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ABSTRACT: Preparation of functional shape memory polymer (SMP) for tissue engineering remains a challenge. Here the
synthesis of strong electroactive shape memory polymer (ESMP) networks based on star-shaped polylactide (PLA) and aniline
trimer (AT) is reported. Six-armed PLAs with various chain lengths were chemically cross-linked to synthesize SMP. After
addition of an electroactive AT segment into the SMP, ESMP was obtained. The polymers were characterized by '"H NMR, GPC,
FT-IR, CV, DSC, DMA, tensile test, and degradation test. The SMP and ESMP exhibited strong mechanical properties (modulus
higher than GPa) and excellent shape memory performance: short recovery time (several seconds), high recovery ratio (over
94%), and high fixity ratio (almost 100%). Moreover, cyclic voltammetry test confirmed the electroactivity of the ESMP. The
ESMP significantly enhanced the proliferation of C2C12 cells compared to SMP and linear PLA (control). In addition, the
ESMP greatly improved the osteogenic differentiation of C2C12 myoblast cells compared to PH10 and PLA in terms of ALP
enzyme activity, immunofluorescence staining, and relative gene expression by quantitative real-time polymerase chain reaction
(qRT-PCR). These intelligent SMPs and electroactive SMP with strong mechanical properties, tunable degradability, good
electroactivity, biocompatibility, and enhanced osteogenic differentiation of C2C12 cells show great potential for bone
regeneration.
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1. INTRODUCTION long recovery time. Jianwen Xu and Jie Song developed a high
performance SMP based on a polyhedral oligomeric
silsesquioxane (POSS) nanoparticle which was a rigid core
and imparted good shape memory properties. However, the
nanoscale POSS possesses some drawbacks, such as heteroge-
neous dispersion, poor biostability in vitro,” and the unsure
biosecurity of the nanoparticles. In contrast, inositol with six
hydroxyl groups has been found ubiquitously in the biological

Shape memory polymer (SMP) is a smart material capable of
fixing temporary shape and reverting to the memorized
permanent shape when exposed to stimuli. This notable
material has been applied in various biomedical areas, such as
sutures,' cardiovascular stents,” drug-eluting stents,” and
implants for invasive surgery.”* Thermally induced shape
memory polymer is one outstanding class of SMPs which is
triggered by heat. A series of thermally induced SMP based on

polylactide (PLA) was reported due to the good biocompat- Received: January 9, 2015
ibility and degradability of PLA.>~® But some limitations still Accepted: March S, 2015
exist in the systems, such as low fixity ratio, low modulus, and Published: March 5, 2015
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kingdom. It plays very important roles in membrane biosyn-
thesis, stress responses, growth reogulation and many other
processes, and it is safe for humans.'® The inositol, a cyclic rigid
core, enables the grafting of six polymer arms to form a star-
shaped macromolecule. It is therefore desirable to design the
shape memory polymer network based on the star-shaped
polylactide with inositol as the core.

Many researchers reported the electrical signals could
regulate a range of cellular activities, such as cell adhesion,
migration, proliferation, DNA synthesis, and so on.'!?
Therefore, electrically conductive materials such as polyaniline
(PANI), polypyrrole (PPy), and other conductive nanoparticles
have been widel7y developed as conductive matrixes in tissue
engineering.B_l But the poor mechanical properties, non-
degradability, poor solubility, and bad processability of
conducting polymers restrict their biomedical applications.'®"’
In contrast to the PANI, aniline oligomers characteristically
have good electroactivity, biodegradability, and good processing
properties, and they can be copolymerized with other
degradable polymers.”~>” Many reports showed amino-capped
aniline trimer (AT) had a well-defined electroactive structure,
good processability, and ease of degradability.*”*' We
anticipated that by incorporating an electroactive AT segment
into shape memory polymers, we could obtain electroactive
degradable polymeric materials with shape memory properties,
which will greatly expand their biomedical applications.

The aim of this work was to design an electroactive
degradable shape memory polymer network based on star-
shaped polylactide and amino-capped aniline trimer, and to
demonstrate their potential application for bone tissue
engineering. We incorporated the electroactive aniline trimer
into star-shaped PLAs with HDI as cross-linker and coupling
reagent to endow electroactivity to the SMP. The synthesis,
thermal properties, mechanical properties, thermal mechanical
properties, degradability, electroactive properties, shape mem-
ory properties, and biocompatibility of these electroactive
SMPs (ESMPs) were investigated. The ESMPs showed good
electroactivity, strong mechanical properties, good shape
memory properties, and tunable degradability. We further
demonstrated that the EMSPs could greatly enhance the
C2C12 cell proliferation and showed a higher ability to induce
the osteogenic differentiation of C2C12 cells than polylactide in
terms of the expression of alkaline phosphatase (ALP) mRNA,
ALP activity, and osteogenesis marker protein Runt-related
transcription factor 2 (RUNX2). Due to the strong mechanical
properties, good shape memory property, and electroactivity of
the ESMPs, they are good candidates for bone tissue
engineering.

2. EXPERIMENTAL SECTION

2.1. Materials. r-Lactide (LLA) was purified in dry toluene by
recrystallization and subsequently dried under reduced pressure (1072
mbar) for at least 48 h at room temperature prior to polymerization.
Aniline (J&K Scientific Ltd.) was distilled twice under reduced
pressure before use. Stannous octoate, Sn(Oct),, from Aldrich was
dried over molecular sieves and kept at a N, atmosphere before use.
Inositol, ammonium persulfate, p-phenylenediamine, camphorsulfonic
acid (CSA), soldium hydroxide (NaOH), dimethyl sulfoxide (DMSO),
ethanol, hexamethylenediisocyanate (HDI), anhydrous tetrahydrofur-
an (THF), methanol, chloroform, hexane, and camphorsulfonic acid
(CSA) were purchased from Aldrich or J&K Scientific Ltd., and used
as received.

2.2. Synthesis of amino-capped aniline trimer (AT). AT was
synthesized by oxidative coupling reaction of p-phenylenediamine and
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2 equiv amounts of aniline by equivalent amounts of (NH,),S,04 as
the oxidant according to previous report.”> 'HNMR (400 MHg,
DMSO-dy) 6 6.97 (s, 4H, Ar—H), 6.80 (d, 4H, Ar—H), 6.61 (d, 4H,
Ar—H), 5.44 (s, 4H, -NH,).

2.3. Synthesis of star-shaped PLAs and ESMP. Six-armed star-
shaped PLAs were obtained by ring-opening polymerization (ROP).
The monomer (LA), 0.1% (molar ratio) initiator (Sn(Oct),), and co-
initiator inositol with various monomer/initiator ratios to control the
chain lengths of PLA as reportedzo were weighed and added into a
silanized round-bottom flask in a glovebox (MBraunlabstar) purged
with N,. The mixture was sealed and immersed in an oil bath at 110
°C for 48 h. After the reaction, a certain amount of chloroform was
added into the flask to dissolve the product. The solution was then
precipitated into hexane/methanol (v/v 95:5) mixture. After
centrifugation, the product was dried under reduced pressure in a
vacuum oven for 48 h at room temperature. Linear PLA with M of
85000 (PLA8Sk) was also synthesized and used as the control in the
following tests.

To prepare the SMPs, the prepolymers, Sn(Oct), and HDI were
dissolved in anhydrous THF (Figure 1), and the mixture was cast into
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Figure 1. Synthesis scheme of shape memory polymer networks.

a Petri dish, and put into an oven at 75 °C for 24 h. The film of SMP
was obtained after the evaporation of THF. The electroactive shape
memory polymers (ESMP) were obtained by adding S wt % AT and a
certain amount of CSA into the reactant mixture before reaction.

To tune thermal-mechanical properties, biodegradability, and shape
memory effect, PLAs with various chain lengths were synthesized by
changing the molar ratios of monomer/initiator as 60:1, 120:1 and
240:1. Prepolymers were named as P10, P20 and P40 which means the
repeating units of the PLA chains was 10, 20 and 40, respectively. The
shape memory polymers (SMP) obtained from precursors P10, P20,
and P40 were named as PH10, PH20 and PH40, respectively. The
electroactive SMPs were named as PH10AT for P10 and PH20AT for
P20 after the introduction of AT segment.

2.4. Characterization. FT-IR spectra of prepolymers PLAs, AT
and shape memory networks were monitored on a Nicolet 6700 FT-IR
spectrometer (Thermo Scientific Instrument) in the range of 4000—
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600 cm™'. The spectra were taken as the average of 32 scans at a
resolution of 4 cm™".

"H NMR (400 MHz) spectra were recorded at room temperature
by using a Bruker Ascend 400 MHz NMR instruments with CDCl; as
the solvent for all PLA samples and as internal standard (5 7.26 ppm).
DMSO-dg was used as the solvent for AT and as internal standard (&
2.50 ppm). Molecular weights of the PLAs were determined by
comparing the integrals of methine protons peaks (6 = 5.2 ppm, CH)
with those next to the terminated hydroxyl groups (8 = 4.4 ppm, CH)
of each arm. Monomer conversion of the LLA was calculated by
comparing the integrals of methine protons peak (§ = 5.2 ppm, CH)
with the methine protons of lactide (6 = 5.0 ppm, CH). The detailed
results of the M, and monomer conversion are listed in Table 1. The

Table 1. Properties of Star-Shaped PLAs by NMR and GPC

Sample Theor Mol wt by M, by Monomer
name mol wt NMR GPC PDI conversion (%)
P10 4500 9000 11100 1.18 95
P20 9000 14000 17000 119 95
P40 17000 29000 34000 1.11 99

variation of molecular weights between the theoretical and the
experimental ones from NMR and GPC may be due to the trans-
esterification reaction during the ring opening polymerization and the
incomplete monomer conversion.

Gel permeation chromatography (GPC) measurements were
carried out at 40 °C by using Waters instrument, including a column
heater equipped with two Waters Styragel columns (HT2 and HT4), a
Waters 1525 pump and a Waters 2414 refractive index detector. GPC
measurements were conducted in THF at a flow rate of 1 mL/min to
determine the average molecular weight and polydispersity index
(PDI). Polystyrene standards were used as calibration of molecular
weight.

Tensile test was carried out by the MTS Criterion 43 equipped with
22500 N tension sensor. SMP films were handled according to ASTM
D822. The tensile strength, breaking elongation and modulus were
obtained at a crosshead rate of 2 mm/min. Each data was represented
by average value and standard derivation (SD) (n > 3).

Cyclic voltammogram (CV) of ESMP was performed on a CHI
660D electrochemical workstation (CH Instruments). An indium tin
oxide (ITO) electrode served as working electrode, and an Ag/AgCl
and a platinum wire were used as reference and counter electrode,
respectively. The ITO glass electrode was immersed into the matrix of
reactants of ESMP, then put into a 75 °C oven. A thin polymer film on
the ITO glass was formed after the reaction. The scanning rate was 10
mV/s.

Water contact angle test was used to evaluate the surface wettability
of the SMPs with a contact angle and surface tension meter (Kino). A
drop of Mini-Q water was placed on the surface of the SMP film, and
the picture of the water drop was taken. The images were then
analyzed by Kino software to obtain the contact angle data. The
contact angle of each sample was calculated as the average of six
measurements at different points on the films.

The glass-transition temperature (T,), melting temperature (T,,)
and crystallinity (X.) of PLAs, SMPs and ESMPs were measured by
differential scanning calorimetry (DSC) using a TA Q200 DSC with a
nitrogen flow at a rate of 50 mL/min. The samples were first heated
from room temperature to 200 °C, and equilibrated at 200 °C for 2
min, then cooled down from 200 to —20 °C and heating scan from
—20 to 200 °C at a heating rate of 10 °C/min. Tg and T, were taken
from the second heating cycle. X, was calculated as X, = AH/ AH}),
where AH; is the enthalpy of fusion of the sample, and AHj is the
enthalpy of fusion of a 100% crystalline polylactide.

Dynamic mechanical analysis (DMA) in tensile loading mode was
used to detect the rubbery modulus of the SMP and ESMP films.
Films were cut into 30*6 mm? with 0.2—0.3 mm in thickness. Samples
were heated from 30 to 110 °C at a rate of 2 °C/min. A 20 um
amplitude and a frequency of 1.0 Hz was applied.
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The physiological stability of the SPMs and ESMP was investigated
in 0.1 M NaOH solution. The flat films were cut into rectangular discs
and recorded the initial weight (m1). The specimens were immersed
into vials containing 8 mL NaOH and incubated for a period of time.
The specimens were put on a shaker at 37 °C with shaking speed of
100 r/min, and were taken out from the media at certain sampling
interval and washed with distilled water. They were then dried at 60
°C oven for 24 h and weighed (m2). Each data was represented as
mean =+ standard deviation (n > 3).

Weight percentage (%) = m2/ml X % (1)

Shape memory effect was investigated through exhibiting ability of
deformation in various shapes. The specimens with dimensions of 30
mm*6 mm were prepared. The specimens were folded into 180°shape
in water at 45 or 55 °C for 1 min, cooled at room temperature for 1
min and returned to 45 or SS °C water. The angles of the specimens
were tested after deformation and recovery, respectively. Cycle was
repeated for 3 times. The shape fixity rate (Ry) was used to quantify
the ability of fixing the temporary mechanical deformation angle &,
stress-free angle £,(N) after unloading. Shape recovery rate (R,)
quantified the ability to restore the permanent angle &, (N). A
quantitative evaluation of R; and R, were calculated by the following
equations:

R¢(N) = ¢,(N)e,, X 100%

)

R(N) = (¢, — SP(N))/(é‘m - eP(N — 1)) x 100% (3)

N denoted the number of deformation cycle.

2.5. In vitro biocompatibility assessment of SMP and ESMP.
2.5.1. C2C12 cell culture. C2C12 myoblast cells were purchased from
Shanghai cell bank of Chinese Academy of Sciences. Cells were
cultured in Dulbecco’s Modified Eagle Medium (DMEM) (GIBCO)
supplemented with 10% fetal bovine serum (Gibco) and 100 U/mL
penicillin/streptomycin (Gibco), in an incubator at 37 °C in 5% CO,.
When cell confluence reached 90%, C2C12 cells were digested with
0.25% trypsin (Gibco) and passaged. To differentiate into osteocytes,
C2C12 cells were treated with differentiation medium which contained
300 ng/mL BMP-2 for 7 days.

2.5.2. Cell proliferation assay. To investigate the cytotoxicity of
SMP and ESMP, C2C12 cells were seeded on the PH10, PH20, PH40,
PHI0AT and PLA8Sk (M,= 85k, negative control) films. After
sterilized by UV light, films of each sample were fixed in bottom of 24
well plates, and C2C12 cells were seeded at a density of 6000 cells/
cm? The proliferation of cells on films was evaluated by AlamarBlue
assay (Molecular Probes) after cultured for 1, 2, and 3 days,
respectively. At each point of detection, the cells were incubated in
medium containing 10% (v/v) AlamarBlue dye at 37 °C in 5% CO,.
After 4 h incubated, 100 yL medium of each example was read at 530/
600 nm by a SpectraMax fluorescence microplate reader (Molecular
Devices). Medium containing 10% (v/v) Alamar blue dye served as a
blank.

For live/dead assay, C2C12 cells on films were washed with
phosphate buffered saline (PBS) three times and treated with
Ethidium homodimer-1 (0.5 M) and calcein AM (0.25 uM) (Life
technologies) for 45 min. Cells were observed under an inverted
fluorescent microscope (IX53, Olympus).

2.6. Osteogenic differentiation study of C2C12 cells on SMP
and ESMP. Briefly, C2C12 cells were seeded on PH10, PH10AT and
PLASSKk films in 24 well plates at a density of 10,000 cells/cm?. After
24 h, the mediums were replaced and the cells were cultured in
differentiation mediums for 7 days.

The expression of alkaline phosphatase (ALP) was quantitatively
tested at day 7. ALP was extracted and detected with SensoLyte pNPP
Alkaline Phosphatase Assay Kit (AnaSpec) according to the
manufacturer’s instructions. Briefly, cells were digested in 300 uL
lysis buffer to release the ALP, and lysate was centrifuged for 10 min at
2500 rmp at 4 °C to obtain the supernatant. Amount of ALP in the
cells was normalized against total protein contents.

To visualize the osteogenic differentiation of C2C12 cells on the
films, immunofluorescence staining was performed. Films were rinsed

DOI: 10.1021/acsami.5b00191
ACS Appl. Mater. Interfaces 2015, 7, 6772—6781


http://dx.doi.org/10.1021/acsami.5b00191

ACS Applied Materials & Interfaces

Research Article

with PBS, and fixed with 2.5% glutaraldehyde for 15 min, followed by
three times PBS washing, and then treated with 0.1% Triton X-100 for
0.5 h and 1% BSA in PBS for 1 h. Then the cells were incubated with
Mouse anti-RUNX2 monoclonal antibody (1:500, Abcam) at 4 °C
overnight. After being washed for three times with PBS, Alexa flour
488 conjugated secondary antibody (Molecular Probes) was added
and incubated for 2 h at room temperature. After three times PBS
washing, cells were counterstained with DAPI, and observed under an
inverted fluorescence microscopy (IXS3, Olympus).

The total RNA of each sample was extracted using Trizol
(Invitrogen) by following the manufacturer’s instructions. One ug
RNA was used to synthesize cDNA using a reverse transcription
reagents kit (Fermentas, Thermo scientific). The real-time PCR was
carried out according to the protocol and conducted with an Applied
Biosystems 7500 Fast Real-time PCR system with the following steps:
95 °C for 30 s, then 40 cycles of 95 °C for 15 s followed by 1 min at 60
°C. There different osteogenic genes were used to assess the
osteogenic differentiation: alkaline phosphatase (ALP), Runt-related
transcription factor 2 (RUNX2), and type 1 collagen (COL I) along
with the housekeeping gene gluteraldehyde phosphate dehydrogenase
(Gapdh). Primers were purchased from GeneCopoeia and already
proved for quantitative real time PCR. The gene expression was
normalized to the housekeeping gene Gapdh in the same sample.

2.7. Statistics. All data were expressed as mean =+ standard
deviation. The statistical significance was analyzed by a one-way
ANOVA test followed by using S—N—K test method. Differences were
considered statistically significant when p < 0.05.

3. RESULTS AND DISCUSSIONS

3.1. Synthesis of the copolymers. FT-IR spectroscopy
was employed to investigate the chemical structure of the
polymers. The FT-IR spectra of SMPs and their corresponding
precursors are shown in Figure 2A. Compared to curve al of
P10, the new peaks at 1621 and 1520 cm™' of PHI10 were
assigned to the —C=O stretching of amide (I) and the
stretching vibration combined with out-of-the-plane bending of
the —C—N— bond of the urethane group, indicating that the
reaction between the hydroxyl group and the isocyanate group
took place. Furthermore, no peak at 2280 cm™ assigned to
—NCO group was observed, which means that all the HDI was
completely incorporated into the PLA. Moreover, the amide (I)
peak of PH40, PH20, and PHI0 shifted from 1657 to 1641
cm™' to 1621 cm™, indicating that more hydrogen bonds
appeared, because more urethane groups were generated and
they had more chances to form hydrogen bonds with each
other with decreasing molecular weight of the polylactide.*®
Asymmetric stretching of the —C=O ester of the PLA chain
showed an obvious low frequency shift from 1755 cm™ of
curve al to 1748 cm™! in curves a2, a3, and a4. The red-shift of
the —C=O stretching band indicated the hydrogen bond
formation between the —C=O in the ester group of PLA
chains and urethane groups.

In Figure 2B, comparing to bl and b3, the disappearance of
the characteristic peaks at 3376 and 3196 cm ™, assigned to the
terminal -NH, in AT, and the appearance of a new peak at 3320
cm™! of -NH- revealed that the aromatic amine -NH, in the AT
was successfully converted into the imine -NH->' The
appearance of a new peak at 1632 cm™" corresponding to the
carbonyl for urea linkages demonstrated that the -NH, groups
were transformed into a urea group after reacting with HDL
Furthermore, the absorption bands at 1595 and 1503 cm™
were assigned to the stretching vibrations of the quinoid ring
and the benzenoid ring in AT, respectively. All the data showed
that the AT segments were introduced into the polymer
network.
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Figure 2. FT-IR spectra of the samples: P10 (al), PH10 (a2), PH20
(a3), and PH40 (a4) in part A; PH20 (b1), PH20AT (b2), and AT
(b3) in part B.
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Figure 3. Cyclic voltammogram of the PH10AT film.

The electroactivity of the ESMP was confirmed by cyclic
voltammetry (CV), and the result is depicted in Figure 3. There
are two well-defined pairs of oxidation/reduction peaks at 0.37
and 0.60 V in the CV curve. The first pair of peaks, at low
potential, 0.37 V, is attributed to the reversible transition from
the leucoemeraldine state to the emeraldine state. The
reversible redox peak at 0.60 V corresponds to the transition
from the emeraldine state to the pernigraniline state, which is
consistent with previous results.**
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Table 2. Thermal Properties of the Polymers®

Sample name T, (°C) T, (°C) AH,, X, (%)
P10 514 137.7 314 334
P20 54.9 146.5 36.5 38.8
P40 55.9 158.7 40.9 43.5
PH10 56.4
PH20 58.2 - -

PH40 57.0 148.5 6.8 7.2
PHI10AT 56.3
PH20AT 582

a« »

means not detected. Heat of fusion for the a-forms of PLLA is 94
/8>

Table 3. Tensile Test Results of the Polymer Networks

Sample name Stress (MPa) Modulus (MPa) Strain (%)

PH10 463 + 0.7 2425.1 + 236.0 49 £ 13
PH20 416 £ 12 1300.6 + 345.8 102 +23
PH40 402 + 1.4 1006.1 + 87.2 13.5 + 43
PHI0AT 493 + 45 1956.7 + 168.6 3.6 + 04
PLA8Sk 382 + 2.5 1687.5 + 142.6 43+ 10
4000
= 30004
o]
g
2 2000
p—
=
<
=]
= 1000
04
T T T T T T
30 40 50 60 70 80 90
Temperature (°C)

Figure 4. DMA curves of the shape memory networks.

3.2. Thermal properties of the polymers. The thermal
properties are also very important for the application of SMP.
The glass translation temperature (Tg), melting temperature
(T.,), and crystallinity (X.) of the SMPs are shown in Table 2,
and the DSC traces are shown in Figure S1 in the Supporting
Information. The T, of prepolymers was between 51.4 and 55.9
°C, and it increased with increasing molecular weight of PLA
chain, because the interactions and entanglements between the
PLA chains increased with the lengths of PLA chains. The X, of
the prepolymers increased accordingly with increasing the M,
of PLA, because the branched core inositol hindered the
movement of the PLA chain and decreased the formation of
crystals of the PLA chain near the branched core.”® Due to the
interruption of the branched core, the formation of the
complete crystals was more difficult for the shorter PLA chain
length than the longer one. This restricted regular arrangement
of the polymer chain to crystallize completely. Therefore, the
T,, values of the P10, P20, and P40 increased in order.

T, of SMPs was between 56.4 and 58.2 °C and increased
compared with the corresponding prepolymers, because the
chemical cross-linking greatly restricted the movement of the
PLA chain. The network structure destroyed the well-organized
crystallinity, thus leading to the disappearance of melting peaks
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Figure S. Photos show the shape memory effects of the samples. (a)
The initial shape of the samples; (b) Fixed angles of temporary shape;
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PHIOAT (al, bl, c1), PH20AT (a2, b2, ¢2), PHI0 (a3, b3, c3), PH20
(a4, b4, c4), and PH40 (a$, bS, c5). Qualitative evaluation of PH10
(transparent) and PH10AT (black) in panels d, e, and f. (d) The initial
rectangle shape; (e) The spiral shape after fixity; and (f) The final
shape of the samples after recovery. All samples were fixed at ambient
temperature and recovered at S5 °C water bath; (g) Schematic
mechanism of shape memory behavior.

Table 4. Quantitative Shape Memory Properties of the
Materials”

Sample name PH10 PH20 PH40 PHI0AT PH20AT
Ry (%) 100 100 77.8 100 80.6
R, (%) 94.4 98.3 82.1 98.0 87.8
Rp, (%) 100 100 73.3 100 100
R, (%) 100 100 97.9 100 100

“Ry; shape fixity rate after deformation at 45 °C and fixation at ambient
temperature. R;; shape recovery rate at 45 °C. Ry, shape fixity rate after
deformation at 5 °C and fixation at ambient temperature. R, shape
recovery rate at 55 °C.
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Figure 6. Degradation profile of shape memory polymers.

in DSC curves, which resulted in the optical transparency of the
SMPs. The PHA4O still retained a small melting peak because of
the long chain of PLA which made it easier to get together to
crystallize than the other ones. The T, values of PHIOAT and
PH20AT were similar to those of PH10 and PH20, meaning
that the incorporation of AT into the network hardly affected
the thermal properties of the materials.

DOI: 10.1021/acsami.5b00191
ACS Appl. Mater. Interfaces 2015, 7, 6772—6781


http://dx.doi.org/10.1021/acsami.5b00191

ACS Applied Materials & Interfaces

Research Article

--
| s— |

Figure 7. Live/dead staining results of C2C12 cells on: (a) PLA8Sk,
(b) PH10, (c) PH20, (d) PH40, and (e) PH10AT films after 24 h of
culture. Scale bar: 200 ym.
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Figure 8. Cell proliferation of PH10, PH20, PH40, and PHI0AT at
various time points with PLA8Sk as control. Mean for n =4 + SD. * p
< 0.05, ** p < 0.01.
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Figure 9. ALP enzyme activity of C2C12 cells on different substrates
at day 7. Mean for n = 4 + SD. **p < 0.01.
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3.3. Mechanical properties of the materials. A strong
mechanical property of SMP is a requirement for load-bearing
application. Generally, all the SMPs showed strong mechanical
properties, as shown in Table 3 and in Figure S2 in the
Supporting Information. The tensile strengths of PH10, PH20,
and PH40 were 46.3, 41.6, and 40.2 MPa, respectively, and the
Young’s modulus values of PH10, PH20, and PH40 were 2.4,
1.3, and 1.0 GPa, respectively. They were stronger than the
SMPs in other reports, in which the modulus was no more than
600 MPa.**"* Both the Young’s modulus and tensile strength
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Figure 10. Immunofluorescence staining of C2C12 cells on different
films after 7 days of induction. RUNX2 was stained green, and nucleus
was stained blue. (a) TCP, (b) PLA85k, (c) PH10, and (d) PH10AT.
Scale bar is 100 ym.

of SMP decreased accordingly with decreasing the molecular
weight of polylactide, because the increasing chemical cross-
linking density enhanced the interaction of the PLA chain and
inhibited the slip of the PLA chain. In contrast, the elongation
at break of PH10, PH20, and PH40 increased from 4.9% to
13.5% due to the decreased chemical cross-linking density.

In the case of the EMSPs, the hard AT segments destroyed
the regular arrangement of the PLA chain after its incorporation
in the network. On the other hand, however, AT as the hard
segment and the urea groups formed during the reaction could
improve the mechanical properties to some degree. These two
effects resulted in the higher stress (49.3 MPa), medium
modulus (2.0 GPa), and low strain of PH10AT (3.6%).

3.4. Dynamic mechanical properties of the networks.
The thermal mechanical properties of the networks were
further studied by DMA test. In Figure 4, it showed that the
storage modulus values of all the specimens were almost
constant at the glassy state and rubbery state except for PH40.
The dynamic mechanical response was related to cross-linking
density serving as net points which had a significant effect on
the modulus of the materials. The PH40 sample had the lowest
chemical cross-linking density with the least amount of
urethane groups compared to PHIO and PH20 samples.
Therefore, PH40 samples showed a relatively lower modulus
compared to PH10 and PH20, probably due to the lowest
chemical cross-linking density of the sample, and the slipping of
the macromolecule chains during the dynamic mechanical
experiment. The storage modulus values of PHI0AT and PH20
at body temperature were over 2.5 GPa, and the storage
modulus of PH10 was even 3.8 GPa, which was higher than the
reported toughening polyamide*> and PLA copolymer
reinforced with functionalized multiwall carbon nanotubes,**
indicating that these SMPs could be used for weight-bearing
applications. With temperature increasing, the storage modulus
values of PH10, PH20, and PH10AT showed dramatic changes
up to 3 orders of magnitude, and the transition temperatures
were 52, 55, and 56 °C for PH10, PH20, and PHI0AT,
respectively. The loss tangent of DMA measurements of PH10,
PH20, and PH10AT showed similar transition temperature
tendency to DSC results as shown in Figure S3 in the
Supporting Information. The sharp changes of the modulus of
the materials indicated the sharp triggering of recovery and
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Figure 11. Quantitative analysis of osteogenesis-related gene expression of C2C12 cells on PH10, PHI0AT, and PLA8S5k films in differentiation

medium after 7 days of induction. *p < 0.01.

fixity. The modulus was a direct sign of the cross-linking density
of the polymer which highly influenced the shape recovery
process. Although the introduction of the AT segment into
PHI10 decreased the modulus of PH10, it still kept the platform
at a glassy state and a rubbery state. The DMA curve of
PHI10AT was similar to PH20, which was the indication of the
shape memory properties’ similarity.

3.5. Shape memory properties of the networks. The
shape memory behavior of the fast self-expandable smart
materials was examined qualitatively and quantitively. The
initial shape was designed as rectangle films. In Figure Sa—c, a
simple fold deformation was carried out to demonstrate the
shape memory properties for all the samples. All the samples
could be fixed completely at room temperature, except for
PH40 and PH20AT. The deformed samples recovered to initial
shape at 55 °C completely in 2—3 s except PH40 and PH20AT.
It was obviously faster than the reported recovery time over
several minutes, even several hours.>>%3%%°

To further evaluate the potential application of SMPs as
strong self-expandable materials, we made a complex mode to
show the shape memory process. The straight film (thickness in
0.15 mm) was wreathed around a metallic cylinder with a
diameter of 2.98 mm, as shown in Figure Se. The outer
diameters of PH10 and PH10AT were 3.35 mm and 3.54 mm,
respectively. The recovery proccesses of both samples at 55 °C
were finished in 20 s completely, as shown in the video in the
Supporting Information, indicating that these SMPs could be
used for complex self-expandable materials. The PHI10 and
PHI0AT showed similar behavior at 45 °C with longer
recovery time (in 50 s).

In Table 4, it showed R; and R, results in the third cycle at
different deformation and recovery temperatures (45 and 5S
°C). For the process at 45 °C, Ry of PH10 and PH20 both
reached to 100%, and R;; to 94.4% and 98.3%, respectively,
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which was much better than the no more than 86% values
reported in the literature.**”*® Nevertheless, R;, and R, of
sample PH40 were only 77.8% and 82.1%, respectively. This
could be led by the different cross-linking densities which
indicated the mechanism of the shape memory effect. After the
addition of AT, the hard segments weaken the shape memory
effect of PH20 at 45 °C. This may be attributed to the rigid AT
segment hindering the movement of PLA chains at low
temperature (45 °C). When rising the temperature to 55 °C, it
resulted in more internal energy and more flexible switch
domains to deform and trigger the shape recovery sharply and
completely. All the samples showed 100% Rg, and R,,, except
PH40. But PH40 still exhibited the improvement in shape
memory properties at 55 °C. No matter at 45 or 55 °C, PH20
and PH10AT showed similar shape memory behavior. This
result was in accordance with the DMA test.

The above results showed the SMP and ESMP exhibited
good shape memory properties, such as fast recovery speed,
good recovery, and excellent fixity at a temperature close to the
physiological one compared to some references.”****’ 5! The
strong SMPs have great potential application over other
reported weak SMPs for the requirement of weight-bearing
property.41

We further assumed the mechanism to elucidate the shape
memory proccess, as shown in Figure Sg. The chains of PLA
serving as switching units are homogeneous at ambient
environment, and the rigid core myo-inosital molecules anchor
in the PLA chains tightly. The SMP or ESMP was deformed on
demand after heating and cooled down to keep the
deformation. The chains of PLA were arranged along the
direction of stress and fixed at the same time. Upon heating, the
PLA chains were activated at once and moved to the original
place. Then the SMP or ESMP recovered to the initial shape.
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3.6. Degradation of the materials. Degradation proper-
ties are quite important for biomedical polymers. Degradation
profiles of the SMP samples in 0.1 M NaOH solution were
presented in Figure 6. The PH40 showed the faster degradation
rate than PH10 and PH20, because the density of cross-linking
regulated the degradation of SMP effectively. PH40 with the
lowest cross-linking density was much more easily hydrolyzed;
thus, it degraded the fastest. Although PHI10 had a higher
degree of chemical cross-linking, it exhibited faster degradation
rate than PH20. This could be assigned to the hydrophilic
-NH—-COO- group allowing easy access to hydrolytically labile
substrate to accelerate the degradation.52 PHI0AT exhibited
relatively slow degradation compared with PH10. This was
attributed to the resistant effect to degradation of the hard
segment. AT existing in the PLA chain inhibited the movement
of the soft segment to get access to hydrolysis. Nonetheless, the
PHI10AT still degraded faster than the pure PLA8Sk due to the
presence of the urethane group.

3.7. Wettability of the SMPs. A contact angle test was
carried out to verify the hydrophobicity of the materials as
shown in Figure S4 in the Supporting Information. The contact
angle of water of PH10, PH20, and PHA40 increases accordingly,
and they are lower than that of PLA85Kk, indicating that they are
more hydrophilic compared to PLA85k due to the formation of
urethane groups in the copolymers. The PHI0AT exhibits the
lowest water contact angle about 72°, meaning that the
introduction of AT to PH10 greatly improves the hydrophilicity
of PH10AT, which is more suitable for cell adhesion and cell
function.

3.8. Cell adhesion and proliferation on SMP and ESMP
films. The in vitro biocompatibility of SMP and ESMP was
measured by the C2C12 cell adhesion and proliferation on
these polymer films. In this study, C2C12 cells were seeded on
PH10, PH20, PH40, PH10AT, and PLA films and cultured for
1 day to evaluate the cell viability and for 3 days to determine
the cell proliferation.

To visualize the cell adhesion and viability, after 24 h of
culture, the live/dead staining of C2CI12 cells on different
substrates was performed. On both SMP and ESMP films, most
of the cells were found to be alive (stained with green) and
displayed spindle-like shaped morphologies which were similar
to cells cultured on PLA (Figure 7 (a)). These results
demonstrated that both SMP and ESMP showed a good
biocompatibility and no side-effects on cell adhesion and
morphology.

After being cultured for 24 h, cells on PH10 and PH10AT
films showed higher cell number than that on PLA films, as
shown in Figure 8, and cells on PH20 and PHA40 films had cells
number equivalent to that on PLA films, which indicated that
the cells adhered well on SMP and ESMP films compared with
PLA films. After 2 days of culturing, cells on PH10, PH20,
PH40, and PHI0AT films all exhibited significantly higher
proliferation rates than that on PLA8Sk films (p < 0.05). On
days 2 and 3, the cell proliferation of C2C12 myoblasts on
PH10 films is higher than that on PH40 (P < 0.05), which
might be due to the higher wettability of PH10 sample that is
more suitable for cell proliferation. Moreover, for the third day,
the cells cultured on PH10 (1.14 times, p < 0.05), PH20 (1.08
times, p < 0.01), PH40 (1.0S times, p > 0.0S), and PHI10AT
(1.26 times, p < 0.01) films showed higher proliferation rates
than that on PLA8Sk films. Furthermore, the cells on PH10AT
films displayed significantly higher number than PHI10 films (p
< 0.05), indicating that the introduction of electroactive AT
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segments into SMP could significantly enhance the prolifer-
ation of C2C12 cells compared to that of SMP and PLA,
because the doped ESMP enhanced the chemical and energy
exchange between cells and surroundings for its electroactivity
and the AT segment enhanced the wettability of PH10AT.

3.9. Influence of SMP and ESMP on the osteogenic
differentiation of C2C12 cells. The strong mechanical
properties of SMP and ESMP demonstrated the potential
application in bone tissue engineering. C2C12 cells are chosen
because they are electrically sensitive and can be differentiated
into osteocytes, to investigate the effect of ESMP on osteogenic
differentiation in vitro. After being cultured 7 days, ALP enzyme
activity, immunofluorescence staining, and qRT-PCR were
performed for quantitative and qualitative assay.

ALP is an early marker of osteogenic differentiation, and the
enormous amount of ALP mRNA and ALP enzyme activity
demonstrates the beginning of osteogenic differentiation.>* Due
to their higher proliferation rate, PH10 and PHI0AT films were
used to investigate their differentiation capacity. Figure 9
showed the ALP enzyme activity after 7 days of induction on
different substrates. The ALP enzyme activity of C2C12 cells
on PH10 sample was higher than that of PLA8Sk and TCP (p <
0.05), indicating that the PH10 can promote the ALP activity
compared to PLA. Moreover, the ALP activity of C2CI2
myoblasts on PHI10AT significantly increased compared to
PLA and TCP, and even to PHIO, suggesting that the
osteogenic differentiation of C2C12 cells on the electroactive
PHIOAT substrate was much better than other substrates,
including tissue culture polystyrene.

To visualize osteogenic differentiation of C2C12 myoblasts,
the immunofluorescence staining of RUNX2, one of the
osteogenic markers, was performed after 7 days of induction.
Figure 10 showed staining results of the cells on TCP, PHI10,
PLA, and PH10AT, respectively. The fluorescence intensity of
cells on PHIO0AT substrates exhibited a much brighter
fluorescence, which indicated that the expression of RUNX2
protein in C2C12 cells on PH10AT films was much higher than
those of other films, owing to the enhanced differentiation and
proliferation rate of C2C12 cells into osteogenic lineage.

Besides ALP enzyme activity assay and immunofluorescence
staining, qRT-PCR was also performed to analyze osteogenic
differentiation of C2C12 myoblasts on the mRNA level. Three
osteogenesis-related genes (ALP, RUNX2, and COL I) were
investigated. The relative expression levels of these three genes
in C2C12 cells inducted for 7 days on PH10 and PH10AT films
are shown in Figure 11. The gene expression of ALP on the
electroactive PHI0AT films was conspicuously up-regulated
(12 times that of PLA8Sk films and 6 times that of PH10 films)
after 7 days of induction (p < 0.05) (Figure 11), which agreed
well with the ALP enzyme activity results and proved the
significantly promoting effect on C2C12 osteogenic differ-
entiation on PHIO0AT substrates. Meanwhile, the gene
expression of RUNX2 (a member of the runt homology
domain family of transcription factors that associated with
osteogenic differentiation®*) and COL I (the main extracellular
matrix protein in osteoblast>>) were enhanced after induction
on PH10AT films, compared with that on PH10 (Figure 11).
These results were explained by the thought that the charged
surface stimulates some cell signaling pathways that involved
ALP expression, and the secretion of RUNX2 and COL L The
data from qRT-PCR, ALP enzyme activity assay, as well as
immunofluorescence staining all suggest that PHIOAT can
significantly promote C2CI2 cells osteogenic differentiation
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compared with PLA85k and PH10, indicating that electroactive
PHI10AT is a good candidate for bone tissue engineering.

4. CONCLUSIONS

The strong electroactive degradable shape memory polymers
based on branched polylactide with inositol as core and amine-
capped aniline trimer were successfully synthesized. The
mechanical properties of SMPs and ESMPs were tunable and
in the range of GPa under body temperature. The SMP (PH10
and PH20) and ESMP demonstrated excellent shape memory
properties: short recovery time, high recovery ratio, and fixity
ratio. The cell proliferation assay showed that the electroactive
ESMP possessed good biocompatibility and greatly enhanced
the proliferation of C2C12 cells compared to SMPs and
PLA8Sk. In addition, the ESMP significantly improved the
osteogenic differentiation of C2C12 cells compared to PHI0
and PLA8Sk. These novel biocompatible SMPs and electro-
active SMPs with strong mechanical properties, tunable
degradability, and electroactivity are excellent candidates for
bone tissue engineering.
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