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ABSTRACT: Biodegradable and implantable materials having
elastomeric properties are highly desirable for many biomedical
applications. Here, we report that poly(lactide)-co-poly(β-methyl-
δ-valerolactone)-co-poly(lactide) (PLA-PβMδVL-PLA), a thermo-
plastic triblock poly(α-ester), has combined favorable properties of
elasticity, biodegradability, and biocompatibility. This material
exhibits excellent elastomeric properties in both dry and aqueous
environments. The elongation at break is approximately 1000%,
and stretched specimens completely recover to their original shape
after force is removed. The material is degradable both in vitro and
in vivo; it degrades more slowly than poly(glycerol sebacate) and
more rapidly than poly(caprolactone) in vivo. Both the polymer
and its degradation product show high cytocompatibility in vitro. The histopathological analysis of PLA-PβMδVL-PLA specimens
implanted in the gluteal muscle of rats for 1, 4, and 8 weeks revealed similar tissue responses as compared with poly(glycerol
sebacate) and poly(caprolactone) controls, two widely accepted implantable polymers, suggesting that PLA-PβMδVL-PLA can
potentially be used as an implantable material with favorable in vivo biocompatibility. The thermoplastic nature allows this elastomer
to be readily processed, as demonstrated by the facile fabrication of the substrates with topographical cues to enhance muscle cell
alignment. These properties collectively make this polymer potentially highly valuable for applications such as medical devices and
tissue engineering scaffolds.
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■ INTRODUCTION

Biodegradable and implantable materials having elastomeric
properties are highly desirable for many biomedical applica-
tions such as medical devices, tissue engineering scaffolds, and
drug delivery devices.1−4 Biocompatible and biodegradable
polyesters, such as polycaprolactone (PCL), polylactic acid
(PLA), polyglycolic acid (PGA) and their copolymers, have
been used in many FDA-approved implantable devices.4−7

However, these materials are stiff and nonelastomeric.4,8,9

They have high Young’s moduli [PCL: 0.15−0.33 GPa; PLA:
1.9−2.4 GPa; PGA: 7−14 GPa; poly(lactic-co-glycolic acid)
(PLGA): 1.4−2.8 GPa]4 and small yield strains (PCL: 7.0%;
PLA: 1.8−4.0%; PLGA: 0.4−2%),10−13 beyond which the
materials do not recover from deformation. The elongation-at-
break values are low for PLA (2−6%), PGA (15−25%), and
PLGA (3−10%).4,10 The mechanical properties of these
polyesters are not ideal for applications in which materials
interface with soft tissues, which have elastic moduli on the
order of 0.1 kPa to 10 MPa,4,14,15 and particularly with those
subjected to large and dynamic strains. Mechanical mismatch
between tissues and an adjacent implant could greatly affect
postimplantation healing and remodeling processes, possibly
leading to failure of the implant.4,16−18 Soft and elastomeric
materials that can be easily stretched with a large, recoverable
strain are highly desirable to address this problem.13,16,19−21

Poly(glycerol sebacate) (PGS) and poly(diol citrate) (PDC)
are two of the most widely reported materials having collective
properties of elasticity, biodegradability, and biocompatibil-
ity.4,22,23 However, PGS and PDC are both thermosetting
polyesters synthesized through polycondensation and curing
by the reaction between carboxyl and hydroxyl groups, which
is typically conducted at a relatively high temperature under
vacuum for an extended period of time.4,19,22 The thermoset-
ting nature of PGS and PDC imposes limitations on material
processing; the harsh processing conditions make it challeng-
ing to incorporate bioactive molecules required for certain
applications.1,22,24,25

Elastin-based elastomers are also biodegradable, and they
have been studied for various biomedical applications.26−29

These elastomers are prepared by chemically cross-linking
animal-derived soluble elastin, recombinant human tropoelas-
tin, or elastin-like polypeptides. Therefore, elastin-based
elastomers are also thermosetting materials. These protein-
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based elastomers are expensive to produce. In addition, when
protein-based materials are used as implantable materials, they
generally raise concerns of immunogenicity, which need to be
carefully addressed.4

Thermoplastic polymers potentially have advantages over
thermosetting polymers in allowing more facile material
processing and better synthetic control,4 and therefore,
thermoplastic elastomers that can be used as implantable
materials are highly attractive. It has been reported that
random copolymerization of caprolactone with glycolide or
lactide yields elastomers, in which interchain interactions serve
as physical crosslinks.4,30−32 However, random copolymers
typically have poorly controlled molecular structures and broad
molar mass distributions.33 Thermoplastic multiblock poly-
(ester-urethane)s composed of PLLA and PCL blocks have
also been reported to be elastomers.17 However, these
materials have Young’s moduli greater than 30 MPa,17 much
stiffer than soft tissues.14,15

Thermoplastic poly(lactide)-co-poly(β-methyl-δ-valerolac-
tone)-co-poly(lactide) (PLA-PβMδVL-PLA) triblock polyest-
ers exhibit elastomeric properties.34 These materials are highly
stretchable and recover nearly completely after force is
removed. The elastomeric properties are provided by the
PβMδVL midblock, which is amorphous and has a low glass
transition temperature (−51 °C). The PLA end blocks form
physical junctions and provide mechanical strength and
modulus (Figure S1). These polymers are synthesized using
well-controlled ring-opening transesterification polymerization.
The molecular architecture, molar mass, and composition of
triblock polymers have been shown to be well controlled and
easily tuned.34,35 As a result, the material properties, including
mechanical properties and polymer degradation rates, have
been demonstrated to be controllable and tunable.34 Addi-
tionally, PLA-PβMδVL-PLA polymers can be synthesized
through an economically viable route,34 and their thermo-
plastic nature makes these polymers easily processable.4

However, it has never been reported whether PLA-PβMδVL-
PLA polymers are suitable for biomedical applications,
particularly as implantable materials. We hypothesized that
these polyester-based materials would retain elastomeric
properties in an aqueous environment and exhibit biocompat-
ibility comparable to that of PGS and PCL. In this study, we
examined the elastomeric properties of a PLA-PβMδVL-PLA
polymer that has a Young’s modulus of approximately 1 MPa
in both dry and phosphate-buffered saline (PBS) conditions.
We also examined degradation and biocompatibility of this
material in vitro and in vivo. To demonstrate the ease of
material processing, we fabricated cell culture substrates with
topographical cues and examined muscle cell alignment on
these substrates.

■ MATERIALS AND METHODS
NMR Spectroscopy. 1H NMR and 13C NMR spectroscopies were

performed at 25 °C on a 500 MHz Bruker AVANCE III HD with a
SampleXpress spectrometer. 1H NMR spectra were acquired with 64
scans, and 13C NMR spectra were acquired with 128 scans. Solutions
were prepared in 99.8% CDCl3 with 1% (v/v) tetramethylsilane
(TMS, Cambridge Isotope Laboratories) or D2O (Cambridge Isotope
Laboratories). Chemical shifts are reported in parts per million with
respect to the TMS standard (set to 0.00 ppm) or D2O (set to 4.70
ppm) as a reference.
Size-Exclusion Chromatography. Molar masses and dispersities

of polymers were characterized by size-exclusion chromatography
coupled with multiangle laser light scattering (SEC-MALLS). The

SEC instrument was equipped with three successive Phenomenex
Phenogel-5 columns, a Wyatt Technology DAWN DSP (MALLS)
detector, and a Wyatt Optilab EX RI detector. Polymer samples were
prepared at a concentration of 2 mg/mL, and 100 μg of polymer was
injected for each analysis, which was performed at 25 °C with
tetrahydrofuran (THF) as the mobile phase (at a flow rate of 1 mL/
min). Molar mass and dispersity were determined from chromato-
grams using Astra software (Wyatt Technologies). The dn/dc value of
PLA-PβMδVL-PLA used for the analysis was 0.059 mL/g, as
calculated from the weighted average of the dn/dc values of the
PβMδVL and PLA blocks (0.062535 and 0.042 mL/g,36 respectively)
using the weight percentages determined by 1H NMR.

Synthesis of β-Methyl-δ-valerolactone. β-Methyl-δ-valerolac-
tone (βMδVL) was synthesized from 3-methyl-1,5-pentanediol, as
previously reported.37 In brief, 3-methyl-1,5-pentanediol (1 L, TCI
America) and copper chromite (50 g, Sigma-Aldrich) were added to a
2 L two-neck, round-bottomed flask. The flask was fitted with a
thermometer adapter in one neck and a Dean−Stark apparatus
coupled to a condenser in the other neck. The condenser was
connected to a bubbler filled with silicone oil. The flask was heated to
240 °C while stirring, and the reaction was continued for 20 h.

After cooling, the product was purified via four fractional
distillations under reduced pressure; during each distillation, the
initial distillate collected at 38−54 °C and 53.3 Pa (approximately
5%) was discarded, and the βMδVL product was collected at 55 °C
and 53.3 Pa. The first fractional distillation was performed for the
crude product over copper chromite. To further remove a minor
impurity, 4-methyl-3,4,5,6-tetrahydro-2H-pyran-2-ol (which could be
detected at 5.3 ppm in the 1H NMR spectrum), phosphorus
pentoxide (5 g, Sigma-Aldrich) was added to the product collected
in the first distillation and stirred at 120 °C for 12 h to dehydrate the
impurity, followed by a second fractional distillation. To thoroughly
remove water, the collected βMδVL was dried over calcium hydride
for 2 days, followed by another fractional distillation; this drying step
was repeated twice. 1H NMR was used to confirm high purity of
βMδVL. 1H NMR shifts for βMδVL (500 MHz, CDCl3, 25 °C): δ
4.40 (−O−CH2−CH2−); 4.26 (−O−CH2−CH2−); 2.66 (−CO−
CH2−CH(CH3)−); 2.12 (−CO−CH2−CH(CH3)−); 2.10 (−CO−
CH2−CH(CH3)−); 1.95 (−CH(CH3)−CH2−CH2−); 1.54 (−CH-
(CH3)−CH2−CH2−); 1.08 (−CH(CH3)−CH2−CH2−).

Synthesis and Purification of Poly(β-methyl-δ-valerolac-
tone). Poly(β-methyl-δ-valerolactone) (PβMδVL) was synthesized
through solvent-free ring-opening polymerization of βMδVL at room
temperature as previously reported.35 All the reagents and glassware
were dried thoroughly prior to use, and the reaction was set up in a
glovebox with an inert atmosphere. The monomer βMδVL (100 g)
and the initiator 1,4-benzenedimethanol (BDM, Acros Organics, 138
mg) were added to a pressure vessel and stirred until BDM was
completely dissolved, followed by addition of the catalyst diphenyl
phosphate (Sigma-Aldrich) at a monomer/catalyst molar ratio of
400:1. The amount of BDM added in the reaction mixture was
determined from the desired molar mass of 100 kDa for PβMδVL and
an assumption of 85% conversion. The pressure vessel was sealed, and
polymerization was continued for 20 h at room temperature, followed
by quenching with triethylamine (Macron Fine Chemicals) at a
triethylamine/catalyst molar ratio of 5:1.

To purify PβMδVL, the reaction mixture was dissolved in
dichloromethane and the solution was added to cold methanol
dropwise while stirring to precipitate the polymer, followed by drying
the polymer under vacuum for 48 h. Success of polymerization and
polymer purity were verified by 1H NMR. SEC-MALLS was used to
determine the molar mass of synthesized PβMδVL. 1H NMR shifts
for PβMδVL (500 MHz, CDCl3, 25 °C): δ 4.12 (−O−CH2−CH2−);
2.31 (−CO−CH2−CH(CH3)−); 2.18 (−CO−CH2−CH(CH3)−);
2.08 (−CH2−CH(CH3)−CH2−); 1.70 (−CH(CH3)−CH2−CH2−);
1.53 (−CH(CH3)−CH2−CH2−); 0.98 (−CH2−CH(CH3)−CH2−).
13C NMR shifts for PβMδVL (126 MHz, CDCl3, 25 °C): δ 172.63
(−CH2−CO−O−); 62.30 (−CH2−CH2−O−); 41.50 (−CH(CH3)−
CH2−CO−); 35.11 (−CH2−CH2−CH(CH3)−); 27.42 (−CH2−
CH(CH3)−CH2−); 19.51 (−CH2−CH(CH3)−CH2−).
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Synthesis of PLA-PβMδVL-PLA. PLA-PβMδVL-PLA was
synthesized by extending the bifunctional telechelic PβMδVL (having
one hydroxyl group on each end and serving as a macroinitiator)
through ring-opening polymerization of lactide as previously
reported.35 Polymerization was conducted in a glovebox with an
inert atmosphere. A solution of D,L-lactide (1 M, Ortec) was prepared
in anhydrous toluene (Sigma-Aldrich) and added to PβMδVL in a
pressure vessel (38.5 g PβMδVL, 9.2 g lactide, 98 mL toluene), and
the mixture was heated to 145 °C while stirring until PβMδVL was
fully dissolved. The catalyst tin(II) ethylhexanoate (Sigma-Aldrich)
was dissolved in anhydrous toluene (6.87 mg/mL) and added to the
reaction mixture to a final mass of 20.7 mg. The reaction was carried
out at 140 °C for 6 h and quenched by cooling to room temperature.
To purify PLA-PβMδVL-PLA, the reaction mixture was dissolved

in dichloromethane, and the solution was added to cold methanol
dropwise to precipitate the polymer. The precipitated polymer was
dissolved in chloroform, followed by the addition of activated charcoal
(Sigma-Aldrich) to remove the catalyst thoroughly. The charcoal was
removed through filtration, first through a coarse-porosity filter paper
(Fisher, P8) and then through a glass microfiber filter paper (GE
Healthcare Life Sciences Whatman, 0.1 μm pore size), and the
polymer was precipitated in cold methanol. Purification with activated
charcoal was repeated twice. The polymer was dried for 24 h in a
fume hood, followed by drying under vacuum (101.5 kPa) for a
minimum of 3 days to thoroughly remove the solvent.
PLA-PβMδVL-PLA synthesis was characterized by SEC-MALLS,

1H NMR, and 13C NMR. SEC-MALLS was used to determine the
molar mass of the synthesized polymer and its distribution; an
increase in molar mass as compared with that of PβMδVL and a
unimodal distribution were expected for successfully synthesized PLA-
PβMδVL-PLA. 1H NMR and 13C NMR were used to confirm the
presence of PLA end blocks. The weight percentage of PLA end
blocks was determined from the 1H NMR spectrum according to eq
S1. 1H NMR shifts for PLA-PβMδVL-PLA (500 MHz, CDCl3; 25
°C): δ 5.16 (−O−CH(CH3)−CO−); 4.12 (−O−CH2−CH2−); 2.31
(−CO−CH2−CH(CH3)−); 2.18 (−CO−CH2−CH(CH3)−); 2.08
(−CH2−CH(CH3)−CH2−); 1.70 (−CH(CH3)−CH2−CH2−); 1.58
(−O−CH(CH3)−CO−); 1.53 (−CH(CH3)−CH2−CH2−); 0.98
(−CH2−CH(CH3)−CH2−). 13C NMR shifts for PLA-PβMδVL-
PLA (126 MHz, CDCl3, 25 °C): δ 172.63 (−CH2−CO−O−);
169.40 (−CO−CH(CH3)−); 69.00 (−CO−CH(CH3)−O); 62.30
(−CH2−CH2−O−); 41.50 (−CH(CH3)−CH2−CO−); 35.11
(−CH2−CH2−CH(CH3)−); 27.42 (−CH2−CH(CH3)−CH2−);
19.51 (−CH2−CH(CH3)−CH2−); 16.65 (−CO−CH(CH3)−O−).
Polymer Fabrication. Polymer films (approximately 0.3 mm

thick) were fabricated for examining mechanical properties, in vitro
cytotoxicity, and in vitro degradation. PLA-PβMδVL-PLA (1 g) was
sandwiched between two Teflon sheets and compressed at 120 °C
and 454 kg for 5 min in a Carver press (Carver 4386 hot press) to
yield a film. To fabricate PCL (Sigma-Aldrich, Mn = 45 kDa) or PLA
(NatureWorks,Mn = 80 kDa) controls, 10 mL of the polymer solution
(20% w/v, dissolved in chloroform) was poured into a 9 cm Petri
dish, followed by drying in a fume hood for 48 h and then in a
vacuum oven (101.5 kPa) for 3 days. The dried PCL or PLA was
sandwiched between two Teflon sheets and compressed at 60 °C (for
PCL) or 180 °C (for PLA) and 454 kg for 5 min in the Carver press
to yield a film. To fabricate the PGS control, 0.8 g of Regenerez PGS
resin (Secant Group) was placed in a 5 cm glass Petri dish and cured
in a vacuum oven (101.5 kPa) at 130 °C for 3 days to yield a film.
Specimens for mechanical testing were cut from films using a dog
bone-shaped dye (14 mm gauge length), and specimen thicknesses
were measured with a caliper. Specimens for evaluating in vitro
cytocompatibility and degradation were cut using 8 mm or 6 mm
biopsy punches.
PLA-PβMδVL-PLA cell culture substrates with a microgroove

surface topography were fabricated by thermocompression. A
micropattern (10 μm groove/ridge width; 1 μm depth) was fabricated
on a silicon wafer and transferred to poly(dimethylsiloxane) (PDMS)
through molding, as previously reported.38 To transfer the micro-
pattern from PDMS to PLA-PβMδVL-PLA, the patterned PDMS

mold and a PLA-PβMδVL-PLA film (placed on an 18 mm × 18 mm
glass coverslip), respectively, were heated to 180 °C for 10 min on a
platen of a Carver Press. The hot PDMS mold was then placed on the
hot PLA-PβMδVL-PLA film immediately (the patterned side of
PDMS interfaced with PLA-PβMδVL-PLA), and a 250 g weight was
placed on the top of the PDMS until it cooled to room temperature,
resulting in a patterned PLA-PβMδVL-PLA film. Nonpatterned PLA-
PβMδVL-PLA controls were fabricated through a similar thermo-
compression procedure in which the patterned PDMS was replaced
with flat PDMS.

Disk-shaped specimens (6 mm in diameter and 3 mm thick) of
PLA-PβMδVL-PLA and controls (PGS and PCL) were fabricated for
animal studies. To prepare PLA-PβMδVL-PLA specimens, 3 g of the
polymer was placed in a mold cavity (16 mm in diameter and 3 mm
high) sandwiched between two Teflon sheets and heated to 180 °C
for 5 min in a Carver press (Carver 5370 AutoFour/4819 ASTM
Molding Laboratory Press), followed by pressing with 363 kg for 10
min and with 2268 kg for 5 min sequentially. The polymer was cooled
in the press using water-injected cooling to room temperature and
then removed from the mold. PLA-PβMδVL-PLA disks were cut to
size using a 6 mm biopsy punch. To prepare PCL specimens (Sigma-
Aldrich, 45 kDa), polymer pellets were placed in a mold cavity (6 mm
in diameter and 3 mm high) sandwiched between two Teflon sheets
and heated to 85 °C for 5 min in the Carver press, followed by
pressing with 363 kg for 10 min and 2268 kg for 5 min sequentially.
The polymer was cooled in the press using water-injected cooling. To
prepare PGS specimens, 8 g of Regenerez PGS resin was placed in a 5
cm glass Petri dish and cured in a vacuum oven (101.5 kPa) at 130 °C
for 3 days to yield a 3 mm-thick product. Disks 6 mm in diameter
were punched out using a biopsy punch.

Tensile Testing. Uniaxial extension tests of dry and wet
specimens were performed at a strain rate of 10 mm/min on a
Shimadzu AGS-X tensile tester to reveal elongation at break and
ultimate tensile strength. The wet specimens were incubated in PBS at
37 °C for 24 h and removed from the solution and patted dry with a
KimWipe immediately prior to mechanical testing.

Tensile hysteresis tests in both dry and wet conditions were
performed on a TestResources 100Q Tensile Tester equipped with a
liquid bath. To perform tests in the wet condition, the specimens were
incubated in PBS at 37 °C for 24 h and then loaded in tensile tester
grips and submerged in a bath filled with PBS for measurement. The
tests were performed with a maximum strain of 50% and a strain rate
of 10 mm/min for 20 cycles. Young’s modulus was determined from
the low-strain region (0−5%) of the extension curve in the first
cycle.39 Hysteresis loss was calculated by dividing the area between
the extension and contraction curves by the total area under the
extension curve.37

Tensile set was measured for the dry and wet specimens on a
TestResources Q100 tensile tester following ASTM standard D412-
16.40 The specimens were stretched to 50% strain within 15 s, held at
50% strain for 10 min, and retracted to the starting position at a rate
of 10 mm/min. After the grip was returned to its starting position, the
specimens were removed from the tensile tester, followed by
measuring specimen length using a caliper immediately and every
10 min afterward. Tensile set was calculated by dividing the change in
specimen length (with respect to the initial length) by the initial
length.

In Vitro Degradation of PLA-PβMδVL-PLA. The initial mass of
each polymer film (8 mm in diameter and approximately 0.3 mm
thick) was recorded. The polymer films were disinfected by soaking in
Pen−Strep (5%) for 2 h, followed by washing with PBS 3 times. Each
film was placed in 6 mL of PBS or PBS containing 2000 IU/mL lipase
from Thermomyces lanuginosus (Sigma-Aldrich, >100,000 IU/mL) and
incubated at 37 °C on a rotational shaker. PBS and the lipase solution
were both adjusted to pH 7.2 and sterilized by filtration prior to use.
The solution in each sample was changed weekly. At a predetermined
time point, a sample was rinsed with water, patted dry, and dried
under vacuum to constant weight (no weight change for 3 days). The
mass of the dried sample was recorded and compared with the initial
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mass. The sample was then dissolved in THF and subjected to SEC-
MALLS analysis to reveal the change in molar mass.
Live/Dead Staining and alamarBlue Assay. For live/dead

staining, cells were incubated with ethidium homodimer and calcein
AM (0.1% v/v) for 30 min in the dark, followed by washing with PBS.
The samples were imaged with a 5× objective on a Zeiss Axio
Observer inverted fluorescence microscope equipped with 470/525
and 550/650 excitation/emission filters. The polymer films were
placed on a glass slide, with the side having cells facing down for
imaging. The cells cultured on tissue culture polystyrene (TCPS)
were imaged directly in culture wells.
For the alamarBlue assay, cells were cultured in 96-well plates in

100 μL of a phenol red-free culture medium. alamarBlue reagent (Bio-
Rad, 11 μL) was added to each well, followed by incubation in a tissue
culture incubator for 4 h. The culture medium in each sample (100
μL) was transferred to a new 96-well plate, and fluorescence intensity
was measured at the excitation/emission wavelengths of 560/590 nm
using a BioTek Cytation 3 cell imaging multimode plate reader.
In Vitro Cytocompatibility of PLA-PβMδVL-PLA. In vitro

cytocompatibility of PLA-PβMδVL-PLA was examined by live/dead
staining and the alamarBlue assay. PGS, PCL, PLA, and standard
TCPS were used as controls. For live/dead staining, polymer films (8
mm in diameter) were adhered to glass coverslips with a thin layer of
autoclaved vacuum grease, soaked in Pen−Strep (5%) for 2 h, washed
with PBS 3 times, and placed in a well of a 24-well plate. The films
and TCPS were soaked in culture medium [Dulbecco’s modified
Eagle’s medium (DMEM) with 10% fetal bovine serum (FBS) and 1%
Pen−Strep] overnight, followed by seeding NIH 3T3 fibroblasts at a
density of 50,000 cells per well. The cells were cultured for 24 h and
stained with ethidium homodimer and calcein AM. For the
alamarBlue assay, polymer films (6 mm in diameter) were soaked
in Pen−Strep (5%) for 2 h and washed with PBS 3 times. The films
were each affixed to the bottom of a well in 96-well plates by a thin
layer of autoclaved vacuum grease. The films and TCPS were soaked
in the cell culture medium overnight, followed by seeding 3T3
fibroblasts or C2C12 cells at a density of 5,000 cells per well. The cells
were cultured in 100 μL of phenol red-free culture medium for 24 h,
followed by the alamarBlue assay.
The result from the alamarBlue assay performed for cells cultured

for 24 h reflects combined effects of the material cytocompatibility
and the cell adhesive property of a material. To decouple these effects
and evaluate only material cytocompatibility, PLA-PβMδVL-PLA
films and controls were coated with Matrigel (130 μg/mL in PBS) at
4 °C overnight, followed by seeding 3T3 fibroblasts at a density of
5000 cells per well. In addition, the medium was changed at 4 h post
cell seeding to remove nonadherent cells for all the samples, and the
alamarBlue assay was performed at both 24 and 4 h (as a
normalization reference). The fold increase in cell number between
4 and 24 h (the ratio of the alamarBlue signals at these two time
points) reflected material cytocompatibility. Experiments were
performed in triplicate.
In Vitro Cytocompatibility of the Degradation Product of

PβMδVL. The degradation products from complete hydrolysis of
PβMδVL and PCL are 5-hydroxy-3-methyl-pentanoic acid and 6-
hydroxy-caproic acid (or the carboxylate salts depending on the pH),
respectively. To evaluate their cytocompatibility, these two com-
pounds were synthesized through hydrolysis of βMδVL and ε-
caprolactone, respectively, as previously reported.41 To synthesize
sodium 5-hydroxy-3-methyl-pentanoate, 0.117 mL of βMδVL was
slowly added to 1.116 mL of an aqueous solution containing 0.0077
mol of NaOH while stirring (1/5 of the βMδVL was added every 30
min). To synthesize sodium 6-hydroxycaproate, 0.171 mL of ε-
caprolactone was slowly added to 1.147 mL of an aqueous solution
containing 0.0077 mol of NaOH in a similar manner. Each mixture
was stirred for 24 h, and the pH value was checked to confirm
complete consumption of NaOH. To remove unreacted lactone, the
reaction mixture was mixed with dichloromethane [the volume ratio
of dichloromethane (DCM) to the reaction mixture was 3:1]
thoroughly in a separatory funnel and allowed to separate for 6 h.
The carboxylate salt product in the water fraction was collected and

lyophilized. Purity of the product was confirmed by 1H NMR. 1H
NMR shifts for sodium 5-hydroxy-3-methyl-pentanoate (500 MHz,
D2O, 25 °C): δ 3.56 (−OH−CH2−CH2); 2.12 (−CH(CH3)−CH2−
CO−); 1.86−1.90 (−CH(CH3)−CH2−CO−) and (−CH2−
CH(CH3)−CH2−); 1.48 (−CH2−CH2−CH(CH3)−); 1.35
(−CH2−CH2−CH(CH3)−); 0.83 (−CH2−CH(CH3)−CH2−). 1H
NMR shifts for sodium 6-hydroxycaproate (500 MHz, D2O, 25 °C): δ
3.51 (−HO−CH2−CH2−); 2.10 (−CH2−CH2−CO−); 1.49
(−OH−CH2−CH2−CH2−); 1.47 (−CH2−CH2−CH2−CO−); 1.25
(−CH2−CH2−CH2−).

The cytocompatibility of sodium 5-hydroxy-3-methyl-pentanoate
and sodium 6-hydroxycaproate was evaluated by examining dose−
response curves of cell viability. Fibroblasts (3T3) were seeded in 96-
well plates at a density of 5000 cells per well and cultured in 100 μL of
medium for 24 h. The medium was replaced with a serum-free
DMEM medium containing a test compound or no test compound
(control), and the samples were incubated for an additional 24 h,
followed by the alamarBlue assay. The fluorescence intensity of each
sample containing a test compound was normalized to that of the
control. A dose−response curve of normalized cell viability was
plotted, and TD50 (median toxic dose) was determined using
GraphPad Prism 9.0. Experiments were performed in triplicate.

Characterization of C2C12 Cells Cultured on Micro-
patterned PLA-PβMδVL-PLA. Patterned and nonpatterned PLA-
PβMδVL-PLA films processed through thermocompression were cut
to 9 mm × 9 mm in size, incubated in 5% Pen−Strep for 2 h, and
washed with PBS 3 times. Each film was placed in a well of a 24-well
plate and coated with Matrigel (130 μg/mL in PBS) at 4 °C
overnight. The TCPS control was treated with Matrigel in the same
manner. C2C12 cells were seeded at a density of 475,000 cells per
well and cultured in the growth medium (DMEM with 20% FBS, 1%
Pen−Strep, and 1% glutamax) for 24 h and then switched to a
differentiation medium (DMEM with 2% horse serum and 1% Pen−
Strep) to initiate differentiation. The medium was changed gently
every 2 days. At predetermined time points, the live/dead assay or
immunofluorescence staining for myosin heavy chain (MHC) was
performed.

For immunofluorescence staining, the cells were fixed with 4%
paraformaldehyde, permeabilized with 0.01% Triton X-100, and
blocked with 5% bovine serum albumin. The samples were incubated
with the primary antibody MF20 (targeting MHC, 1:100,
Developmental Studies Hybridoma Bank) at 4 °C overnight, followed
by washing with PBS 3 times. The samples were then costained with
Alexa Flour-488 conjugated donkey antimouse IgG (1:50, Jackson
ImmunoResearch) and Hoechst 33342 at room temperature for 2 h,
followed by washing with PBS 3 times. The samples were imaged with
a 5× objective on a Zeiss Axio Observer inverted microscope
equipped with 365/445 and 470/525 excitation/emission filters.

Fusion index, length, and alignment of myotubes were analyzed
from the acquired images. Fusion index (the ratio of nuclei within
myotubes that contain three or more nuclei to the total nuclei) was
determined using MyoCount software.42 Myotube length was
characterized by manually drawing a line along a myotube between
its two end points in FIJI/ImageJ and measuring the length of the line
segment. Quantitative analysis of cell alignment with respect to the
microgroove direction was performed as previously reported.38

In Vivo Biocompatibility and Degradation. Disk-shaped
specimens (6 mm in diameter and 3 mm thick) of PLA-PβMδVL-
PLA and controls (PGS and PCL) were each weighed and sterilized
with ethylene oxide gas at 34 ± 2 °C for 24 h (conducted at the UMN
Experimental Surgical Services Center). The specimens were
implanted under the fascia of the right or left gluteal muscles of
female Sprague-Dawley rats; the animals having a PLA-PβMδVL-PLA
specimen implanted on one side had either a PGS or a PCL control
on the other side. The surgical procedures and animal care followed
an approved IACUC protocol in compliance with the regulations of
the University of Minnesota and the NIH. In brief, analgesic
buprenorphine SR-LAB was administered for postoperative pain relief
and the animals were anesthetized with isoflurane. In a sterile field, an
incision was made in the skin of the flank over the gluteal muscle to
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expose the muscle, and a polymer specimen was implanted into the
muscle. The incision was closed with a suture. Shams were performed
with identical surgical procedures except that no specimen was
implanted. At predetermined time points, the animals were sacrificed,
and the specimens were harvested for examination of in vivo
biocompatibility or degradation.
For biocompatibility evaluation, three specimens, each with the

surrounding gluteal muscle attached, were harvested at every time
point for each polymer. The specimens were fixed in 10% neutral
buffered formalin and stained with hematoxylin and eosin (H&E),
followed by histopathologic evaluation performed by a board-certified
veterinary pathologist who was blinded to the identity of each slide.
The samples were evaluated for inflammation, granulation tissue
formation, foreign body giant cell formation, and thickness of the
fibrovascular connective tissue capsule surrounding the implant.
Capsule thickness was measured using cellSens Standard software
along with a microscope camera. The software provides a measure-
ment feature, which was used to measure capsule thickness. The
images on the camera were displayed on the computer, and the cursor
was used to mark each edge of the capsule. The software uses the
objective being used on the camera to provide a distance. For each
sample, multiple regions of the capsule were measured, and the
smallest and largest were recorded to provide the range. For in vivo
degradation evaluation, the specimens were explanted (four for each
polymer at every time point) and the surrounding tissue was
completely excised. Each sample was washed with water extensively,
patted dry with a KimWipe, and dried in a desiccator to constant
weight (no weight changes over 3 days). The mass of each sample was
recorded and compared to the preimplantation mass to determine
mass loss. The specimen was then dissolved in THF and subjected to
SEC-MALLS analysis to assess the change in molar mass of the
explanted polymer.
Statistical Analyses. Statistical analyses were performed using

GraphPad Prism 9.0. Unpaired Welch’s t-test, Welch’s one-way
ANOVA, followed by Dunnett’s multiple-comparison posthoc test,
Welch’s one-way ANOVA, followed by Games-Howell multiple-
comparison posthoc test, or two-way ANOVA, followed by Tukey’s
HSD multiple-comparison posthoc test was performed, as indicated in
figure legends. Statistical significances are indicated as *p < 0.05, **p
< 0.01, ***p < 0.001, and ****p < 0.0001.

■ RESULTS AND DISCUSSION
Soft PLA-PβMδVL-PLA Polymer Was Designed and

Synthesized. The objective of this study was to examine the
feasibility of using PLA-PβMδVL-PLA elastomers for bio-
medical applications in which these polymers may interface
with soft tissues or organs. It has been reported that matching
mechanical properties between the tissue and an adjacent
implant benefits the implant’s function.18,21,43 Therefore, we
focused on a soft PLA-PβMδVL-PLA material with a Young’s
modulus of approximately 1 MPa. Tissues having Young’s
moduli on the order of 1 MPa when measured by tensile
stretching (which is the method we used to characterize our
polymer) include arteries, veins, sclera, and cornea.44,45

Mechanical properties of PLA-PβMδVL-PLA elastomers are
affected by block compositions, and it has been reported that
the Young’s modulus of a PLA-PβMδVL-PLA polymer having
a 70 kDa midblock and 16.8 kDa end blocks is 1.93 MPa.34 To
investigate a softer elastomer, we targeted a PLA-PβMδVL-
PLA polymer having a 100 kDa midblock and 10 kDa end
blocks in this study. The PLA-PβMδVL-PLA polymer with this
designed structure was synthesized using a two-step method, as
reported previously.34,35 The rubbery midblock, PβMδVL, was
synthesized through ring-opening polymerization of βMδVL,
followed by ring-opening polymerization of lactide with the
bifunctional telechelic PβMδVL as a macroinitiator to yield
PLA-PβMδVL-PLA (Figure 1). The βMδVL monomer was

synthesized from 3-methyl-1,5-pentanediol, as confirmed by
1H NMR (Figure S2). Successful synthesis of PβMδVL from
βMδVL was confirmed by 1H NMR (Figures S3 and S4): the
peaks corresponding to the two βMδVL methylene protons
(−O−CH2−CH2−) at 4.40 and 4.26 ppm decreased, and a
single resonance peak corresponding to the two PβMδVL
methylene protons (−O−CH2−CH2−) at 4.12 ppm was
detected. Successful synthesis of PβMδVL was further
confirmed by 13C NMR (Figure S5). SEC-MALLS character-
ization of purified PβMδVL revealed the molar mass (Mn =
97.4 kDa, Mw = 116.3 kDa, D = 1.19), which was close to the
targeted molar mass of 100 kDa.
Successful synthesis of PLA-PβMδVL-PLA was confirmed

by 1H NMR, 13C NMR, and SEC-MALLS. The presence of
PLA in the triblock polymer was confirmed by the chemical
shift at 5.3 ppm corresponding to the methine proton in the
1H NMR spectrum (Figure S6) and was further confirmed by
three chemical shifts in the 13C NMR spectrum (169.40 ppm
(−CO−); 69.00 ppm [−CH(CH3)−); 16.65 ppm (−CH-
(CH3)−)] (Figure S7). The SEC chromatogram shifted to a
shorter elution time (corresponding to larger molar mass) as
compared with that of PβMδVL and showed a unimodal
distribution, suggesting that PLA blocks were linked to the
telechelic PβMδVL as opposed to the formation of the PLA
homopolymer (Figure S8). The molar mass of PLA-PβMδVL-
PLA revealed by SEC-MALLS (Mn = 123.2 kDa, Mw = 143.1
kDa, and D = 1.16) was close to the targeted molar mass (10
kDa for each PLA end block). The weight percentage of the
PLA block determined from the 1H NMR spectrum was 15.9%
according to eq S1.

PLA-PβMδVL-PLA Polymer Exhibits Elastomeric Prop-
erties in Both Dry and Wet Environments. All mechanical
property tests were performed in both dry and wet (PBS)
conditions. Tensile hysteresis tests of 20 cycles (the stress−
strain curves of which are shown in Figure 2a) revealed
Young’s modulus and hysteresis loss (Figure 2b,c). The
Young’s moduli were 1.11 ± 0.20 and 0.715 ± 0.10 MPa for
the dry and wet conditions, respectively, as determined in the
low-strain region (0−5%) of the extension curve in the first
cycle (Figure 2b). In the dry condition, hysteresis loss was 40%
after the first cycle and then stabilized at around 34% after the
second cycle, a trend also observed for conventional rubber
bands46 (Figure 2c). Hysteresis loss of the polymer in the wet
condition exhibited a similar trend, with values slightly higher
than those in the dry condition: it was 44% after the first cycle

Figure 1. Synthesis of PLA-PβMδVL-PLA. PβMδVL was synthesized
through ring-opening polymerization of βMδVL, followed by ring-
opening polymerization of lactic acid with the telechelic PβMδVL
macroinitiator to yield PLA-PβMδVL-PLA. A molar mass of 100 kDa
was targeted for the PβMδVL midblock (shown in blue), and a molar
mass of 10 kDa was targeted for each of the PLA end blocks (shown
in red).
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Figure 2. Characterization of mechanical properties of the PLA-PβMδVL-PLA polymer in dry and PBS conditions. (a) Representative stress−strain
curves for tensile hysteresis tests. (b) Young’s moduli calculated from the low-strain region (0−5%) of the first extension curve in the tensile
hysteresis tests. Error bars represent standard deviation, ns = not significant (the p-value is greater than 0.05), Welch’s unpaired t-test, n = 3. (c)
Hysteresis loss calculated from tensile hysteresis tests. Error bars represent standard deviation, n = 3. (d) Representative stress−strain curves for
uniaxial extension tests. (e) Tensile set as a function of recovery time. The strain rate is 10 mm/min for both tensile hysteresis and uniaxial
extension tests. Error bars represent standard deviation, n = 3.

Figure 3. Evaluation of cytocompatibility of the PLA-PβMδVL-PLA polymer, with TCPS, PCL, PLA, and PGS as controls. (a) Representative
images of the live/dead assay for 3T3 cells cultured for 24 h. Substrates were soaked in the cell culture medium overnight prior to cell seeding. The
scale bar is 200 μm. (b) alamarBlue assay for 3T3 cells and C2C12 cells cultured for 24 h. The substrates were soaked in the cell culture medium
overnight prior to cell seeding. (c) alamarBlue assay for 3T3 cells cultured on Matrigel-coated substrates for 4 and 24 h. Nonadherent cells in all the
samples were removed at 4 h by a medium change. (d) Fold increase in cell number between 4 and 24 h calculated from the data in (c). Error bars
represent standard deviation, ns = not significant, ***p-value < 0.001, **p-value < 0.01, *p-value < 0.05, Welch’s one-way ANOVA, followed by
Dunnett’s multiple-comparison posthoc test, n = 3.
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and then stabilized at around 37% after the second cycle
(Figure 2c). As a comparison, even though PGS with relatively
high Young’s moduli exhibits elastomeric properties, soft PGS
with a Young’s modulus of ∼0.8 MPa was able to withstand
only one cycle of loading and unloading in a tensile hysteresis
test with a maximal strain of 50%.47

Uniaxial extension tests were performed to characterize
ultimate tensile strength and elongation at break. The stress−
strain curves shown in Figure 2d revealed ultimate tensile
strengths of 1.12 ± 0.24 and 0.934 ± 0.05 MPa and elongation
at break values of 1065 ± 65.9 and 931.7 ± 100.0% for dry and
wet conditions, respectively. As a comparison, PGS with a
Young’s modulus of ∼1.1 MPa has an ultimate tensile strength
of 0.6 MPa and an elongation at break ∼150%; PGS with a
Young’s modulus of ∼0.8 MPa has an ultimate tensile strength
of 0.5 MPa and an elongation at break ∼50%.47,48 PLA-
PβMδVL-PLA reported here has a similar Young’s modulus
but has a much higher ultimate tensile strength and elongation
at break.
Tensile set, defined as the remaining strain after a specimen

has been stretched and allowed to retract in a specified
manner,40 was measured to assess whether PLA-PβMδVL-PLA
specimens could recover their shape completely after
stretching. According to ASTM standard D412-16,40 each
specimen was stretched to 50% strain within 15 s, held at 50%
strain for 10 min, and retracted to the starting position at a rate
of 10 mm/min. The specimen was removed from the tensile
test apparatus, and remaining strain was measured at
subsequent time points (Figure 2e). The initial tensile sets
were 10 and 13% for the dry and wet conditions, respectively.
After 10 min, the tensile sets were approximately 4% for both
conditions. Complete recovery was observed at approximately
40 min for both conditions.
Previous studies only reported mechanical properties of

PLA-PβMδVL-PLA in the dry condition.34 In the present
study, we characterized mechanical properties of the polymer
in dry and wet conditions in parallel to evaluate its potential
use in biomedical applications, such as implantable devices and
tissue engineering scaffolds. We found that Young’s modulus,
ultimate tensile strength, and elongation at break were slightly
lower in the wet condition as compared with those in the dry
condition, which may result from water plasticization, as
previously reported for wet amorphous poly(lactide-co-
glycolide).49 Importantly, we found that PLA-PβMδVL-PLA
retained elastomeric properties in wet environments as
hysteresis loss and tensile set were similar in dry and wet
conditions.
PLA-PβMδVL-PLA Exhibits Excellent In Vitro Cyto-

compatibility. The cytocompatibility of PLA-PβMδVL-PLA
was first examined using the live/dead assay. Three
biocompatible polymers, PCL,50 PGS,22,51 and PLA,52 and
standard TCPS were evaluated as controls. NIH 3T3
fibroblasts cultured for 24 h on PLA-PβMδVL-PLA films
exhibited high viability and normal morphology, similar to cells
cultured on TCPS, and cell coverage was uniform across each
entire culture substrate (Figures 3a and S9−S13). The cells
cultured on PGS showed high viability and normal
morphology in some regions (as shown in Figures 3a and
S13), but cell coverage was not uniform on PGS substrates.
The live/dead assay revealed that the cells cultured on PLA-
PβMδVL-PLA have similar or better viability as compared with
those cultured on the controls (Figure 3a), suggesting that
PLA-PβMδVL-PLA is highly cytocompatible in vitro.

In vitro cytocompatibility of PLA-PβMδVL-PLA was further
quantitatively examined using the alamarBlue assay. Both 3T3
fibroblasts and C2C12 myoblasts cultured for 24 h on PLA-
PβMδVL-PLA films showed similar alamarBlue fluorescence
signals to those on PLA or TCPS controls (Figure 3b). The
3T3 cells cultured on PLA-PβMδVL-PLA showed a slightly
lower signal than those on PCL, but the C2C12 cells showed
similar signals on these two polymers. Both cell types showed
higher alamarBlue signals on PLA-PβMδVL-PLA than those
on PGS, a widely reported biodegradable and elastomeric
material for biomedical applications. It has been reported that
PGS with a low Young’s modulus (<0.5 MPa) exhibits some
level of cytotoxicity.53,54 In the current study, PGS was
prepared under high vacuum (101.5 kPa) at 130 °C for 72 h,
and a Young’s modulus in the range of 1.0−1.2 MPa was
expected.20,53,54 However, PGS synthesis and processing have
been reported to be highly variable and similar conditions have
resulted in different material properties when carried out in
different labs.53

The alamarBlue fluorescence signal is related to the total cell
number at the time of evaluation and reflects the combined
effects of material cytocompatibility and the cell adhesive
property of a material. To evaluate material cytocompatibility,
all substrates were coated with Matrigel to minimize
differences in cell adhesion. In addition, the culture medium
was changed 4 h post-cell seeding to remove nonadherent cells,
and the alamarBlue assay was performed at both 24 and 4 h (as
a normalization reference). At 4 h, the alamarBlue signal on
PLA-PβMδVL-PLA was similar to those on the controls; at 24
h, the alamarBlue signal on PLA-PβMδVL-PLA was similar to
those on TCPS, PCL, and PLA but higher than that on PGS
(Figure 3c). The fold increase in cell number between 4 and
24 h (the ratio of the alamarBlue signals at the two time
points) on PLA-PβMδVL-PLA was similar to that on TCPS,
PCL, and PLA and higher than that on PGS (Figure 3d),
suggesting that PLA-PβMδVL-PLA supports cell viability like
the biocompatible controls used in the study.

PβMδVL Degradation Product Has Cytotoxicity
Similar to PCL and PLA Degradation Products. To use
degradable polymers as implantable materials, not only must
the polymers themselves be biocompatible but their degrada-
tion products must also be noncytotoxic. The hydrolysis
product of the end blocks, PLA, has been well studied and is
generally regarded as safe by the FDA.55 However, cytotoxicity
of the degradation product from hydrolysis of PβMδVL has
not been evaluated previously. In the current study, we
examined the cytotoxicity of sodium 5-hydroxy-3-methyl-
pentanoate, which is the final product of PβMδVL degradation
at physiological pH. The PCL degradation product, sodium 6-
hydroxycaproate, was evaluated as a control. It has been
reported that molecules <1 kDa are able to penetrate cell
membranes and potentially impose a risk on health, and the
risk of potential health concerns increases as the molar mass of
a polymer decreases.56 Therefore, we expected that evaluating
the toxicity of the smallest degradation product would provide
important information regarding the toxicity of polymer
degradation products. This strategy has been used in studying
other degradable polymers: monomeric species of polycitrate-
based elastomers were used to determine if accumulation of
degradation products would affect material cytocompatibil-
ity.57

Sodium 5-hydroxy-3-methyl-pentanoate and sodium 6-
hydroxycaproate were synthesized by hydrolyzing βMδVL
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and ε-caprolactone, respectively, in the NaOH solution as
previously reported (Figure S14).41 Chemical structures and
purity of the products were confirmed using 1H NMR (Figures
S15 and S16). The dose−response curves of cell viability were
similar for the two degradation products (Figure 4). TD50

values for sodium 5-hydroxy-3-methyl-pentanoate and sodium
6-hydroxycaproate were 203.7 ± 1.05 and 172.3 ± 1.05 mM,
respectively. PCL is a widely accepted implantable material
used in many FDA-approved products,50 and its degradation
product is regarded as safe.58 Sodium 5-hydroxy-3-methyl-
pentanoate has a higher TD50 value than sodium 6-
hydroxycaproate, suggesting that the PβMδVL degradation
product has lower cytotoxicity and is at least as safe as the PCL
degradation product. In addition, the degradation product
from the hydrolysis of PLA, lactic acid, has a TD50 value of
46.18 mM and is generally regarded as safe.55,59 A higher TD50
value for the PβMδVL degradation product indicates that it is
less cytotoxic than the degradation product of PLA.
We would like to note that as PLA-PβMδVL-PLA degrades,

oligomeric species may be produced as intermediate
degradation products. Future studies are warranted to
determine these oligomeric degradation products and their
cytotoxicity profiles.

PLA-PβMδVL-PLA Can Be Readily Micropatterned to
Support C2C12 Cell Alignment. The thermoplastic nature
of PLA-PβMδVL-PLA was expected to allow the polymer to be
readily processable into a wide range of geometries and to
enable facile incorporation of various topographical features.
To demonstrate this advantage in material processing, we
fabricated PLA-PβMδVL-PLA substrates with microgrooves
(10 μm in groove and ridge width; 1 μm in depth) by pressing

Figure 4. Dose−response curves of cell viability when exposed to the
degradation products of PβMδVL (sodium 5-hydroxy-3-methyl-
pentanoate, black circles) and PCL (sodium 6-hydroxycaproate, red
squares). Cell viability was normalized to a nontreated control.
Nonlinear regression analysis was performed using GraphPad Prism
9.0 (presented as curves) and used to calculate TD50. Error bars
represent standard deviation. n = 3.

Figure 5. Micropatterned PLA-PβMδVL-PLA substrates support C2C12 cell alignment. (a) Bright-field images of patterned and nonpatterned
PLA-PβMδVL-PLA processed by thermocompression. (b) Live/dead assay for the cells cultured on patterned and nonpatterned PLA-PβMδVL-
PLA. Cell viability was high on both substrates; cell alignment was better on the patterned substrate. The groove direction is indicated by the red
arrow. (c) Immunofluorescent staining of total MHC (green). Nuclei were counterstained with the Hoechst 33342 nuclear stain (blue). (d)
Myotube length. Error bars represent standard deviation. ****p-value < 0.0001, Welch’s one-way ANOVA, followed by Games-Howell’s multiple-
comparison posthoc test, n > 299. (e) Fusion index. Error bars represent standard deviation. ns = not significant (the p-value is greater than 0.05),
Welch’s one-way ANOVA, followed by Dunnett’s multiple-comparison posthoc test, n = 6. (f) Representative alignment angle. Scale bar in all
images is 200 μm. The cells in (b) were cultured in the differentiation medium for 5 days, and those in (c−f) were cultured in the differentiation
medium for 7 days.
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a mold of the desired pattern on a preprocessed PLA-
PβMδVL-PLA film at an elevated temperature. The pattern
was successfully transferred to the PLA-PβMδVL-PLA film
through this simple thermocompression method (Figure 5a).
PLA-PβMδVL-PLA substrates with microgroove topography
were used to culture C2C12 cells, an immortalized cell line of
murine skeletal myoblasts. The live/dead assay for cells
cultured for 5 days in the differentiation medium revealed
high cell viability on both patterned and nonpatterned PLA-
PβMδVL-PLA (Figure 5b), further confirming cytocompati-
bility of the polymer. The cells cultured on the patterned
substrates aligned along the groove direction throughout the
entire culture area (9 mm × 9 mm), consistent with previous
reports that C2C12 cells align along 10 μm grooves on other
materials.60 The cells cultured on the nonpatterned substrates
showed random orientations (Figure 5b). These results suggest
that the topography introduced through the simple thermo-
compression method was retained in the culture medium and
it mediated cell behavior.
The C2C12 cells cultured on patterned PLA-PβMδVL-PLA

were further examined by immunofluorescence staining for
total MHC (a muscle differentiation marker), while cells
cultured on nonpatterned PLA-PβMδVL-PLA and TCPS were
evaluated as controls. MHC+ myotubes were observed on all
the culture substrates on day 7 (Figure 5c). Quantitative
analyses of myotube length, myogenic fusion index, and
myotube alignment angles were performed on immunochemi-
cally stained samples. No statistical difference was observed in
myogenic fusion index between different culture substrates, but
the myotube length on patterned PLA-PβMδVL-PLA was
greater than that on the two controls (Figure 5d,e).
Furthermore, myotubes aligned along the groove direction
with an average angle of 4.03 ± 2.21°, while those on the
controls oriented randomly (Figures 5f and S17). These results
further confirmed that the topography introduced through
thermocompression was retained in the cell culture medium
and mediated cellular contact guidance responses to facilitate
myotube formation and alignment.23

PLA-PβMδVL-PLA Is Degradable In Vitro and In Vivo.
Since PLA-PβMδVL-PLA is a polyester, it was expected to be
hydrolyzable. We first examined degradability of the PLA-
PβMδVL-PLA elastomer by incubating the specimens in PBS
at 37 °C over 8 weeks, and PCL and PGS were used as
controls. The decrease in molar mass between 0 and 8 weeks
was insignificant for both PLA-PβMδVL-PLA and PCL
(Figure 6a; PGS is a thermoset, and it was not evaluated for
changes in molar mass). At 8 weeks, mass losses were
approximately 0.5, 4.5, and 10.7% for PLA-PβMδVL-PLA,
PCL, and PGS, respectively (Figures 6a and S18).
Since it is known that lipase accelerates the hydrolysis of

polyesters,48,61 we further examined degradation of these
polymers in a lipase solution (lipase from T. lanuginosus, 2000
U/mL). Both PCL and PGS were completely degraded in the
lipase solution at 4 weeks, while little mass loss was observed
for PLA-PβMδVL-PLA at 8 weeks (Figure 6b). However, a
significant decrease in the molar mass was observed for PLA-
PβMδVL-PLA in the lipase solution (approximately 32%
decrease between 0 and 8 weeks, p-value < 0.05), suggesting
that hydrolysis occurred (Figure 6b). The slower degradation
of PLA-PβMδVL-PLA in the lipase solution as compared with
PCL and PGS is likely related to its chemical structure as it has
been reported that enzymatic hydrolysis with fungal lipases is
slower for polyesters with methyl groups.62 It is worth noting

that the in vitro enzymatic hydrolysis rate of a polyester does
not necessarily correlate with its in vivo degradation rate.
Previous reports have demonstrated that PCL specimens
placed in a solution containing lipase from Pseudomonas cepacia
completely degraded within 4 days, while the shape of the PCL
products implanted in rats remained unchanged after 24
months.63−65

We further examined the degradation of PLA-PβMδVL-PLA
specimens implanted in the gluteal muscle of rats for 1, 4, and
8 weeks. The PCL and PGS specimens implanted for 8 weeks
were evaluated as controls. At 8 weeks postimplantation, the
mass loss of PLA-PβMδVL-PLA was small, while the decrease
in the molar mass was evident, suggesting that biodegradation
occurred in vivo (Figure 7). Most PGS specimens implanted
for 8 weeks degraded, consistent with previous studies

Figure 6. Degradation of PLA-PβMδVL-PLA and PCL in (a) PBS
and (b) in lipase solution (T. lanuginosus). PCL was completely
degraded at 4 weeks in the lipase solution. Error bars represent
standard deviation. ns = not significant (the p-value is greater than
0.05), two-way ANOVA, followed by Tukey’s HSD multiple-
comparison posthoc test for (a), n = 3.

Figure 7. Degradation of PLA-PβMδVL-PLA implanted in the gluteal
muscle of rats for 1, 4, and 8 weeks. PCL implanted for 8 weeks was
evaluated as a control. Error bars represent standard deviation. ns =
not significant, *p-value < 0.05, Unpaired Welch’s t-test, n = 4.
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reporting rapid degradation of PGS in vivo.13 The PCL control
implanted for 8 weeks showed negligible degradation. These
results suggest that PLA-PβMδVL-PLA degrades more slowly
than PGS and more rapidly than PCL in vivo. In the future, a
long-term in vivo experiment (>1 year) is needed to
characterize the full degradation profile of PLA-PβMδVL-
PLA and its degradation mechanism. Although additional work
is necessary to fully characterize PLA-PβMδVL-PLA degrada-
tion, the results presented here indicate that this material
exhibits biodegradability in vivo and has potential for use as a
biodegradable, implantable elastomer.
PLA-PβMδVL-PLA Exhibits In Vivo Biocompatibility.

Histopathology analysis performed for polymer specimens
implanted under the fascia of the gluteal muscle revealed that
PLA-PβMδVL-PLA has in vivo biocompatibility comparable to
that of PCL and PGS controls, two widely accepted
implantable materials.13,48,50 At 4 and 8 weeks, the samples
were present within the perimysium and surrounded by a thin
capsule, which generally consisted of an outer layer of dense
fibrovascular connective tissues with scanty individual
inflammatory cells (neutrophils and/or eosinophils and lesser
lymphocytes) and an inner layer of less-organized, loose
fibrovascular connective tissues admixed with variable numbers
of histiocytes (Figures 8 and S19). One notable difference
between the samples was that the PGS specimens tended to
stimulate a more robust lymphocytic inflammatory response at
4 weeks (with prominent perivascular infiltrates in the
perimysium and the outer layer of the fibrous capsule). The
more notable tissue response of PGS is likely related to its
faster degradation and production of a large amount of acidic

degradation products during a relatively short period of
time.13,66 Capsule thickness was quantitatively assessed at 1,
4, and 8 weeks (PGS samples were not measured at 8 weeks
because the capsule area was not present in some samples due
to rapid degradation of the material), and this also showed
comparable results for the three polymers (except PGS at 8
weeks) (Figure 9). A descriptive and semiquantitative report of
the assessment of inflammation, granulation tissue formation,
foreign body reaction, and foreign body giant cell formation is
shown in Table S1. Overall, healing and biocompatibility are
similar for the three polymers on the timescales of our
evaluation, suggesting that PLA-PβMδVL-PLA can potentially
be used as an implantable material with favorable in vivo
biocompatibility.
Although these results are promising, the in vivo

biocompatibility of PLA-PβMδVL-PLA was only evaluated
until 8 weeks when the polymer had not degraded
substantially. Future studies are warranted to examine in vivo
polymer degradation and biocompatibility at longer time
points.
Overall, we have synthesized a triblock copolymer PLA-

PβMδVL-PLA, which has a Young’s modulus of approximately
1 MPa and exhibits elastomeric properties in both dry and wet
environments. This elastomer degrades in vitro and in vivo; it
degrades more slowly than PGS but more quickly than PCL in
vivo. PLA-PβMδVL-PLA has excellent in vitro cytocompati-
bility, and the degradation product of PβMδVL has
cytotoxicity similar to the degradation product of PCL. In
addition, the thermoplastic nature of this elastomer enables
facile material processing. These properties collectively make

Figure 8. H&E-stained images of PLA-PβMδVL-PLA, PCL, and PGS implanted under the fascia of the gluteal muscle. Scale bars: 100 μm. Blue
arrows indicate implant−tissue interfaces; red arrows indicate capsules consisting of the fibrovascular connective tissue.

Figure 9. Range of capsule thicknesses for PLA-PβMδVL-PLA, PCL, and PGS implanted in the gluteal muscle of rats. The PGS samples were not
measured at 8 weeks because the capsule area was not present in some samples due to rapid degradation of the material. Error bars represent
standard deviation. ns = not significant (the p-value is greater than 0.05), two-way ANOVA, followed by Tukey’s HSD multiple-comparison
posthoc test, n = 3.
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this material potentially valuable for many biomedical
applications. For example, biodegradable and implantable
elastomers may find applications in tissue engineering
scaffolds,67 drug delivery patches interfacing with organs
subjected to dynamic strains,68 surgical glues to repair
cardiovascular defects,69 and stretchable and conformal
biointegrated electronics, such as sensor arrays for cardiovas-
cular monitoring or neural mapping.70,71

However, we would like to note that many tissues are softer
than 1 MPa.4,72 For example, the Young’s modulus of the
myocardium is 0.2−0.5 MPa4 and that of the lung tissue is on
the order of 1 kPa.72 Therefore, PLA-PβMδVL-PLA with a
Young’s modulus of 1 MPa has limitations. In the current
study, we have demonstrated that PLA-PβMδVL-PLA has
favorable biocompatibility as an implantable material, and
future work is warranted to explore the tunable structure of
this material34 to develop PLA-PβMδVL-PLA elastomers
having a wide range of stiffnesses to interface with various
soft tissues.

■ CONCLUSIONS

A PLA-PβMδVL-PLA triblock polymer having a Young’s
modulus of approximately 1 MPa was synthesized. This
material exhibits elastomeric properties in both dry and wet
environments. The elongation at break is approximately
1000%, and specimens stretched with a strain of 50% could
completely recover to their original shape after force was
removed. The elastomer is degradable both in vitro and in
vivo; it degrades more slowly than PGS and more rapidly than
PCL in vivo. Both PLA-PβMδVL-PLA films and the PβMδVL
degradation product show excellent cytocompatibility in vitro.
The tissue responses trigged by PLA-PβMδVL-PLA specimens
implanted in the gluteal muscle of rats are similar to those
triggered by PLA and PGS controls when evaluated at 4 and 8
weeks, suggesting that PLA-PβMδVL-PLA can potentially be
used as an implantable material with favorable in vivo
biocompatibility. In addition, the thermoplastic nature of this
elastomer enables facile material processing. These properties
collectively make this material potentially highly valuable for
applications such as medical devices and tissue engineering
scaffolds.
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