust elasticity, and
suitable hydrophilicity and degradation rate likely play
synergistic roles in graft remodeling. Our PAPT elastomers
with the PA to PT weight ratios between 7:3 and 1:1 appear to
simultaneously possess features of appropriate hydrophilicity
and degradation rate, robust elasticity, and suitable mechanical
properties for the resorbable grafts. More importantly, the
electrospinnability and UV-cross-linkability make the PAPT
elastomer feasible to scale up the grafts for large animal studies
in the future. In this way, we can fabricate the entire grafts
using the PAPT elastomer with no need of either a carrying
polymer for electrospinning or a slow-degrading polymer
sheath (e.g., PCL sheath) for stabilization. It should be noted
that the suitability of our designed PAPT elastomers and the
electrospun conduits for resorbable grafts is speculated based
on our in vitro data compared with the prior resorbable grafts
such as the PGS, the palmitate-functionalized PGS, and the
PCL grafts, among others.5,6,48,63,65 We will further optimize
the electrospinning conditions to construct the PAPT conduits
and evaluate in a rat abdominal aorta model to understand the
host responses and the graft remodeling outcomes in the next
step.

3. CONCLUSIONS
We have reported a strategy to ease the control of the material
structure and properties by designing a pair of alkyne- and
thiol-functionalized polyesters for biomedical applications. The
mixture of the prepolymer pair at different weight ratios can be
quickly UV-cross-linked through thiol-yne click chemistry to
generate a series of biodegradable elastomers. These
elastomers show a wide range of tunable material properties
(e.g., thermal properties, mechanical properties, and degrada-
tion rate) with a robust elasticity. These tunable features are
important to design scaffolds for different tissue engineering
applications given their different host responses, mechanical
properties, and regenerative abilities. The elastomers with
elastic moduli tuned between 0.96 and 7.5 MPa are likely
suitable for both soft and some hard tissues. One of our main
objectives is to use the prepolymers to fabricate a
bioresorbable graft by electrospinning and UV-cross-linking
methods. Our in vitro data have demonstrated that the
elastomers are cytocompatible, and the electrospun conduit
could simultaneously possess features of appropriate hydro-
philicity and degradation rate, robust elasticity, and suitable
mechanical properties. Further optimization of the electro-
spinning and UV-cross-linking conditions is underway to
control the graft parameters. Although we designed the PAPT
elastomers particularly for the resorbable grafts, these
elastomers might be useful for other tissue engineering
applications as well.

4. EXPERIMENTAL SECTION
4.1. Chemicals. Alkyne-serinol monomer was synthesized

according to our reported protocol with a slight modification
(Supporting Information, Figure S1).24 Sebacic acid was recrystallized
in ethanol two times, and 1,8-octanediol (≥98%, BeanTown
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Chemical) was recrystallized in acetone once before use. All other
chemicals such as glycerol (HPLC grade, Alfa Aesar), thiomalic acid
(≥99.0% (HPLC), Sigma-Aldrich), trimethylolpropane tris(3-mer-
captopropionate) (TMPMP, ≥95.0%, Sigma-Aldrich), 1,10-bis-
(acryloyloxy)decane (90%, Sigma-Aldrich), 2,2-dimethoxy-2-phenyl-
acetophenone (DMPA, >98.0%, TCI), (poly(ε-caprolactone) (PCL,
Mn = 80 000 Da, Sigma-Aldrich), acetone-D6 (99.9%, contains 0.03%
v/v TMS, Sigma-Aldrich), acetone (ACS grade, VWR BDH
CHEMICALS), 1,1,1,3,3,3-hexafluoro-isopropanol (HFIP, ≥99%,
Sigma-Aldrich), and 1,4-dioxane anhydrous (99.8%, Alfa Aesar)
were used as received. The acetone was dried with molecular sieves (3
Å) for at least 20 h before use. The 1,4-dioxane anhydrous was stored
in a desiccator with drierite.
4.2. Synthesis of Poly(ε-caprolactone)-block-poly(glycerol-

co-sebacate-co-alkyne-serinol). Block copolyesters of poly(ε-
caprolactone)-b-poly(glycerol-co-sebacate-co-alkyne-serinol) (PCLx-
b-PGSAy) with 50 mol % PCL and 20 mol % alkyne-serinol were
synthesized in two steps. In the first step, 20 mol % of alkyne-serinol
relative to sebacic acid was mixed with glycerol and sebacic acid for
polycondensation to yield the PGSA20 block (Table 1). Specifically,
5.00 mmol alkyne-serinol (0.926 g), 20.0 mmol glycerol (1.842 g),
25.0 mmol sebacic acid (5.056 g), and 5 mL acetone were mixed in a
100-ml three-neck round-bottom flask. The reaction flask was
connected with a Schlenk line and a nitrogen outlet flask. The
reaction was set in an oil bath on a magnetic stirrer hot plate. The
reactants were gently purged with nitrogen gas for at least 15 min at
room temperature and then heated at 125 °C to completely dissolve
the reactants by magnetically stirring under a nitrogen atmosphere for
2 h. The reaction was remained at 125 °C for 24 h with a gentle
nitrogen purge through the reaction solution, followed by further
condensation at 125 °C for 3 h under a vacuum condition (30 mmHg
vacuum) to yield the PGSA20 block. The reaction was cooled down to
room temperature for the second step.

In the second step, 1.425 g of 80 kDa PCL (12.5 mmol, based on
the moles of the PCL repeats), 51 mg of sebacic acid (0.25 mmol),
and 5 mL of 1,4-dioxane anhydrous were added to mix with the
PGSA20. The mixture was purged with nitrogen gas for at least 15 min
at room temperature, and then vigorously stirred at 120 °C for 2 h
under a nitrogen atmosphere to dissolve the PCL and uniformly mix
with the PGSA block. The reaction was remained at 120 °C for 24 h
with a gentle nitrogen purge through the reaction solution, followed
by vacuum condensation (30 mmHg vacuum) for 6 h to yield the
resultant PCL50-b-PGSA20 copolyester. The product was then
transferred into a centrifuge tube and stored in −20 °C fridge for use.
4.3. Synthesis of Poly(1,8-octanediol-co-sebacate-co-thio-

malate) Copolyester. The poly(1,8-octanediol-co-sebacate-co-thio-
malate) (POST) was condensed from 1,8-octanediol, sebacic acid,
and thiomalic acid at a molar ratio of 2:1:1. Specifically, 20.0 mmol
1,8-octanediol (2.925 g), 10.0 mmol sebacic acid (2.022 g), 10.0
mmol thiomalic acid (1.502 g), and 5 mL of acetone were charged in
the three-neck round-bottom flask. The reactants were gently stirred
and purged with nitrogen gas for 30 min at room temperature. The
condensation was remained at 140 °C for 18 h with a gentle nitrogen
purge through the reaction solution, followed by vacuum
condensation (30 mmHg vacuum) for 35 h to yield the resultant
prepolymer with 50 mol % of thiomalate (POST50).
4.4. Material Characterizations. Proton NMR analysis (500

MHz, Bruker) was performed to examine the chemical structure and
composition of the resultant PCL50-b-PGSA20 and POST50 prepol-
ymers. Approximately 15 mg of each prepolymer was dissolved in 0.75
mL of acetone-D6 for test.

DSC analysis (Mettler Toledo 823E, Polymer Differential Scanning
Calorimeter) was performed to examine the thermal properties. Each
sample with a mass between 5.00 and 10.00 mg was prepared and
loaded in a standard Tzero pan with a lip for the DSC analysis. The
test was performed from −70 to 200 °C with a heating rate at 10 °C/
min. The nitrogen flow rate was set at 60 mL/min for the purge
furnace chamber and 200 mL/min for dry gas flow, respectively. Each
sample was scanned two times and the second scan was adopted for
analysis. Each elastomer sample was replicated three times (n = 3).

The prepolymers and the 80 kDa PCL control were replicated two
times (n = 2).

The molecular weight of the PCL50-b-PGSA20 prepolymer was
analyzed using a size exclusion chromatography instrument
(SHIMADZU HPLC Nexera Series) connected with a sample
injection port, a degas system, a column oven, and three detectors.
One precolumn (Shodex OHpak LB-G 6B, ID 8.00 × 50.00 mm) and
one column (Shodex OHpak LB-803, ID 8.00 × 300.00 mm) were set
as the stationary phase. N,N-dimethylformamide (DMF, HPLC
grade) was used as the mobile phase. The detection system was
equipped with a UV detector (SPD-40), a RI detector (RID-20A),
and a multiple angle light scattering detector (WYATT, miniDAWN).
ASTRA software (Version 8.1.2.1) was used for molecular weight
analysis. Poly(styrene) standard (Mn /PDI, 30 kDa/1.02) at 5.00 mg/
mL was used for calibration. The sample solution was prepared in
DMF at 5.00−10.00 mg/mL by incubating at 45 °C overnight in an
incubator and then orbital-shaking for 1 h at room temperature for
test. DMF flow rate was set at 0.500 mL/min. The column oven
temperature was set at 40 °C, and the detection temperature was set
at room temperature. 20.0 μL of each solution was injected for test.

4.5. Preparation of the PA Alone and PT Alone Elastomer. A
trithiol molecule, trimethylolpropane tris(3-mercaptopropionate)
(TMPMP), was used as a small-molecule cross-linker to cross-link
the PCL50-b-PGSA20 (PA) prepolymer via UV triggered thiol-yne
click chemistry to make the PA alone elastomer. According to the
actual alkyne content in the prepolymer (Table S1), the alkyne-to-
thiol molar ratio was set at 1:1 for cross-linking to form 20 mol %
cross-links. Specifically, 3.6 g of the prepolymer (containing
approximately 1.50 mmol alkyne pendants) was dissolved in 12.0
mL of acetone in a glass vial by rotatory agitation at room
temperature for about 48 h, followed by gently swirling in a water
bath at 45 °C for about 5 min to yield a clear 30% wt/v prepolymer
solution. To a round-bottom flask, 200 mg of TMPMP cross-linker
(0.50 mmol), 54 mg of DMPA UV initiator (0.21 mmol, 14% relative
to the moles of the thiol groups), and the prepolymer solution were
subsequently added and mixed for about 10 min by magnetically
stirring with a gentle nitrogen purge through the solution. The
mixture was respectively transferred into six rectangular silicone molds
in a glovebox. Each mold (50 × 15 × 2.5 mm3) was clamped between
two glass slides. Each side of the mold was exposed under UV light at
254 nm for 20 min (total 40 min exposure) to yield six pieces of the
PCL50-b-PGSA20 gel. The polyester gel samples were subsequently
washed in acetone/deionized water (1:1, v/v) for 48 h and deionized
water for 72 h. The washing solution was replaced every 24 h. The
washed PCL50-b-PGSA20 samples were freeze-dried and then further
dried at 60 °C overnight in a vacuum oven (30 mmHg vacuum). The
dried samples were compact translucent sheets for characterizations.

To prepare the PT alone elastomer, a 30% wt/v POST50 solution
was prepared in 12.0 mL of acetone by rotatory agitation overnight at
room temperature. Then, 83 mg of 1,10-bis(acryloyloxy)decane (290
μmol, 5 mol % relative to the thiol groups) and 15 mg of DMPA (60
μmol, 10 mol % relative to the acrylate groups) were mixed with the
POST50 prepolymer solution by UV exposure for 40 min to make the
PT alone sample with 10 mol % cross-links. All of the other
procedures were the same.

4.6. UV Cross-Link To Make PCL50-b-PGSA20/POST50 Elas-
tomers at Different Weight Ratios. The PCL50-b-PGSA20 (PA)
prepolymer (∼420 μmol alkyne/g) was cross-linked with the POST50
(PT) prepolymer (∼1530 μmol thiol/g) to yield various PAPT
elastomers. The sample names were designated as PAPT_x:y, where
the x:y represents the PA-to-PT weight ratios. We prepared
PAPT_7:3, PAPT_1:1, PAPT_3:7, and PAPT_1:9 for comparison.

Using PAPT_1:1 as an example, 1.80 g of PCL50-b-PGSA20
(containing 756 μmol alkyne groups) and 1.80 g of POST50
(containing 2754 μmol thiol groups) were respectively dissolved in
6.0 mL of acetone at room temperature by rotatory agitation
overnight, followed by gently swirling in a water bath at 45 °C for ∼5
min to form two clear 30% wt/v prepolymer solutions. After cooling
to room temperature, 27 mg of DMPA UV initiator (110 μmol, 15
mol % relative to the moles of the alkyne groups) and the two
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prepolymer solutions were subsequently added to a round-bottom
flask, and mixed for about 10 min by magnetically stirring with a
gentle nitrogen gas purge through the solution. The mixed
prepolymer solution was then transferred into six rectangular silicone
molds for UV cross-linking in the glovebox. All of the other
procedures, including the UV exposure time (20 min each side), the
sample washing, freeze-drying, and heat-drying processes, were the
same as the preparation of the PA elastomer. In addition, we also
prepared the PAPT_1:1 samples with UV cross-linking for 1 and 4
min (0.5 and 2 min UV exposure each side), respectively. These
samples were designated as PAPT_1 min and PAPT_4 min. They
were used to compare with the PAPT_40 min to examine the effects
of the cross-linking time on the elastomer properties.

A PCL (Mn = 80,000 Da) sheet with a thickness of 1.0 mm was
made and used as a control. The PCL platelets were loaded in a
rectangular silicone mold (a silicone sheet mounted on an aluminum
sheet) and compressed at 150 °C under 400 P.S.I. for 1 h using a hot
press (WABASH Hydraulic Press).
4.7. Preparation of the Elastomer Coatings and Water

Contact Angle Measurements. Each of the above prepared
prepolymer/cross-linker/DMPA solutions was used to prepare
elastomer coatings by casting about 1 mL of each solution on a
glass slide, followed by UV cross-linking for 0.5, 2, or 20 min in the
glovebox. A PCL (Mn = 80,000 Da) coating was also prepared by
casting a 15% wt/v PCL in DCM solution on a glass slide and
evaporated in a fume hood overnight. These coatings were further
dried at 60 °C overnight in a vacuum oven (30 mmHg Vacuum).
These coating samples were used for water contact angle measure-
ments to compare the hydrophilicity of these elastomers.

Water contact angle measurement was performed by the sessile
drop method using Ossila Contact Angle Goniometer equipped with
Ossila Contact Angle v3.1.2.2 software (Ossila Ltd., UK). Ten μL of
deionized water was dropped on each coating surface. The water
contact angle at 10 s after dropping was recorded for comparison (n =
7).
4.8. In Vitro Degradation Test. An accelerated degradation was

conducted in a 60 mM NaOH solution at 37 °C to examine the
degradation kinetics of these elastomers (n = 3). Disc samples were
punched from the as-made elastomer sheets with a diameter of 6 mm
and thickness of about 1.0 mm using a circular puncher. Disc samples
from the PCL sheet were also prepared as a control. The initial mass
(M0) of each sample was recorded. Then, 5.0 mL of 60 mM NaOH
solution was added to each sample, followed by incubating at 37 °C
for 6, 12, 18, 24, 48, 74, and 120 h, respectively. At each time point,
the residual samples were collected, washed with deionized water
three times, and dried at 70 °C under reduced pressure (30 mmHg
vacuum) for 24 h. The residual mass (Mr) for each sample was
recorded. The degradation rate was calculated as degradation % = (M0
− Mr)/M0 × 100%.
4.9. Mechanical Property Tests. Strip samples (25 × 2 × 1 mm)

were cut from these elastomer sheets with a neck length set at 11 mm
for tests. Cyclic tensile tests (n = 3) were performed to evaluate the
elasticity for reversible deformations with an elongation rate set at 30
mm/min and a strain range between 5 and 20% using Bose
ElectroForce 3200 Series III Test Instrument with a 5 LB-Force
loading cell (Bose Corporation, Minnesota, USA). A uniaxial tensile
test (n = 7) was conducted to compare the mechanical properties with
an elongation rate at 10 mm/min using MTS Acumen Electro-
dynamic Test System with a 3 kN loading cell (MTS Systems
Corporation, MN, USA). Because of the limited sensitivity of this
MTS instrument, 11 data points were averaged to smooth the stress−
strain curve for calculation of the Young’s modulus (E), ultimate
tensile strength (UTS), and strain at break for each sample.
4.10. In Vitro Cytocompatibility Study. The 30% wt/v of

PAPT_1:1 prepolymer mixture containing 10 mol % DMPA photo-
initiators in acetone solution (see the Section 4.6) was diluted to 3%
wt/v by acetone. Then, 20 μL of the diluted prepolymer solution was
evenly spread on a 12 mm round cover glass and air-dried in a fume
hood for 30 min. The prepolymer coating was UV-cross-linked at 254
nm in a glovebox for 2 min to form PAPT_1:1 coating. The coating

was dried in a vacuum oven at 60 °C overnight. The coating samples
were then washed in ethanol for 48 h to remove the photo-initiator
residues, and the ethanol was replaced every 24 h. The washed
coating was then dried in the vacuum oven (28 mmHg vacuum) at 60
°C overnight for use.

An in vitro cytotoxicity assay was performed by culturing NIH/3T3
fibroblast cells on the PAPT_1:1 coating according to the standard
protocol (ISO 10993). The 3T3 cells (passage 6) were cultured in
Dulbecco’s modified eagle’s medium (DMEM, ATCC, Catalog# 30-
2002) containing 10% of fetal bovine serum (FBS, Fisherbrand
Research grade, Canadian Sourced, Catalog# FB12999102) and 1% of
Gibco penicillin−streptomycin (10,000 U/mL, Catalog# 15-140-122)
at 37 °C with 5% CO2 for 3 days until sufficient quantities were
obtained. The cells were detached, washed, and resuspended in the
cell media at 3.8 × 105 cell ml−1 for use.

Each PAPT_1:1 coated slide was placed on a circular hydrophobic
parafilm in a six-well plate with the coating layer orientated upward
and sterilized by UV exposure for 10 min in a biological hood (n = 5).
To each coated slide, 100 μL of the cell suspension (3.8 × 104 cells)
were seeded on the coating surface. Additional 4 drops of the cell
media (50 μL/drop) were added to the parafilm to surround the
coating sample to prevent the cell media from evaporation. To a 24-
well plate, 100 μL of the same cell suspension was seeded in each well
as a TCPS control (n = 5). In addition, the PAPT_1:1 coated slide
was placed in each well and incubated with the cell media alone as a
blank control to examine if the resazurin agent would be reduced by
the PAPT coating alone or not (n = 5). The cell-seeded PAPT
coating, the PAPT blank control, and the TCPS control were
incubated in an incubator at 37 °C with 5% CO2 overnight (∼20 h).
The overnight incubation ensured that the cells adhered and grew on
the coating surface, which was compared with the TCPS control
under the same culturing condition. The cell-seeded coating samples
were then transferred from the 6-well plate to the nonseeded wells of
the 24-well plate. The cell media were replaced with 500 μL of fresh
cell media for further incubation. After an additional 24 and 48 h
incubation, the Resazurin Cell Viability Assay Kit (Biotium Inc., CA,
USA) was used to examine the cellular viability according to the
manufacturer’s instructions. Briefly, the resazurin agent and the cell
media were mixed at 1:10 v/v to form a working solution. Then the
cell media were removed and 400 μL of the resazurin working
solution was added to each well, followed by incubating at 37 °C for 4
h in the incubator. 100 μL of the incubated resazurin assay solution
was transferred to a 96-well plate with 3 replicates for each well. The
colorimetric absorbance was recorded using a microplate reader (Ao
Microplate Reader AC3000, Azure Biosystems, CA, USA) at 570 and
600 nm, respectively. The live cells were proportional to the
absorbance of the resazurin solution at 570 nm. The cell viability
was compared based on a normalized value of the PAPT_1:1 coating
relative to the TCPS control using the below equation according to
the manufacturer’s instruction.

= × ×
× ×

×O A O A
O P O P

Normalized value, %
( ) ( )
( ) ( )

1002 1 1 2

2 1 1 2

where O1 was a molar extinction coefficient (E) of oxidized resazurin
at 570 nm and equal to 80,586; O2 was the E of oxidized resazurin at
600 nm and equal to 117,216. A1 and A2 were the absorbance values
of the testing wells at 570 and 600 nm; P1 and P2 were the absorbance
values of the TCPS control wells at 570 and 600 nm, respectively.

4.11. Electrospinning to Construct Fibrous Conduits. An
amount of 0.45 g of PCL50-b-PGSA20 prepolymer and 0.45 g of
POST50 prepolymer were, respectively, dissolved in a cosolvent of
0.60 mL of acetone and 0.90 mL of dichloromethane (DCM) (2:3, v/
v) by rotatory agitation overnight at room temperature to yield two
30% wt/v prepolymer solutions. The two prepolymer solutions were
then combined and 4.5 mg DMPA UV initiator (10 mol % relative to
alkyne groups) was added. The solution was mixed by vortexing for 1
min and rotatory agitation for 10 min at room temperature. The
mixed prepolymer solution was loaded in a 3-ml syringe with a 22 G
blunt needle (3.8 cm in length). The syringe was then set on a syringe
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pump (NE-1000, Pump Systems Inc., USA) with a flow rate set at
13.4 μL/min. The needle was connected with a positive voltage at
+12.5 kV (GLASSMAN HIGH VOLTAGE, Inc., Series EL). A
stainless-steel mandrel with a 4.76 mm diameter was set in a
horizontal level to the needle tip, and connected with the ground. The
mandrel was already coated with a thin layer of PEO (5M Da) using a
1% PEO in deionized water solution and dried overnight at room
temperature. The distance between the needle tip to the mandrel was
25 cm. The mandrel rotating rate was set at 100 rpm. The electrospun
PAPT fibers were then collected on the rotating mandrel. After the
electrospinning was completed, the mandrel with the collected fibrous
tube was inserted into a glass tube and two ends were sealed. The
glass tube was purged with nitrogen gas for about 15 min and then
exposed to UV light (254 nm) for 2 h. The tube was rotated 180
degrees and exposed for another 2 h. The UV cross-linked fibrous
tube was then immersed in ethanol/deionized water (50% v/v) for
about 24 h. The fibrous tube was gently detached from the mandrel,
further washed in deionized water for 48 h, and freeze-dried for tests.
The luminal surface, outer surface, and cross-section of the fibrous
tube were observed by SEM imaging. A 1.5 cm tube was cut for a
longitudinal tensile test, and a 0.5 cm tube was cut for a
circumferential tensile test (n = 7). Another set of 0.5 cm tubes
was immersed in 5.0 mL of PBS (1×, pH 7.4) and incubated at 37 °C
for 48 h (n = 7). After cooling down to room temperature for 4 h,
tensile tests were performed to examine the circumferential
mechanical properties of these wet tubes to compare with those of
the dry tubes.
4.12. Statistical Analysis. Statistical analysis was performed using

one-way ANOVA analysis with a posthoc Bonferroni’s multiple
comparison test. A p value < 0.05 is considered significantly different.
Data represented mean value ± standard deviation (SD).
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