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ABSTRACT: Tissue engineered and bioactive scaffolds with different
degradation rates are required for the regeneration of diverse tissues/
organs. To optimize tissue regeneration in different tissues, it is
desirable that the degradation rate of scaffolds can be manipulated to
comply with various stages of tissue regeneration. Unfortunately, the
degradation of most degradable polymers relies solely on passive
controlled degradation mechanisms. To overcome this challenge, we
report a new family of reduction-sensitive biodegradable elastomeric
polyurethanes containing various amounts of disulfide bonds (PU-SS),
in which degradation can be initiated and accelerated with the
supplement of a biological product: antioxidant-glutathione (GSH).
The polyurethanes can be processed into films and electrospun fibrous
scaffolds. Synthesized materials exhibited robust mechanical properties
and high elasticity. Accelerated degradation of the materials was
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observed in the presence of GSH, and the rate of such degradation depends on the amount of disulfide present in the polymer
backbone. The polymers and their degradation products exhibited no apparent cell toxicity while the electrospun scaffolds
supported fibroblast growth in vitro. The in vivo subcutaneous implantation model showed that the polymers prompt minimal
inflammatory responses, and as anticipated, the polymer with the higher disulfide bond amount had faster degradation in vivo.
This new family of polyurethanes offers tremendous potential for directed scaffold degradation to promote maximal tissue

regeneration.
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B INTRODUCTION

Personalized medicine has gained increasing attention in the
field of tissue engineering.' To facilitate tissue repair and
regeneration, it is critical that the scaffolds be customized to
meet the needs of an individual patient. For example, children,
who exhibit high regenerative ability, will benefit from faster
degrading scaffolds that allow for rapid tissue development. On
the other hand, a scaffold that degrades more slowly may suit
those patients who exhibit low regenerative ability, such as
older adults and people with poor health. As another example,
at the early stage of tissue regeneration, a tissue scaffold with
slow degradation rate is needed to provide sufficient mechanical
support while permitting cell infiltration and growth. Fast and
complete scaffold degradation is required to minimize foreign
body reactions at the later stage of the tissue regeneration.
Unfortunately, this pattern of material degradation behavior
cannot be reproduced using the existing polymers in which
degradation rate can only be controlled passively via hydrolysis
or enzymatic processes. The goal of this work is to fabricate a
new group of polymers in which the polymer degradation can
be initiated and facilitated with the presence of a biological
trigger.
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Several strategies have been implemented in the develop-
ment of polymers with the active-induced degradation property.
A common method is to conjugate functional labile groups into
the polymer backbone wherein the polymer can be degraded in
the presence of physical or chemical cues, such as light,
ultrasound, redox, and enzyme.z_9 Most of these materials are
hydrogel or peptide based.'””'> For example, peptide-
conjugated polymers have been shown to permit collagenase-
mediated degradation."’ However, collagenase and many other
enzymes cannot be administered into the patients to trigger
degradation on demand without damaging healthy tissues. To
overcome these drawbacks, our goal was to fabricate a new
material whose degradation can be induced on demand via
nonenzymatic processes.

To achieve this goal, we developed a new group of
degradable polymers in which degradation can be induced via
redox reactions involving thiols and disulfides. For this process,
we fabricated a family of biodegradable polyurethane
elastomers containing disulfide bonds (SS) that would trigger
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Figure 1. Schematic synthesis of biodegradable polyurethane containing disulfide bonds (PU-SS).

material degradation in the presence of a biological antioxidant
and reducing agent: glutathione (GSH). GSH is the most
abundant nonprotein thiol compound found in living
organisms, including mammalian cells. GSH has been shown
to have many beneficial effects on health, including antioxidant
and immune-boosting properties.'”'> It has been documented
that large quantities of GSH can be administered via oral (up to
3 g/day), intravenous (up to 2.4 g/day), intramuscular (up to
0.6 g/day), and aerosol (up to 1.2 g/day) routes with no sign of
side effect.'®™>' These advantageous properties make this
degradation strategy suitable for tissue engineering applications.
As a result, studies have examined the chemical structure as well
as mechanical and degradation properties of synthesized
polymer films. The toxicity of degradation products and the
cellular compatibility of the films were also evaluated. The
polymers were further processed into fibrous scaffolds by
electrospinning. The mechanical properties and cytocompati-
bility of these scaffolds were characterized. The in vivo tissue
compatibility of the scaffolds was also investigated using a
mouse subcutaneous implantation model.

2. MATERIALS AND METHODS

2.1. Materials. Polycaprolactone (PCL, average number molecular
weight = 2000, Sigma) and 1,4-butanediol (BDO, Sigma) were dried
in a vacuum oven at 60 °C to remove residual water before synthesis.
1,6-Hexamethylene diisocyanate (HDI, Sigma) was purified by
distillation before use. Hydroxyethyl disulfide (HDS, Sigma), stannous
octoate (Sn(Oct),, Sigma), anhydrous dimethyl sulfoxide (DMSO,
Sigma), 1,1,1,3,3,3-hexafluoroisopropanol (HFIP, Oakwood Product),
and GSH (Sigma) were used as received.

2.2. Synthesis of Polyurethane Containing Disulfides (PU-
SS). The polyurethanes containing disulfide bonds in the backbone
were synthesized from PCL and HDI with a chain extender HDS using
a two-step process according to a previous report (Figure 1).* First,
PCL was dissolved in DMSO at 70 °C in a 3-neck flask under N,
protection with stirring. HDI was then added to the solution, followed
by 1 droplet of catalyst Sn(Oct), (0.5%). After 3 h reaction, drops of
HDS/DMSO solution were added into the prepolymer solution. The
final polymer solution concentration was approximately 4% (w/v).
Afterward, the reaction was kept at 70 °C for S d (days). The polymer
was precipitated in an excess volume of cool deionized water, rinsed 3
times, and then dried in a vacuum oven at 60 °C for 2 d. The molar
ratios of PCL/HDI/HDS were set as 1.5:2:0.5, 1:2:1, 0.5:2:1.5, and
0.2:2:1.8, which were referred to as PU-0.5SS, PU-1SS, PU-1.5SS, and
PU-1.8SS, respectively. Polyurethane with a chain extender BDO (PU-
BDO) was used as a control. The PCL:HDI:BDO was fixed at 1:2:1.
The yields of all products were above 90%.

2.3. Fabrication of Polymer Films and Electrospun Fibrous
Scaffolds. For PU-SS film preparation, the polymers were first
dissolved in HFIP with a concentration of 2% (w/v). All films were
solvent casted into a Teflon dish. After HFIP completely evaporated,
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the films were dried in vacuum oven at 60 °C for 2 d to remove the
residual solvent.

For electrospun fibrous scaffold fabrication, a 10% (w/v) polymer
solution in HFIP was used for each group. The polymer solution was
electrospun under the following conditions: (1) the positive voltage to
the steel tip (1.2 mm inner diameter) connected with the polymer
solution-loaded syringe was 15 kV, (2) the negative voltage to the
collector steel disc was —10 kV, (3) the distance between the tip and
the collector was 19 cm, (4) the solution infuse rate was 1 mL/h, and
(S) the electrospinning time was fixed at 2 h. The electrospun fibrous
scaffolds were removed from the disc and dried in a vacuum oven at
room temperature overnight for further use.

2.4. Polymer Characterization. The Fourier transform infrared
spectrometer (FTIR, Nicolet 6700, Thermo Electron Corporation)
was used to verify polymer chemical structure. Glass transition
temperature (Tg) and melting temperature (Tm) were determined
using a differential scanning calorimeter (DSC, DSC-60, Shimazu)
from —100 to 200 °C at a heating rate of 10 °C/min with nitrogen
flow. For water absorption, the films (n = 3 per polymer) were
weighted (W) and then incubated in a phosphate buffer solution
(PBS, Sigma) at 37 °C. After 24 h, the films were weighted (W) after
removing surface water using filter paper. The water absorption ratio
was calculated as (W, — W,)/W, X 100%.

For uniaxial tensile mechanical properties, the strips (2 width X 20
length mm, n = 6) were cut from the polymer films, and their
mechanical properties were measured on a MTS Insight Testing
System with a 500 N load cell and a cross-head rate of 10 mm/min
according to ASTM D638-03.>* The sample was measured in the dry
state and at room temperature. The instant strain recovery (n=4) was
measured under the same conditions as described above. The sample
was stretched to 10% strain, held for 1 min, and then released. The
procedure was repeated 3 times. The original length (L,) and the
length after stretching (L,) were measured using a caliper. The instant
strain recovery was calculated as (1 — (L; — Ly)/Ly) X 100%.

For cyclic stretch, the strips (2 X 20 mm, n = 3) were stretched to
30% and 300% strains, respectively, and released back to 0% strain,
which was repeated 10 times at a rate of 10 mm,/min.>*

The inherent viscosity (IV) associated with molecular weight was
measured using an Ubbelohde viscometer, since polyurethanes tend to
stick to GPC columns because of the strong hydrogen bonding.”® Each
polymer solution (0.1 g/dl) was prepared using HFIP and filtered by a
1.2 um glassfiber filter. Each sample was tested at 25 °C, and the IV
was calculated as ln(tp/ts)/ Cy where t, is the time for the polymer
solution flowing through the capillary, ¢, is the time for the solvent
HFIP, and C, represents the polymer concentration.

2.5. Scaffold Characterization. The morphology of electrospun
fibrous scaffolds was observed using a scanning electronic microscope
(SEM, HITACHI S-3000N). The fiber diameter was measured using
Image] (National Institutes of Health, United States). The mechanical
properties of the fibrous scaffolds in the dry state were measured using
the same protocol as for the polymer film at room temperature.

2.6. In Vitro Degradation. The hydrolytic and reductive
degradation of polymer films and scaffolds were measured in PBS
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Figure 2. FT-IR spectra of PU-SS polymers.

Table 1. Polymer Film Characterization”

peak stress breaking

sample Tg (°C) Tm, (°C) Tm, (°C) (MPa) strain (%)
PU-BDO —-58 26 123 £ 0.8 729 + 126°
PU-0.5SS —60 36 122 + 14 1021 + 274°
PU-1SS -59 35 119 + 0.5 1098 + 231°
PU-1.58S -59 16 110 12.0 + 0.6 821 + 116°
PU-1.88§  —57 126 115 + 14 337 + 45°

initial modulus inherent viscosity water instant
(MPa) (dL/g) absorption (%) recovery (%)

15 +2° 1.72 43 + 5° 9 +1

4+1° 243 32 + 16° 100 + 1

8+ 1° 232 40 + 7* 9 +1

26 + 44 172 67 + 4° 99 + 1

44+ 3° 1.63 76 + 10° 98 + 1

“a, b, ¢, d, and e represent significantly different groups for each characteristic.

and GSH/PBS solutions, respectively. For hydrolysis, the weighed
sample (W) was immersed in 10 mL of PBS at 37 °C. For reductive
degradation, the weighed sample (W) was placed in 10 mL of GSH/
PBS solution (10 mM) at 37 °C. For controlled degradation, the
samples (W,) were first immersed in PBS at 37 °C for 2 weeks, and
then immersed into 10 mM GSH/PBS solution at 37 °C for another 2
weeks. At a predetermined time point, the sample was rinsed 3 times
with deionized water, dried in a freeze dryer for 3 d, and then weighed
(W,). The mass remaining was calculated as W;/W, X 100%. Three
samples were used for each polymer at each time point. The IVs were
measured for the remained polymer films after degradation in GSH
solution for 7 and 14 d using a viscometer as described above. The
mechanical properties of the films after GSH treatment (n = 3) were
measured as described above. The scaffold morphologies after
degradation were observed under an SEM.

2.7. Cell Toxicity of Degradation Products. The toxicity of the
polymers’ degradation products was measured as described earlier.”®
The PU-SS film (50 mg) was immersed in 10 mL of 1 M NaOH
solution at 37 °C for 1 week to achieve complete degradation. The
degradation solution was neutralized using 10 M HCl solution to pH =
7.4 and then sterilized by 0.22 ym membrane filter prior to cell culture
study. Mouse 3T3 fibroblasts (ATCC, Manassas, VA) were seeded on
96-well cell culture plates with a density of 2 X 10° cells per well in
culture medium of Dulbecco’s modified eagle’s medium (DMEM),
which was supplemented with 10% fetal bovine serum, 100 U/mL
penicillin, and 100 yg/mL streptomycin (Sigma). After incubation for
1 d, the neutralized degradation solution (final concentration of 0.1
mg/mL) or DMEM medium (control) was added to each well. The
cellular metabolic activity (n = 4) was measured using a mitochondrial
activity assay (MTT, Sigma) at days 1, 3, and 5.*” For the 5-day cell
toxicity group, a media change was carried out at day 3 with media
containing the same type of degradation products (0.1 mg/mL). In
brief, 20 uL of MTT solution (S mg/mL in PBS solution) was added
into each well. After 4 h incubation, the medium was removed
completely, and then 200 yL of DMSO was added to each well to
dissolve formed formazan crystals. The metabolic index was recorded
as absorbance intensity at 490 nm on a microplate reader. A live and
dead staining (live, SYTO 10 green fluorescent nucleic acid stain;
dead, ethidium homodimer-1 nucleic acid stain, Life Technologies,
Inc.) kit was used to observe cellular morphology.

2.8. In Vitro Cellular Growth on the Films. The polymer disks
(6 mm diameter) were punched from the films using standard biopsy
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punches (6 mm, Miltex), sterilized in 70% ethanol for 30 min, and
then rinsed 3 times using PBS prior to the study. The sterilized disks
were immersed in the cell medium overnight and then placed into the
wells of 96-well cell culture plate. The mouse 3T3 fibroblasts were
seeded on the sample surface with a density of 2 X 10° per well in 96-
well plates. The cell medium (DMEM supplemented with 10% fetal
bovine serum, 100 U/mL penicillin, and 100 yg/mL streptomycin)
was exchanged every 3 d. The MTT assay (n = S) was used to evaluate
the cellular viability at days 1, 3, and S as described above. Each day,
MTT results were verified using a live/dead kit to visualize the
fibroblast cells on the films, and the images were taken on a
fluorescence microscope. Tissue culture polystyrene (TCPS) was a
control.

2.9. In Vitro Cell Growth on the Fibrous Scaffolds. The 6 mm
diameter scaffold disks were placed in 96-well plates, and the 3T3
fibroblasts (2 X 10° cells per well) were seeded on the scaffold surface.
The cell medium (DMEM supplemented with 10% fetal bovine serum,
10% fetal bovine serum, 100 U/mL penicillin, and 100 pg/mL
streptomycin) was replenished every 3 d. The MTT assay was used to
evaluate the cell growth on the scaffold at days 1, 3, and 5 (n = S for
each group). The morphology of 3T3 fibroblasts cultured on the
scaffolds was observed using SEM. TCPS was used as a control.

2.10. Mouse Subcutaneous Implantation. The animal use
protocols were reviewed and approved by the Institutional Animal
Care and Use Committee of the University of Texas at Arlington.
Female Balb/C mice (20—25 g, from Taconic Farms, Germantown,
NY) were used in this investigation. Selected scaffolds (6 mm diameter
disks with 300 um thickness) were implanted in the dorsal
subcutaneous region of the mice. After being implanted for 1-2
months, the implants and surrounding tissues were isolated for
histological analyses. All tissue samples were frozen as sections into an
8-um thick segment using a Leica Cryostat (CM1850, Leica
Microsystem, Wetzlar, Germany) and then stained with hematox-
ylin-eosin (H&E). On the basis of the H&E staining, Image] was
utilized to analyze the thickness of implants at different time points.
The material in vivo degradation rate was then calculated by dividing
the thickness of 2 month implants with the thickness of 1 month
implant to reflect the percentages of thickness reduction per month.

2.11. Statistical Analysis. All results are shown by mean =+
standard deviation. All data (different time points and groups) except
for degradation were analyzed by one-way ANOVA, followed by a post
hoc Tukey—Kramer test. Repeated measures ANOVA was used for
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Figure 4. Polymer film degradation: (A) mass remaining of PU-SS films in PBS and 10 mM GSH at 37 °C, (B) inherent viscosity, (C) tensile
strength, and (D) initial modulus changes of polymer films with degradation in GSH. * represents significantly different groups (p < 0.05).

polymer and scaffold degradation using Statistics Analysis System

(SAS). Significant difference was considered at p < 0.05.

3. RESULTS

3.1. Polymer Characterization. The chemical structure of
PU-SS polymers was verified by FTIR spectra (Figure 2). The
symmetric and asymmetric stretching vibrations of —CH,—
were shown at 2940 and 2860 cm™’, respectively. The peak at

1720 cm™" corresponded to C=O stretching. The peak at
1240—1260 cm™" belongs to the C—O—C stretching. The

existence of urethane groups was verified by peaks at 3320 cm™

1

(N—H stretching) and 1540 cm™' (N—H bending). The S—
S bonds were observed at 1000 cm ™' (C—S bending) and 540
cm™" (S—S dihedral bending). The intensities of the two peaks

increased with increased HDS addition.
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All polymers had low glass transition temperatures (Tgs)
below —55 °C, which belonged to the soft segment of PCL in
the polyurethane (Table 1 and Supporting Information Figure
S1). The Tg increased by reducing the soft segment PCL
amount. Single melting temperature was seen for PU-BDO,
PU-0.5SS, and PU-1SS, while double melting temperatures
(Tms) were observed for PU-1.5SS and PU-1.8SS. The low
Tms resulted from the semicrystalline PCL soft segment (from
36 to 16 °C).”® The high Tms may be attributed to the HDS
hard segment (PU-1.5SS, 110 °C; PU-1.8SS, 126 °C). Water
absorption of PU-SS films enhanced with increasing HDS
content (Table 1). PU-1.8SS has the highest water absorption
(76 + 10%).

Mechanical properties for polymer films are summarized in
Table 1, and typical stress—strain curves of PU-SS polymers are
shown in Supporting Information Figure S2. The tensile
strengths and the breaking strains of the polymers ranged from
11.5 + 1.4 to 12.3 + 0.8 MPa and from 337 + 45% to 1098 =+
231%, respectively. The tensile strengths and breaking strains of
all polymers had insignificant difference. The initial moduli of
PU-SS increased with increasing HDS contents (p < 0.05). The
PU-1.8SS had the highest initial modulus (44 + 3 MPa), while
the PU-0.5SS had the lowest initial modulus (4 + 1 MPa). The
initial modulus of PU-BDO was 15 + 2 MPa. The instant
recoveries for all polymers had no significant difference (p >
0.05).

For the resilience of the PU-SS films, the cyclic stretching
was performed at a maximum strain of 30% or 300% (Figure 3).
All PU-SS polymers and PU-BDO had large hysteresis loops in
the first cycle that were not observed in the following nine
cycles. With a maximum strain of 30%, all samples showed
small irreversible deformations at ~5% (Figure 3A—D), except
for the PU-1.8SS (~18%) (Figure 3E). With a maximum strain
of 300%, the irreversible deformations became appreciable for
polymer samples (~200%) (Figure 3F—I). The cyclic
stretching test was not done on the PU-1.8SS film due to the
fact that its breaking strain (337 + 45%) is close to 300%.

3.2. In Vitro Degradation of Polymer Films. The
hydrolytic and reductive degradations of the PU-SS films
were measured in PBS and GSH solution, respectively (Figure
4A). The degradation rate increased with increasing HDS
content in the polymer. For hydrolysis at day 28, the mass
remaining of the polymers ranged from 92.8 + 0.5% to 97.6 +
0.3%. The degradation rates of PU-1.5SS and PU-1.8SS were
significantly higher than those of PU-BDO, PU-0.5SS, and PU-
1SS. For reductive degradation, PU-BDO had the lowest
degradation rate (97.2 + 0.9% mass remaining at day 28), while
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PU-1.8SS had the highest degradation rate (55.3 + 5.5% mass
remaining at day 28) (p < 0.05). The degradation rates of PU-
BDO in PBS and GSH solution had no significant difference (p
> 0.05). The degradation rates of PU containing disulfide
bonds in GSH solution were statistically higher than those in
PBS (p > 0.05).

The IV changes of the polymer films degraded in GSH
solution for 28 days are shown in Figure 4B. The IVs decreased
with the incubation time for all polymers. The PU-BDO had
the lowest IV reduction (19.2 + 2.9% at day 28), and the PU-
1.8SS had the highest IV reduction (94.4 + 2.1% at day 28) (p
< 0.05). PU-1.5SS had a higher IV reduction than PU-1SS and
PU-0.58S (p < 0.05).

The mechanical property changes of the PU-SS films
degraded in GSH solution were determined at day 7 (Figure
4C,D), because PU-1.8SS and PU-1.5SS films became brittle at
days 14 and 28 in GSH solution and were hard to handle. The
tensile strengths of polymer films decreased with increased
incubation time. The PU-BDO film had the lowest decrease
(17.1 % 4.1% at day 7), and the PU-1.8SS film had the highest
decrease (57.1 + 3.2% at day 7).

3.3. Cytotoxicity of PU-SS Degradation Products. The
mouse 3T3 fibroblasts were utilized to evaluate the cell toxicity
of the degradation products of the polyurethanes (Figure SA).
The cell viabilities in cell culture mediums containing
degradation products showed no statistical difference from
that of the medium controls (p > 0.05). The cell numbers
increased from day 1 to day 3 for cell culture medium and
culture mediums containing degradation products (p < 0.0S).
In live/dead stained images (Supporting Information Figure
S3A), the increase of live cell (green) numbers from day 1 to
day 3 was observed without any dead cells (red) as shown in
the live/dead cell stained images (Supporting Information
Figure S3B). These results support that the presence of
degradation products have little or no influence on cell growth.

3.4. In Vitro Cellular Growth on the Films. The 3T3
fibroblasts were seeded on the PU-SS films to assess their in
vitro cell compatibility (Figure SB). The numbers of adherent
cells on the polymer films and TCPS increased from day 1 to
day 5 (p < 0.05). However, there was no significant difference
between the polymer films and the control TCPS during S days
in culture. As anticipated, live/dead stained images show that
there are no dead cells found on both PU-1SS films and TCPS
(Supporting Information Figure S3B). In addition, with
increasing incubation time, adherent cells spread to form cell
sheets on PU-1SS forms as well as on TCPS.

DOI: 10.1021/acsami.5b06242
ACS Appl. Mater. Interfaces 2015, 7, 20377—-20388


http://pubs.acs.org/doi/suppl/10.1021/acsami.5b06242/suppl_file/am5b06242_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.5b06242/suppl_file/am5b06242_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.5b06242/suppl_file/am5b06242_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.5b06242/suppl_file/am5b06242_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.5b06242/suppl_file/am5b06242_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.5b06242/suppl_file/am5b06242_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.5b06242/suppl_file/am5b06242_si_001.pdf
http://dx.doi.org/10.1021/acsami.5b06242

ACS Applied Materials & Interfaces

Research Article

SO AANPASENY Y S /
pase ol

.y.'( ,YA"e> K : : ;
‘aef N /®§§%%%

pANSRTaE R a2
RN ey
DS S S TS |

RSB NS I OND 2  F pry et

4

P AR A S

%
<

=<
SRR P S A g2
53'.92.‘,;? 2R,

§
L2

Figure 6. Electrospun fibrous morphology of PU-SS scaffolds: (A) PU-BDO, (B) PU-0.5SS, (C) PU-1SS, (D) PU-1.5SS, and (E) PU-1.8SS.

Table 2. Scaffold Characterization”

sample fiber diameter (nm) peak stress (MPa) initial modulus (MPa) breaking strain (%)
PU-BDO 1043 + 190° 2.6 £ 0.6 1.5 +03* 411 + 50°
PU-0.5SS 1070 + 182° 26 £08 1.5 + 04° 531 + 168°
PU-1SS 503 + 258 2.8 £0.7 2.0 +02° 552 + 191°
PU-1.5SS 1156 + 414° 2.0 £ 02 34 +05° 282 + 35°
PU-1.8SS 456 + 214° 19 £ 03 7.8 £ LI1° 255 + 61°
“a, b, and c represent significantly different groups for each characteristic.
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Figure 7. Cyclic stretch of PU-SS fibrous scaffolds at 30% deformation.

3.5. Scaffold Characterization. The SEM images of
electrospun fibrous scaffolds showed continuous fibers without
beads and drops (Figure 6). The fiber diameters of BDO, PU-
0.5SS, PU-1SS, PU-1.5SS, and PU-1.8SS scaffolds were 1043 +
190, 1070 + 182, 503 + 258, 1156 + 414, and 456 + 21 nm,
respectively (Table 2). The peak stresses of the scaffolds ranged
from 1.9 + 0.3 to 2.8 + 0.7 MPa without significant differences
(p > 0.05) (Table 2). Raising HDS contents increased the
initial moduli of the scaffolds in the following order: PU-BDO
~ PU-0.5SS = PU-1SS < PU-1.5SS < PU-1.8SS. The strains of
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PU-1.5SS and PU-1.8SS scaffolds were lower than those of PU-
BDO, PU-0.5SS, and PU-1SS scaffolds (p < 0.05) (Table 2).

The cyclic stretches of scaffolds, at a maximum strain of 30%,
are shown in Figure 7. Most of the PU-SS scaffolds showed a
larger hysteresis loop in the first cycle than in the additional 9
cycles. Most of the samples showed a very small irreversible
deformation (~5%) (Figure 7A—C), while the irreversible
deformation at ~10% exists for PU-1.5SS and PU-1.8SS
(Figure 7D,E).

3.6. In Vitro Degradation of the Scaffolds. The
hydrolytic and reductive degradations of the PU-SS scaffolds
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Figure 9. Cell growth on scaffolds. (A) Metabolic index to show the 3T3 fibroblast viability on the scaffold (TCPS as a control). SEM micrographs
of 3T3 fibroblasts on the surface of PU-1SS scaffold at (B) 1 d, (C) 3 d, and (D) S d. * represents significantly different groups (p < 0.05).

were measured in PBS and GSH solution, respectively (Figure
8A). The degradation rate increased with increasing amount of
HDS in polyurethanes. For hydrolytic degradation, the mass
remaining of the polymers ranged from 92.7 + 1.1% to 97.2 +
0.4% within 2 weeks. The degradation rates of PU-BDO and

20383

PU-0.5SS were significantly lower than those of PU-1SS, PU-
1.5SS, and PU-1.8SS. In GSH solution, all polymers containing
HDS showed markedly faster degradation than in PBS solution.
There was no significant difference between PU-BDO
degradation rates in PBS and GSH solutions (p > 0.05). At
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Figure 10. Histological evaluation of explanted scaffolds in a mouse subcutaneous model. (A) H&E staining was carried out on the scaffolds
implanted in mice for 1 and 2 months. Red arrows indicate location of inflammatory cells at the tissue/implant interfaces. (B) Explanted scaffold
thicknesses were measured after 1 and 2 month implantation. * indicates p < 0.05, PU-1.8SS compared with other groups at 1 month and 2 month.

day 14, PU-BDO showed the lowest degradation rate (959 +
0.2% mass remaining), while PU-1.8SS showed the highest
degradation rate (42.0 + 8.3% mass remaining) (p < 0.0S).
Additionally, the degradation rates of PU-SS scaffolds were
greater than those of corresponded PU-SS films within 14 d in
both PBS and GSH solution.

The controlled degradation of scaffolds was conducted first
in PBS solution for 2 weeks and then in GSH solution for
another 2 weeks (Figure 8B). Within the first 2 weeks, scaffold
mass remaining in PBS ranged from 92.6 + 0.6% to 98.0 +
0.3%. However, after the scaffolds were transferred to the 10
mM GSH solution, the scaffold degradation rates increased
markedly when compared to their degradation rates in PBS.
The degradation rate increased with increasing the amount of
HDS in polymers, which is consistent with the mass remaining
results of scaffolds. At day 28, the PU-BDO had the lowest
degradation rate (95.5 + 0.2% mass remaining), while the PU-
1.8SS had the highest degradation rate (43.6 + 9.0% mass
remaining) (p < 0.0S).

SEM images were used to further study the degradation
behavior of scaffolds in GSH at week 2 (Figure 8C—G). The
morphology of PU-BDO electrospun fibers barely changed
(Figure 8C). The fibers of PU-0.5SS and PU-1SS scaffolds
exhibited swelling, and some fibers broke, but they still
maintained a fibrous morphology (Figure 8D,E). The
PU-1.58S and PU-1.8SS scaffolds completely lost the fibrous
morphology (Figure 8F,G).

3.7. In Vitro Cellular Growth on the Scaffolds. The
mouse 3T3 fibroblasts proliferated on all scaffolds from 1 d to §
d (Figure 9A). There were no significant differences in cell
viability between all of the scaffolds and the TCPS at each time
point. Typical cell morphologies on the scaffold (PU-1SS) were
visualized (Figure 9B—D). At day 1, few cells attached and
spread on the fibrous scaffold (Figure 9B). At day 3, cell
number obviously increased, and partial cell confluence was

observed (Figure 9C). At day S, the complete cell confluence
was observed on the scaffold surface (Figure 9D).

3.8. In Vivo Mouse Subcutaneous Implantation. To
determine their in vivo degradation rates and tissue
compatibility, PU-BDO, PU-1SS, and PU-1.8SS scaffolds were
implanted subcutaneously on the backs of mice for a period of
1 and 2 months. We found very little inflammatory cell
accumulation surrounding all implants at both time points
(Figure 10A). Intensive cell infiltration was not found in all test
materials. The scaffolds exhibited an increased trend of
degradation rate with disulfide bond amount (Figure 10B).
PU-1.8SS scaffolds showed significantly lower explant thickness
than for PU-BDO at 2 month (p < 0.05). The degradation rates
of PU-1.8SS (34%) and PU-1SS (30%) were higher than that of
PU-BDO (13%).

4. DISCUSSION

The bioreducible polyurethanes have been fabricated for gene
delivery and drug control release.”””** For example, a targeting-
clickable and tumor-cleavable polyurethane micelle has also
been reported for multifunctional delivery of antitumor drugs.
Those micelles contained redox-responsive disulfide bonds,
which triggered the intracellular drug release under the
reductive environment of tumor tissue.”> Furthermore,
degradable cationic polyurethane micelles bearing redox-
responsive disulfide linkages throughout the backbone were
developed for magnetic resonance imaging (MRI) and drug
delivery.** Finally, disulfide cross-linked micelles were
fabricated by cross-linking of poly(ethylene glycol)/polyur-
ethane block copolymers containing cyclic disulfide moieties via
a thiol—disulfide exchange reaction to load anticancer drug for
cancer therapy.”” However, it is rarely reported that the
polyurethanes containing disulfide bonds serve as scaffolds to
provide temporary mechanical support for personalized tissue
engineering. Recently, a reduction-sensitive polyurethane was

DOI: 10.1021/acsami.5b06242
ACS Appl. Mater. Interfaces 2015, 7, 20377—-20388


http://dx.doi.org/10.1021/acsami.5b06242

ACS Applied Materials & Interfaces

Research Article

synthesized from poly(ethylene glycol) (PEG) or PCL and
HDI with cystine chain extender,””’ but no further character-
ization was reported for tissue engineering scaffold use. In this
project, elastomeric biodegradable polyurethanes containing
disulfide bonds were synthesized by introducing HDS as a
chain extender, and were further processed into fibrous
scaffolds for in vitro and in vivo assessment.

The PCL, used as a soft segment for all synthesized
polyurethanes, is a semicrystalline polymer with a Tg of —60 °C
and Tm of 59—64 °C.*® The low Tgs (< —50 °C) of the
polyurethanes were attributed to PCL soft segment, while the
Tms were attributed to PCL crystalline and the hard segment.
The interaction between the PCL and hard segment reduces
the PCL crystalline degree and hard segment phase, and then
leads to the decrease of Tms.”* Thus, the polyurethanes (PU-
BDO, PU-0.5SS, and PU-1SS) with high PCL contents only
present a single Tm at 30—40 °C. With PCL content decrease
and HDS content increase, two Tms (PU-1.5SS) were
observed, and then a single high Tm (PU-1.8SS) was seen.

The initial modulus of the PU-SS films obviously increased
with the increase of HDS content. The stiff hard segment
increase is majorly attributed to HDS content increase, which
leads to initial modulus increase. The tensile strengths of all
polymers have no significant difference because the mechanical
strength is dependent on molecular weight and phase
separation as well as the hard/soft segment ratio. The elasticity
of polyurethane is a result of the recoiling of the soft segment,
while the permanent deformation is attributed to the plastic
deformation of the hard segment phase, according to the strain-
softening theory.”” Since PU-1.8SS has the highest hard
segment content, it exhibited higher irreversible deformation
for 30% cyclic stretching than other polyurethanes with lower
disulfide contents. Once the strain reached 300%, all hard
segment phases might be deformed to produce the permanent
deformation, which results in a large deformation of polyur-
ethanes (~200%) without significant difference for all polyur-
ethanes. The electrospun fibrous scaffolds showed consistent
results with the films, but the mechanical strengths decreased
due to the porous structure.*’

The degradation of PU-SS polymers and scaffolds can be
induced in a reductive environment. Their degradation rate can
also be adjusted by altering the amount of the disulfide bond,
which would compromise the mechanical properties of PU-SS
polymers. The PCL is a slowly degradable polyester,*" and it
would provide a relatively slow degradation before triggering
fast degradation. Thus, in PBS, all materials showed slow
degradation rates. The PUs with higher disulfide bond amounts
exhibited faster degradation. This may result from an increase
in polymer hydrophilicity with an increase of disulfide bond
amounts. When placed in GSH solution, all polymers and
scaffolds with disulfide bonds distinctly increased degradation
rates, which verified the reductively triggered degradation of the
PU-SS material. It is obvious that higher SS bond amounts in
polymer result in higher sensitivity of polymer degradation to
the reductive agent. Other reductive agents, such as
dithiothreitol (DTT) and czsteine, are also workable to trigger
the polymer degradation.””™* DTT has stronger reductive
activity than GSH, and it induced much faster degradation of
PU-SS material (data not shown). However, DTT is toxic to
the cells and tissues;** thus, it is not suitable for our future
biomedical use. GSH and cysteine are natural products, are
compatible with cells and tissues, and have been administered
into human via oral intake, inhalation, and intravenous and

intramuscular injection with no known toxicity and side
effect.'* Thus, high dosage of GSH could be used as a safe
on-demand trigger via intramuscular injection to induce the fast
degradation of the implant in vivo.

The synthesized PU-SS materials exhibited good cellular
compatibility and tissue compatibility from the in vitro and in
vivo assessments. The selected chemical components for PU-SS
synthesis, including PCL, HDI, and BDO, have been applied
for the materials of FDA-approved devices. The final
degradation products also lacked cellular toxicity. The
degradation products containing the thiol group (—SH) are
nontoxic and have no effect on the pH value of the surrounding
tissue.”® The PU-SS films and scaffolds supported 3T3
fibroblast cell proliferation. In vivo subcutaneous implantation
showed all implants had good biocompatibility with minor
inflammation and without severe immune response, which
further confirmed their safety for future use. The conventional
electrospun scaffold is very dense, which cannot allow a good
cellular infiltration in vitro and in vivo.*” The fast degradation of
the electrospun scaffolds can accelerate the cell infiltration.™
The PU-1.8SS scaffold had the fastest degradation, which may
contribute to the enhanced cell infiltration in vivo as compared
to PU-BDO and PU-1SS scaffolds. On the other hand, the
reduction-induced degradation of the PU-SS polymer is not
sensitive to the low GSH level in the tissue. The intracellular
concentrations of GSH range from 0.5 to 10 mM,"* while the
GSH concentrations in body fluids and extracellular matrices
are relatively low (e.g, 2—20 uM in plasma).””*" It was
reported that the GSH concentration in rat subcutaneous tissue
is ~4 uM, which is much lower than the concentration (10
mM) used for in vitro degradation tests.”’ Thus, SS amount in
PU-SS scaffolds may not be high enough to respond to this low
GSH concentration in subcutaneous tissue, which led to
insignificantly different degradation rates between PU-BDO
and PU-SS scaffolds in 1 month. However, the SS sensitivity of
the PU-SS may be enhanced with time in vivo. In the second
month, the PU-1.8SS scaffolds with high amounts of SS
obviously exhibited fast degradation in vivo compared with PU-
BDO scaffolds.

The developed polyurethane family in this study showed
good elasticity, robust mechanical properties, good biocompat-
ibility, and tunable degradation behavior with sensitivity to
GSH. It can be processed into nanofibrous scaffolds. As it is a
linear thermoplastic polymer, the PU-SS would also be
processed into porous scaffold using phase separation, salt
leaching, and other technologies.zg’w’bz_54 PU based scaffolds
have been widely used for soft tissue engineering, such as
myocardium,ss’56 blood vessels,””*® tender,” skin,**°" cor-
neal,®” abdominal wall,*’ cartilage,63 and hard tissue engineer-
ing, such as bone.”* Scaffolds incorporating disulfide linkages
are of particular interest when compared with the hydrolysis
process, as the reductive degradation process can be performed
relatively faster under physiological conditions by nontoxic
reducing agents such as glutathione or cysteine.”> Generally, in
vivo degradation of scaffolds tends to weaken the tissue/scaffold
system during tissue growth. However, it is necessary to
provide sufficient mechanical support at least at the early stage
of tissue growth. Thus, it is desirable to develop a slow
degradation at an early stage and then an on-demand fast
degradation process upon the end of tissue growth, which can
be performed by disulfide bond cleavage.® Thus, the PU-SS
would be promising to find multiple opportunities for tissue
repair and regeneration applications.
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There are some limitations that should be mentioned. First,
we only used 3T3 fibroblast cells for biological evaluation, and
we had no specific application focus. In the future, for specific
biomedical application, we will use the corresponding cell type
to further evaluate the polymer. For example, for myocardium
regeneration, cardiomyocytes or stem cells will be used. For
blood vessel use, endothelial cells and vascular smooth muscle
cells will be used, along with blood compatibility evaluation
using human whole blood. Second, to accelerate scaffold
degradation, GSH may be administered via direct injection to
the implantation sites and/or surrounding tissue/muscles in
vivo. However, the potential influence of GSH injection on the
wound healing process has yet to be determined. Third, there
are many disulfide bond containing proteins in the blood and
tissue. The influence of these disulfide bond containing
proteins on polymer degradation remains to be evaluated.
Finally, it is possible that different degradation rates are needed
for different phases of tissue regeneration. Further studies are
needed to determine the optimal degradation scheme to
achieve the best tissue regeneration outcomes.

5. CONCLUSION

A family of elastic polyurethanes with an active inducible
biodegradation property was synthesized by introducing
disulfide bonds into the polymer backbone. Both PU-SS films
and scaffolds had good elasticity and attractive mechanical
properties. Their in vitro fast degradation can be actively trigged
by GSH. The polymer degradation rate can be tuned by
altering disulfide bond amounts in the PU-SS backbone. The
polymer films and scaffolds had good cellular compatibility to
support cell growth without apparent cytotoxicity. The polymer
scaffolds showed good tissue compatibility with minimal
immune response in mouse subcutaneous models. These
polyurethane elastomers possessed attractive mechanical
properties, controllable degradation, and good biocompatibility,
which would find opportunities for applications as 3D scaffolds
for tissue repair and regeneration.
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