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ABSTRACT: Biodegradable and biocompatible elastomers are highly desirable for many biomedical applications. Here, we report
synthesis and characterization of poly(e-caprolactone)-co-poly(B-methyl-5-valerolactone)-co-poly(&-caprolactone) (PCL-PSMSVL-
PCL) elastomers. These materials have strain to failure values greater than 1000%. Tensile set measurements according to an ASTM
standard revealed a 98.24% strain recovery 10 min after the force was removed and complete strain recovery 40 min after the force
was removed. The PAMOVL midblock is amorphous with a glass-transition temperature of —51 °C, and PCL end blocks are
semicrystalline and have a melting temperature in the range of 52—55 °C. Due to their thermoplastic nature and the low melting
temperature, these elastomers can be readily processed by printing, extrusion, or hot-pressing at 60 °C. Lysozyme, a model bioactive
agent, was incorporated into a PCL-PSMSVL-PCL elastomer through melt blending in an extruder, and the blend was further hot-
pressed into films; both processing steps were performed at 60 °C. No loss of lysozyme bioactivity was observed. PCL-PAMJVL-
PCL elastomers are as cytocompatible as tissue culture polystyrene in supporting cell viability and cell growth, and they are
degradable in aqueous environments through hydrolysis. The degradable, cytocompatible, elastomeric, and thermoplastic properties
of PCL-PBM6OVL-PCL polymers collectively render them potentially valuable for many applications in the biomedical field, such as

medical devices and tissue engineering scaffolds.

Bl INTRODUCTION

Biomaterials have broad applications in the medical field, such
as implantable medical devices, drug delivery patches, tissue
engineering scaffolds, and biointegrated electronics."”” Bio-
degradable, elastomeric, and biocompatible materials are highly
desirable for many of these applications.” Elastomeric
properties are particularly important when an implant
interfaces with a tissue or organ exposed to large, dynamic
strains, as a mismatch in mechanical properties of an implant
and adjacent tissue is known to exacerbate inflammatory
responses and possibly lead to implant failure."*~” Biodegrad-
ability allows elimination of implants after they have fulfilled
their intended functions without the need for a secondary
surgery, preventing potential adverse events associated with
permanent implants, such as infection.””

Polylactide (PLA), poly(glycolic acid) (PGA), their
copolymer poly(lactide-co-glycolide) (PLGA), and polycapro-
lactone (PCL) are biodegradable and implantable, and have
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been used in many FDA-approved biomedical devices.*’

However, these materials are nonelastomeric, having small
yield strains and strain to failure values. Poly(glycerol-
sebacate) (PGS)* and poly(citrate) (PC)'? are the two most
widely reported elastomers that are biodegradable and
biocompatible. However, both PGS and PC are thermosets,
and their synthesis involves a polycondensation step followed
by curing through the reaction between carboxyl and hydroxyl
groups, which is typically conducted at a temperature above
100 °C under vacuum for an extended period of time
(days).*'%""* The thermosetting nature and the harsh
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synthesis conditions impose limitations on material processing
and make it challenging to incorporate bioactive agents that
may be necessary for some applications, such as tissue
engineering scaffolds and implants for sustained delivery of
bioactive molecules.'*™'® Another reported biodegradable
elastomer, poly(1,3-trimethylene carbonate) (PTMC), is also
a thermoset polymer and requires covalent crosslinking of
polymer chains dissolved in an organic solvent, making it
challenging to incorporate bioactive agents as well.'”"®

Protein-based biodegradable elastomers have also been
reported. Covalently crosslinked elastin (animal-derived
soluble elastin or recombinant human tropoelastin) or
elastin-like polypeptides exhibit elastomeric properties at
physiological temperatures.'”™>* These materials are thermo-
sets and therefore also have limitations in material processing
as compared with thermoplastic materials. In addition, protein-
based materials are costly to produce at large scales and
generally raise concerns of immunogenicity when used as
implantable materials.'”**

Thermoplastic and biodegradable elastomers have also been
reported. Segmented polyurethanes (PUs) containing both
hard pseudocrystalline domains (serving as physical crosslinks)
and soft amorphous domains that have glass-transition
temperatures below room temperature exhibit elastomeric
properties at physiological temperature.'” These PUs can be
designed to be biodegradable using various polyester-based
polyols.”® The major limitation of thermoplastic PU elastomers
is that they exhibit relatively large permanent deformations and
therefore do not perform well in dynamic environments.'”**
Some polyhydroxyalkanoate-based thermoplastic polymers
(PHAs), such as those synthesized through copolymerization
of 3-hydroxybutyrate with either 4-hydroxybutyrate or 3-
hydroxybutyrate-hydroxyvalerate, are highly stretchable with
large breaking strains.”>*° However, these highly stretchable
PHAs have Young’s moduli on the order of GPa; even the
softest material has Young’s modulus greater than 50 MPa,
which is much stiffer than soft tissues (the highest modulus of
soft tissue is approximately 20 MPa).'” It has also been
reported that random copolymerization of caprolactone with
either lactide or glycolide yields elastomeric materials.””
However, random copolymerization results in poor control of
molecular structure and molar mass.”" Polyurethane chemistry
has been used to extend the chain of poly(lactide-co-
caprolactone) to form multiblock copolymers exhibiting
elastomeric properties.'*** However, these multiblock thermo-
plastic elastomers exhibit high Young’s modulus (>30 MPa)
and are stiffer than soft tissues.”

Biodegradable and thermoplastic PLA-co-poly(f-methyl-6-
valerolactone)-co-PLA (PLA-PSMSVL-PLA) triblock polyest-
ers have been reported to exhibit excellent elastomeric
properties due to the amorphous midblock, PAMSVL, having
a low glass-transition temperature (—51 °C).”* The thermo-
plastic nature of these elastomers offers advantages in material
processing over thermosetting elastomers. These materials are
synthesized through ring-opening polymerization (ROP),
allowing molecular structures and material properties to be
well controlled and readily tuned. However, the processing of
PLA-PSMOVL-PLA requires a temperature of 180 °C, making
it difficult to incorporate temperature-sensitive bioactive
molecules.

The high processing temperature required for PLA-
PPMOVL-PLA is due to the high melting temperature of
semicrystalline PLA end blocks. It was expected that triblock
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polymers having PAMSVL midblock and poly(&-caprolactone)
(PCL) end blocks would have elastomeric properties and
would allow material processing at the melting temperature of
PCL, which is approximately 60 °C.>**> Here, we report
synthesis, characterization, and processing of triblock poly(e-
caprolactone)-co-poly(-methyl-5-valerolactone)-co-poly(e-
caprolactone) (PCL-PSMGSVL-PCL) polymers having various
molecular compositions. We have examined mechanical
properties, degradation, and cytocompatibility of these
materials and shown that these thermoplastic materials are
elastomeric, hydrolyzable, and cytocompatible. We have
demonstrated that they can be readily processed at 60 °C
through printing, extrusion, or hot-pressing, and lysozyme, a
model bioactive agent, can be incorporated during material
processing without losing its bioactivity.

B EXPERIMENTAL SECTION

Materials. Copper chromite (Cu,Cr,Os), phosphorus pentoxide
(P,0;), calcium hydride (CaH,), e-caprolactone, poly(e-caprolac-
tone) (PCL,; M, = 4S kDa), 1,4-benzenedimethanol (BDM),
diphenyl phosphate (DPP), tin(II) 2-ethylhexanoate (Sn(Oct),),
dichloromethane (DCM), methanol (MeOH), tetrahydrofuran
(THF), anhydrous toluene, lipase (from Thermomyces lanuginosus
solution, activity >100 000 U/g), and lysozyme (activity 22 000 U/
mg) were purchased from Sigma-Aldrich. 3-Methyl-1,5-pentanediol
was purchased from TCI America. Fetal bovine serum (FBS),
penicillin—streptomycin (10000 U/mL), and the lysozyme activity
assay kit were purchased from Thermo Fisher Scientific. Alamar Blue
was purchased from Bio-Rad. Live—dead assay reagents (ethidium
homodimer III and calcein AM) were purchased from Biotium.

Synthesis of f-Methyl-6-valerolactone (MéVL) and Poly(g-
methyl-6-valerolactone) (PBMSVL). The cyclic f-methyl-J-valer-
olactone (SMGSVL) monomer was synthesized from 3-methyl-1,5-
pentanediol using a previously reported procedure.”® In brief, 500 mL
of 3-methyl-1,5-pentanediol and 10 g of copper chromite were placed
in a two-neck round bottom flask, with one neck connected to a Dean
Stark trap, which was further connected to a condenser and a bubbler,
and the other neck fitted with a thermometer adapter. The
temperature of the flask was maintained at 210 °C by a heating
mantle. Hydrogen gas produced by the reaction was allowed to pass
through the bubbler. The reaction was continued overnight and
stopped when no bubbling of H, gas was observed. The monomer
PMOVL was purified from the reaction mixture through fractional
distillation under reduced pressure, and the resulting product was
heated over P,Oj at 120 °C for 12 h and distilled again. To further
purify fMOVL, it was dried over CaH, and then distilled, and this
drying and distillation procedure was completed twice. The final
PMOVL product was stored in an air-free flask until further use. The
synthesis yield was ~72%. The product was characterized by 'H and
3C NMR spectroscopy. 'H NMR chemical shifts: (400 MHz, CDCL,,
25 °C) & 4.23 and 4.08 (—CH,—0), 2.44 (—CH,—CO), 1.94 and
1.74 (-CH,—CH,0-), 1.34 (—CH(CH,)CH,—), and 0.84 (—CH;;
a). 3C NMR chemical shifts (126 MHz, CDCl,, 25 °C): & 170.86
(-c00-), 68.28 (-CH,0-), 37.90 (-CH,CO-), 30.29
(-=CH,-), 26.17 (—~CH(CH,)—), and 20.98 (—CH,).

Bifunctional telechelic poly(f-methyl-6-valerolactone) (PSMGSVL)
was synthesized through ROP of SMSVL with 1,4-benzenedimethanol
(BDM) as an initiator and diphenyl phosphate (DPP) as a
catalyst.>**>3” To target a molar mass of 70 kDa with an assumed
conversion efficiency of 85%, 0.155 g of BDM was dissolved in 78.62
g of AMOVL in a 500 mL pressure vessel in a nitrogen atmosphere
glovebox, followed by the addition of 0.196 g of DPP. The pressure
vessel was sealed, and polymerization was continued at room
temperature with stirring for 18 h. The reaction mixture was
dissolved in DCM, and the solution was slowly added to an excess
volume of cold MeOH to precipitate PAMSVL; this purification step
was performed three times. Purified PAMSVL was dried in a fume
hood overnight and further dried under vacuum for 3 days. PAM6VL
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was characterized with 'H NMR, ®C NMR, and size-exclusion
chromatography (SEC). '"H NMR chemical shifts (400 MHz, CDCl,,
25 °C): 6 232 (—CH,CO), 1.71 and 1.53 (—CH,-), 4.13
(—CH,0-), 2.19 (the backbone methane proton —CH(CHj;)), and
0.99 (the side-chain methyl protons —CHj). "*C NMR chemical shifts
(126 MHz, CDCl,, 25 °C): § 172.55 (—CO0-), 62.21 (—CH,0-),
4142 (—CH,CO-), 35.04 (-CH,-), 27.35 (—~CH(CH,)-), and
19.47 (—CH,;). Number average molar mass (M,) and dispersity (D)
were determined by SEC analysis.

Synthesis of Poly(e-caprolactone)-co-poly(f-methyl-5-valer-
olactone)-co-poly(e-caprolactone) (PCL-PSMSVL-PCL) Triblock
Polymers. Triblock PCL-PSMSVL-PCL polymers were synthesized
by ROP of e-caprolactone using bifunctional telechelic PAMOVL as a
macroinitiator.*>*” In a nitrogen atmosphere glovebox, PAMSVL was
dissolved in anhydrous toluene at a concentration of 0.4 g/mL in a
pressure vessel at 130 °C. After the solution was cooled to room
temperature, caprolactone and the catalyst (Sn(Oct),) were added.
The amount of caprolactone was calculated according to the desired
molar mass and an assumed conversion efficiency of 85%; the weight
ratio of Sn(Oct), to caprolactone was 1:1000. The pressure vessel was
sealed and placed in an oil bath at 110 °C; the reaction was continued
for 4 h under stirring. The reaction mixture was dissolved in DCM,
and the solution was slowly added to an excess volume of cold MeOH
to precipitate the polymer; this step was repeated three times. Purified
triblock polymers were dried in a fume hood overnight and further
dried under vacuum for 3 days. The products were characterized with
'H NMR, *C NMR, and SEC. '"H NMR chemical shifts (400 MHz,
CDCl,, 25 °C: § 4.13—4.11 (~CH,OH), 2.35—-2.09 (—CH,CO— and
—CH(CHj;)), 1.67—1.39 (=CH,—), and 0.99 (—CH,)). '3*C NMR
chemical shifts (126 MHz, CDCl;, 25 °C): § 173.48 (—COO-),
172.55 (~COO-), 64.10 (~CH,0-), 6221 (—CH,0-), 41.42
(-CH,CO-), 35.04 (—CH,-), 34.08 (-CH,CO-), 28.31
(-CH,—), 27.35 (—CH(CH,)—), 25.46 (—CH,—), 24.54
(—CH,—), and 19.47 (—CH;). M, and D of each polymer were
determined by SEC analysis. The fraction of PCL end blocks in each
triblock polymer (Fc ) was calculated by comparing the molar masses
of PAMOVL and the triblock polymer.

NMR and SEC Analyses. Polymers were dissolved in deuterated
chloroform (CDCl;), and NMR analyses (‘H and 3C) were
performed using a 400 MHz Bruker Advance III NMR spectrometer
to characterize their chemical structures. NMR experiments were
conducted at 25 °C, and data analysis was performed using the CDCl,
peak as a reference. M, and P of each polymer were determined by
SEC analysis with a calibration curve produced from narrowly
dispersed polystyrene and Wyatt ASTRA Software. SEC was
performed with three Phenomenex Phenogel-5 columns at 25 °C,
and THF was used as the mobile phase at a flow rate of 1 mL/min.

Thermal Analysis. Differential scanning calorimetry (DSC) was
performed on a TA Discovery Series (Q1000) DSC instrument. In
the first cycle, samples were heated to 100 °C and held there for 2
min, and then cooled to —80 °C and held there for 2 min; in the
second cycle, samples were heated from —80 to 100 °C. A rate of 2
°C/min was used for both heating and cooling. The thermogram of
the second cycle was used to determine the melting temperature and
melting enthalpy of each triblock polymer. Melting enthalpy of PCL
end blocks in each triblock polymer was determined by dividing the
melting enthalpy of the triblock polymer by the fraction of PCL (Fc_).
Crystallinity of PCL end blocks was determined by comparing the
melting enthalpy to that of 100% crystalline PCL (139.5 J/g).**!

Fabrication of Polymer Films. Polymer films approximately 0.2
mm thick were fabricated by hot-pressing. Each material was
sandwiched between two Teflon sheets and placed in a preheated
(60 °C) Carver 4386 hot-press, pressed at 350 kPa and 60 °C for S
min, removed from the press, and cooled to room temperature.

Characterization of Mechanical Properties. A dog bone-
shaped die (14 mm gauge length; 3.4 mm width) was used to cut
specimens from hot-pressed polymer films. The thickness of each
specimen was measured with a caliper. Uniaxial extension and tensile
hysteresis tests were performed with a strain rate of 10 mm/min on a
Shimadzu AGS-X tensile tester. Uniaxial extension tests revealed

165

tensile strength, strain to failure, and Young’s modulus (determined in
the low strain region (0—5%)) of each stress—strain curve.*” Tensile
hysteresis tests were performed with a maximal strain of 50% for 20
cycles to reveal hysteresis loss and residual strain. Hysteresis loss was
determined from the area between loading and unloading stress—
strain curves in each cycle, and the residual strain was determined by
the strain when the unloading curve reached zero stress.”’

Tensile set was measured on a TestResources Q100 Tensile Tester
following ASTM standard D412-16.** Specimens were stretched to
50% strain within 15 s, held there for 10 min, and retracted at a rate of
10 mm/min. After the grip returned to its starting position, the
specimen was removed from the apparatus, and specimen length was
measured with a caliper immediately and every 10 min afterward. The
remaining strain (tensile set) at various time points was calculated by
dividing the change in the specimen length (with respect to the initial
length) by the initial length.

Contact Angle Measurement. Water contact angle of polymer
samples was measured using the sessile drop method. Deionized water
(3 pL) was placed on each sample, and the contact angle was
measured on a Kyowa DM-CE1 contact angle meter with FAMAS
software.

Encapsulation of Lysozyme in PCL-PSMSVL-PCL. Lysozyme
was encapsulated in PCL,-PAMOVL-PCL s through melt blending in
a twin-screw extruder (Microcompounder, DACA Instruments) as
previously reported.*® The polymer was first hot-pressed (350 kPa; 60
°C) to a 0.2 mm thick film, which was then rolled with lysozyme
powder and fed into the extruder (the polymer to lysozyme weight
ratio was 4:1). Melt blending was performed at 60 °C under a N,
atmosphere for 10 min, with rotation speed of the twin-screw
maintained at 100 rpm. The melt blended sample was further hot-
pressed to a 0.2 mm thick film at 60 °C.

Distribution of lysozyme particles in the film was examined on an
Olympus IX70 inverted microscope with a 10X objective (0.25 NA).
To evaluate whether multiple processing procedures at 60 °C affected
lysozyme activity, 2 g of the film was dissolved in 20 mL of DCM,
followed by extraction of lysozyme with 10 mL of water and
lyophilization. The ratio of the weight of the extracted lysozyme to 2 g
was calculated to determine the actual lysozyme loading content.
Activity of the extracted lysozyme was examined using a lysozyme
activity assay kit according to the manufacturer’s instructions
(Thermo Fisher Scientific). Activity of pristine lysozyme and DCM-
treated lysozyme was also measured for comparison. DCM-treated
lysozyme was prepared by dispersing pristine lysozyme in DCM,
followed by extraction with water and lyophilization.

Printing Process. Printing of PCL;-PAMSVL-PCL s at 60 °C
was performed on a CELLINK’s BIO-X 3D printing instrument with a
thermoplastic printhead setup. A hand-shaped pattern was designed in
SolidWorks. A polymer film was fed into the heating chamber of the
printhead and heated at 60 °C for 10 min, and the polymer melt was
printed with a speed of 0.5 mm/min under a pressure of 200 kPa.

Assessment of Material Cytocompatibility. To evaluate
material cytocompatibility, specimens were cut from hot-pressed
films using a 6 mm biopsy punch, mounted on the bottom of 96-well
plates via a thin layer of autoclaved vacuum grease, incubated with
500 U/mL penicillin—streptomycin solution for 2 h for sterilization,
and washed with phosphate buffer saline (PBS) three times.
Commercial tissue culture polystyrene (TCPS) was used as a control.
Fibroblasts (NTH 3T3) were plated at a density of 15537 cells/cm?
and cultured in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% FBS and 100 U/mL penicillin—streptomycin.
At 24 h postseeding, cell viability was evaluated with Alamar Blue
assay according to the manufacturer’s instructions. Briefly, Alamar
Blue reagent (10% v/v) was added to each well and incubated for 4 h,
followed by measuring the fluorescence intensity of the medium
(excitation at 560 nm; emission at 590 nm) on a BioTek Cytation 3
plate reader.*® To evaluate cell viability at longer time, fibroblasts
were seeded at a density of 3107 cells/cm?, and Alamar Blue assay was
performed after 1, 3, and S days. All experiments were conducted in
triplicate.
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Figure 1. '"H NMR spectra of PAMSVL and PCL4;-PAMSVL-PCL;,
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Table 1. Compositional and Physicochemical Properties of

polymers M, (kDa) p Fey
PSMSVL 62.72 1.01 0
PCL,,- PH/MSVL-PCL,, 82.31 1.13 0.24
PCL,s- PAMOVL-PCL 90.64 1.12 0.30
PCL,y- PHMSVL-PCL,, 94.92 1.14 0.34
PCL,,-PAMSVL-PCLs, 100.03 123 037

Synthesized Polymers®

3T, (°C) melting enthalpy (J/g) 4crystallinity of PCL end blocks (%)
N/A N/A N/A
522 13.99 41.78
52.9 18.92 45.20
534 21.88 46.13
54.3 28.64 55.48

“IM,, = number average molar mass and D= dispersity, both determined by SEC; *F, = fraction of PCL, calculated by comparing molar masses of

PSMSVL and each triblock polymer (e.g, F¢y for PCL,,-PSMSVL

-PCL,, = [(82.31-62.72)/82.31] = 0.24); and *T,, = melting temperature,

determined by differential scanning calorimetry (DSC). “Calculated by comparing the melting enthalpy of PCL end blocks (determined by dividing
the melting enthalpy of each triblock polymer by F;) with that of 100% crystalline PCL (139.5 J/g).

Scheme 1. Synthesis of PCL-PAMJVL-PCL Triblock Polymers through a Two-Step Ring-Opening Polymerization Method

BMBVL BDM

PBMBVL

SRR G S TP i ¢ R

PCL-PBM3VL- PCL

Dry Toluene
Sn(Oct),
110°C

o}
S w

Material cytocompatibility was further examined using live—dead
cell staining. Fibroblasts were plated at a density of 3107 cells/cm?” on
polymer films and cultured for 1 or 5 days, followed by staining with
ethidium homodimer and calcein AM (0.1% v/v) for 30 min. Polymer
specimens were placed on a glass slide with the cell side facing down,
and fluorescence images were acquired on an Olympus IX70 inverted
fluorescence microscope.

Degradation Kinetics. Specimens were cut from hot-pressed, 0.2
mm thick polymer films using an 8 mm biopsy punch, and the initial
weight of each specimen was recorded. Each specimen was placed in a
15 mL Falcon tube containing 5 mL of sterilized PBS or 2000 U/mL
lipase (T. lanuginosus) solution prepared in PBS and incubated at 37
°C. The solution in each tube was replaced with a fresh solution,
weekly. At various time points, specimens were washed, dried, and
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weighed. Weight loss was calculated by subtracting the final weight
from the initial weight.

Statistical Analyses. Measurement of mechanical properties,
lysozyme activity after encapsulation, cytocompatibility, and polymer
degradation kinetics were performed in triplicate. Results are reported
as the mean + std dev. Welch’s one-way ANOVA with Dunnett’s
multiple comparison posthoc test or two-way ANOVA with Tukey’s
multiple comparison posthoc test was performed, as indicated in
figure legends. Statistical analyses were performed using GraphPad
Prism 9.0.

B RESULTS AND DISCUSSION

Synthesis of fM6VL, PSMSVL, and PCL-PFMSVL-PCL.
The lactone monomer SMOVL was successfully synthesized
from 3-methyl-1,5-pentanediol, as confirmed by 'H and "*C
NMR analyses (Figures S1 and S2). PAMSVL was successfully
synthesized via ROP of SMSVL, as confirmed by 'H and "*C
NMR analyses (Figures 1 and S3). The single-resonance peak
at 4.13 ppm instead of two methylene proton peaks at 4.23 and
4.08 ppm in the '"H NMR spectrum confirmed lactone ring-
opening. SEC analysis of the PAMSVL revealed a M,, of 62.72
kDa (close to the targeted molar mass of 70 kDa) and a narrow
dispersity of 1.01 (Table 1).

PCL-PBMOVL-PCL triblock polymers were synthesized via
ROP of the commercially available caprolactone monomer
with the telechelic PAMSVL diol as a macroinitiator (Scheme
1). Four compositionally different triblock polymers were
synthesized by tuning the molar mass of PCL end blocks:
PCL,,-PSMSVL-PCL,,, PCL,;-PSMSVL-PCL,;, PCL,-
PSMGVL-PCL,,, and PCL4;-PSMSVL-PCL,, (the subscripted
numbers adjacent to PCL blocks represent the targeted molar
masses in kDa). Successful synthesis of triblock polymers was
confirmed by '"H NMR, *C NMR, and SEC analyses.

Chemical shifts corresponding to PAMOVL and PCL were
observed in NMR spectra (Figures 1, S3, and S4). SEC
chromatograms of the products shifted toward shorter
retention times (corresponding to larger molar masses) as
compared with that of PAMOVL, suggesting that PCL was
linked to PAMSVL (Figure 2). Furthermore, triblock polymer
syntheses targeting longer PCL end blocks yielded shorter
retention times than those targeting shorter PCL end blocks,
suggesting that compositionally different triblock polymers
were synthesized as designed (Figure 2). The molar mass and

— PBM&VL
—— PCL,5-PBMBVL-PCL

10 ] —PCLu-PBMSVL-PCL,,

— 0.4 -

0.2

0.0 —

rrrrrrrrrrvrrvrTi
14 16 18 20 22 24 26 28
Retention Time (min.)

Figure 2. SEC analysis for synthesized polymers. The retention times
of PCL;-PSMSVL-PCL,5 and PCL;;-PSMSVL-PCL;, were shorter
than that of PSMOVL, suggesting successful synthesis of triblock

polymers.

dispersity of each triblock polymer were determined by SEC
analysis and are shown in Table 1.

Thermal Properties of PBM6VL and PCL-PSM6VL-PCL.
DSC analysis of PAMOVL revealed a glass-transition temper-
ature (T,) of —51 °C with no melting peak (Figure 3),

PCL,,-PBMBVL-PCL,,

PCL,5-PBMBVL-PCL

1

PBMBVL

v
rrrrrrtrrrrtrrrtrrtrtet
-80 -60 -40 -20 0 20 40 60 80 100 120

Heat Flow (w/g) [exothermic up]

Temperature (°C)

Figure 3. DSC thermograms of PAMOVL and PCL-PSMOVL-PCL.
PBAMOVL has a glass transition at —51 °C and no melting peak; PCL-
PAMOVL-PCL polymers have a glass transition at —51 °C and a
melting peak below 55 °C.

consistent with previous reports.”> DSC analysis of PCL-
PSMOVL-PCL triblock polymers revealed both a glass
transition at the same T, of PAMSVL and a melting peak in
the range 52—55 °C (Figure 3).

The low T, of the amorphous PAMGSVL midblock allows it
to be in the rubbery state at physiological temperature,
providing elastomeric properties for PCL-PSMSVL-PCL
polymers. The melting peak observed for PCL-PSMOVL-
PCL polymers suggested that PCL end blocks were crystalline
or semicrystalline, serving as physical junctions to provide
mechanical strength and modulus. The melting temperature
(T,,) of triblock polymers slightly increased with the PCL
block length, but all PCL-PSMSVL-PCL polymers had a T,
below 55 °C (Table 1).

Crystallinity (X.) of PCL end blocks in each triblock
polymer was determined by the ratio of the melting enthalpy of
PCL end blocks (calculated from melting enthalpy and
composition of the triblock polymer) to 139.50 J/g, which is
the melting enthalpy of 100% crystalline PCL.*' The
crystallinity of PCL end blocks was 41.78, 45.20, 46.13, and
55.48% for PCL,,-PAMSVL-PCL,, PCL,;-PAMSVL-PCL,,
PCL,-PSMOVL-PCL,, and PCL;,-PBMOVL-PCL;,, respec-
tively (Table 1). Crystallinity of PCL end blocks increased
slightly with PCL block length, probably because the
crystalline structure of PCL segments adjacent to the
amorphous PSMOVL midblock was disrupted and the
percentage of disrupted segments decreased with increasing
PCL block length. The increase in crystallinity of PCL end
blocks with increasing block length may explain the slight
increase in the melting temperature of PCL-PSMSVL-PCL
polymers with PCL end block length.*’

Mechanical Properties of PCL-PAMSVL-PCL. Young’s
modulus, ultimate tensile strength, and strain to failure of PCL-
PPMOVL-PCL polymers were determined from uniaxial
stress—strain curves (Figures 4a and SSa; Table 2). Young’s
modulus determined from the low strain region (0—5%)
ranged from 12 to 49 MPa and increased with PCL end block
length.
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Figure 4. Uniaxial extension and cyclic tensile tests for PCL-PSMSVL-PCL polymers. (a) Representative stress—strain curves of uniaxial extension
tests. (b) Representative stress—strain curves of cyclic tensile tests for PCL,-PAMGSVL-PCL,;. (c) Hysteresis energy loss determined from cyclic
tensile tests. (d) Residual strain in cyclic tensile tests. All tests were performed with a strain rate of 10 mm/min.

Table 2. Mechanical Properties of PCL-PSM6VL-PCL Polymers®

polymers 'E (MPa) *residual strain (%) ultimate strength (MPa) strain to failure (%)
PCL,,-PAMSVL-PCL,, 1278 + 2.05 N/A* 139 + 0.4 66 + 9.12
PCL,-PAMSVL-PCL; 1476 + 1.39 7.37 £0.42 624 + 0.68 1394 + 20.98
PCL,,-PAMSVL-PCL,, 1678 + 091 8.65 +0.49 8.59 + 0.51 1458 + 28.37
PCL;3;-PSMSVL-PCL,, 48.52 + 7.26 11.18 +0.78 13.60 + 2.17 1502 + 41.25

“IE = Young’s modulus and ’residual strain at the 20th cycle. *PCL,,-PAMSVL-PCL,, failed during the second cycle. n = 3. Results are reported as

the mean + std dev.

Ultimate tensile strength also increased with PCL end block
length from approximately 1.4 MPa for PCL,-PSMSVL-PCL
to 13.6 MPa for PCL;;,-PSMOVL-PCL;,. Strain to failure was
greater than 1000% for PCL,s-PSMOVL-PCLs5, PCL,,-
PBAMOVL-PCL,;, and PCL3-PBMOVL-PCL;,, suggesting that
these polymers are highly stretchable. PCL,,-PSMSVL-PCL
showed much lower ultimate tensile strength than the other
three triblock polymers, and its strain to failure was only 66%,
suggesting that the junctions formed from 10 kDa PCL end
blocks are not strong enough to allow extensive stretching.

Tensile hysteresis tests for PCL,-PAMSVL-PCL5, PCL,,-
PSMOVL-PCL,;, and PCL;,-PPMOSVL-PCL;, revealed that
hysteresis energy loss during the first cycle was relatively large
(42—47%) but became significantly smaller for all subsequent
cycles (15—18% at cycle S; 14—17% at cycle 20), suggesting
that these polymers are elastomers (Figure 4b,c). The increase
in residual strain was most significant in the first cycle, and
only a minor increase was observed in each subsequent cycle
(Figure 4d). Among the three elastomers, PCL,;-PSMGSVL-
PCL,; exhibited the least hysteresis energy loss (15.5% at cycle
S and 14% at cycle 20) and residual strain (6.7% at cycle S and
7.37% at cycle 20), suggesting that shorter PCL end blocks
endow better elastomeric properties provided they are long
enough to form strong junctions to allow extensive stretching.
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Tensile set (defined as remaining strain after a specimen has
been stretched and allowed to retract in a specified manner) of
PCL,s-PPMOVL-PCL,s was measured according to ASTM
standard D412-16 (Figure S5b).** Specimens were stretched
to 50% strain within 15 s, held there for 10 min, and retracted
at a rate of 10 mm/min. Tensile set was 3.4% (i.e., strain
recovery was 96.60%) immediately following the tester grip
returning to its starting position. After 10 min, tensile set was
1.76% (ie., strain recovery was 98.24%), and complete
recovery was observed after 40 min. These results further
confirm that PCL-PSMOVL-PCL polymers are elastomeric.

Cytocompatibility of PCL-PSMJVL-PCL Elastomers.
Alamar Blue assay performed for fibroblasts cultured on films
of the three PCL-PSMOVL-PCL elastomers for 24 h revealed
similar cell viability to that on the positive control of
commercial TCPS (Figure Sa). Alamar Blue assay was further
performed for fibroblasts cultured on PCL,;-PSMOVL-PCL,;
films for up to S days, and cell viability evaluated at each time
point was similar to that on the TCPS control (Figure Sb). In
addition, the Alamar Blue fluorescence signal increased by
approximately 1.6 times between days 1 and S on PCLs-
PPMOVL-PCL  films, suggesting that the material supported
cell proliferation. Cytocompatibility of PCL-PSMSVL-PCL
elastomers was further confirmed by live—dead cell staining. A
few dead cells were observed on either PCL-PSMOVL-PCL
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Figure 5. Evaluation of cytocompatibility of PCL-PMGSVL-PCL elastomers. Commercial tissue culture polystyrene (TCPS) was used as a control.
(a) Alamar Blue assay for 3T3 fibroblasts seeded at 15537 cells/cm” on triblock elastomers and cultured for 24 h. (b) Alamar Blue assay for 3T3
fibroblasts seeded at 3107 cells/cm* on PCL,-PSAMSVL-PCL; and cultured for 5 days. (c) Representative images of live—dead staining for 3T3
fibroblasts seeded at 3107 cells/cm? on PCL,s-PSMSVL-PCL,; and cultured for 1 and 5 days. Results are reported as the mean =+ std dev. Statistical
analysis was performed using Welch’s one-way ANOVA with Dunnett’s multiple comparison posthoc test for (a) and two-way ANOVA with
Tukey’s multiple comparison posthoc test for (b), ns = not significant (p-value > 0.05), ****p-value < 0.0001, and n = 3.

polymer films or TCPS (Figure Sc). These results suggest that
PCL-PSMOVL-PCL elastomers are as cytocompatible as
commercial TCPS.

Printing of PCL-PSMGVL-PCL Elastomers. The thermo-
plastic nature of PCL-PSMOVL-PCL elastomers and their
relatively low melting temperatures (below S5 °C) make it easy
to process these materials into desired shapes and structures.
We demonstrated that they could be readily printed by
commonly used fused deposition modeling (FDM) technology
on a BIO-X 3D printer equipped with a thermoplastic head.*
PCL,-PAMOVL-PCL,5 was fed into the printer head and
heated to 60 °C, and the polymer melt was printed with a
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pressure of 200 kPa to form a hand-shaped structure shown in
Figure 6.

Protein Encapsulation in PCL-PFM6VL-PCL Elasto-
mers. Lysozyme, which has a denaturation temperature of 75
°C,* was chosen as a model bioactive agent. Lysozyme was
encapsulated in PCL5-PAMOVL-PCL via melt blending at 60
°C in a twin-screw extruder, and the melt blended product was
further hot-pressed to 0.2 mm thick films at 60 °C under 350
kPa pressure. Examination of these films with optical
microscopy revealed that lysozyme particles were uniformly
distributed throughout each specimen, whereas the distribu-
tion of lysozyme particles encapsulated in PCL,s-PSMOVL-
PCL,s via solvent casting was not uniform (Figure S6). The
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L

Figure 6. Thermoplastic PCL;-PSMSVL-PCL,5 was printed to a
hand-shaped structure through fused deposition modeling (FDM) at
60 °C.

lysozyme loading content was 18.25%. Uniaxial tensile tests
showed that Young’s modulus of PCLs-PFMOVL-PCL;
containing lysozyme was 14.68 MPa (Figure S7), similar to
that of pristine polymer. Strain to failure was 959%, and
ultimate tensile strength was 5.46 MPa; both values were
slightly lower than those for pristine polymer.

Activity of the lysozyme encapsulated in PCL,s-PAMOVL-
PCL; films was examined to assess whether the double
processing procedures at 60 °C (melt blending and hot-
pressing) damaged protein activity. To retrieve encapsulated
lysozyme, the films were treated with DCM to dissolve the
polymer, followed by extraction of lysozyme with water and
lyophilization. Pristine lysozyme and DCM-treated lysozyme
were evaluated as two controls. The activity of the lysozyme
extracted from the films was slightly lower than that of pristine
lysozyme (p-value = 0.12), but almost the same as that of
DCM-treated lysozyme (p-value > 0.9999) (Figure 7). These
results suggested that lysozyme slightly lost its activity when
exposed to DCM, but the double processing procedures at 60
°C did not reduce its activity.
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Figure 7. Activity of the lysozyme encapsulated in PCL,5-PM6VL-
PCL; films through double heat processing at 60 °C (melt blending
and hot-pressing) and extracted with DCM. Pristine lysozyme and
DCM-treated lysozyme were evaluated as controls. Results are
reported as the mean + std. dev. Statistical analysis was performed
using Welch’s one-way ANOVA with Dunnett’s multiple comparison
posthoc test, ns= not significant (p-value > 0.9999), and n = 3.
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Encapsulation of bioactive agents in a material is often
required for biomedical applications. These bioactive agents
are often proteins, which could be affected by material
processing when performed at high temperatures or with
organic solvents. Thermoplastic polymers can be processed at
an elevated temperature (such as T, for semicrystalline
polymers) while under pressure or via solvent casting. In
general, solvent casting is not ideal because proteins could
denature in an organic solvent, resulting in loss of structure
and activity, and residual solvent could be cytotoxic. Thermal
processing does not leave toxic substances behind but many
materials require a high processing temperature, which could
also lead to protein denaturation. In this work, we
demonstrated that lysozyme, which has a denaturation
temperature of 75 °C, can be uniformly encapsulated in
PCL-PAMOVL-PCL films using a double thermal processing
method at 60 °C (melt blending and hot-pressing) without any
loss of its bioactivity. Therefore, PCL-PSMSVL-PCL elas-
tomers could be readily processed into products encapsulating
bioactive agents that retain activity at 60 °C, even though it
remains challenging to encapsulate sensitive agents that lose
bioactivity at or above 60 °C.

Water Contact Angle of PCL-PSMSVL-PCL. Water
contact angles (CAs) of PCL,;-PSMSVL-PCL,;, PAMSVL,
and PCL, were 104, 96, and 113°, respectively (Figure S8),
suggesting that PAMGSVL is less hydrophobic than PCL,5 and
that both PAM6VL and PCL blocks coexist on the surface of
PCL,-PAMSVL-PCL,;. The CA of PCL,;-PAMSVL-PCL,,
films encapsulating lysozyme was 81° (Figure S8), suggesting
that lysozyme was present on the surface of these films.

Degradation of PCL-PM4VL-PCL. PCL-PSMSVL-PCL
elastomers are polyesters and are expected to be hydrolyzable.
Degradation of PCL,5-PSMSVL-PCL s was examined in vitro
by incubating polymer specimens in PBS and in a solution of
lipase (T. lanuginosus; 2000 U/mL) at 37 °C for up to 8 weeks.
In PBS, mass loss was negligible at 1 week and increased
almost linearly between 1 and 8 weeks to approximately 8%
(Figure 8). In lipase solution, polymer degradation was
significantly accelerated and mass loss was 63% at 8 weeks,
consistent with previous reports on lipase accelerated
hydrolysis of ester bonds (Figure 8).>° These results confirm
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Figure 8. Weight loss profiles of PCL,;-PAMOVL-PCL s incubated in
PBS and a lipase solution at 37 °C for 8 weeks. Results are reported as
average of three independent experiments (n = 3) and error bars
represent + std. dev.
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that PCL-PSMOVL-PCL elastomers are hydrolyzable, and their
degradation is accelerated in the presence of lipase.

B CONCLUSIONS

Thermoplastic PCL-PAMOVL-PCL triblock polymers were
successfully synthesized. The triblock polymers exhibited
elastomeric properties when the PAMSVL midblock was 62.7
kDa, and the two PCL end blocks were in the range of 14.0—
18.7 kDa. These materials have strain to failure values greater
than 1000%. Tensile set measurements according to an ASTM
standard revealed a 98.24% strain recovery 10 min after the
force was removed and complete strain recovery 40 min after
the force was removed. The amorphous PSMOVL midblock
displayed a T, of —S1 °C, and PCL end blocks were
semicrystalline with a T,, in the range of 52—55 °C. Due to
their thermoplastic nature and low melting temperatures, these
elastomers were readily processable using printing, extrusion,
or hot-pressing at 60 °C, and lysozyme encapsulated in PCL-
PBMOVL-PCL elastomers during processing did not lose
bioactivity. PCL-PSMOVL-PCL polymers were as cytocompat-
ible as commercial tissue culture polystyrene in supporting cell
viability and cell growth, and they were degradable in aqueous
environments through hydrolysis. These degradable, cytocom-
patible, elastomeric, and thermoplastic materials are potentially
amenable to 3D printing at 60 °C and may find many
applications in the biomedical field, such as medical devices
and tissue engineering scaffolds.
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