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Abstract

Biomedical electroactive elastomers with a modulus similar to that of soft tissues are highly 

desirable for muscle, nerve, and other soft tissue replacement or regeneration, but have rarely been 

reported. In this work, superiorly stretchable electroactive polyurethane-urea elastomers were 

designed based on poly(lactide), poly(ethylene glycol), and aniline trimer (AT). A strain at break 

higher than 1600% and a modulus close to soft tissues was achieved from these copolymers. The 

mechanisms of super stretchability of the copolymer were systematically investigated. 

Crystallinity, chemical cross-linking, ionic cross-linking and hard domain formation were 

examined using differential scanning calorimetry (DSC), X-ray photoelectron spectroscopy (XPS), 

dynamic light scattering (DLS), nuclear magnetic resonance (NMR) measurements and 

transmission electron microscopy (TEM). The sphere-like hard domains self-assembled from AT 

segments were found to provide the crucial physical interactions needed for the novel super elastic 

material formation. These super stretchable copolymers were blended with conductive fillers such 

as polyaniline nanofibers and nanosized carbon black to achieve a high electric conductivity of 0.1 

S/cm while maintaining an excellent stretchability and a modulus similar to that of soft tissues 

(lower than 10 MPa).
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Introduction

Elastomeric biomaterials are highly desired in a variety of biomedical applications.1 

Synthetic biomedical elastomers such as poly(glycerol sebacate), poly(1,8-octanediol-

citrate), poly(ether ester), polyurethane and polylactide block copolymers have received 

tremendous attention because of their elastomeric properties, which mimic the mechanical 

behavior of certain soft tissues.2

Polyurethane (PU) elastomers in particular show great promise due to the tunability of their 

mechanical properties via varying the chemical compositions of their hard and soft 

segments. While PU elastomers have been explored as biomaterials for blood vessel, heart 

valve, nerve, and articular cartilage repair or regeneration,3–4 most of the PU elastomers 

studied thus far have a relatively low strain at break.5–8 While the maximum elongation of 

several PU/poly(caprolactone) (PCL) copolymers can reach values greater than 1000%,9–10 

the Young’s modulus of PCL-based PU materials is higher than 20 MPa, significantly stiffer 

than soft tissues such as smooth muscle and nerve (possessing a modulus lower than 10 

MPa).2, 11–12 Macroscopic mimicry of soft tissues is critically important for next generation 

biomaterials – for example hydrogels and 3D scaffolds have been developed which display 

some soft tissue properties.13–15 While many materials have been developed to mimic hard 

tissues such as bone, true soft tissue-mimicking mechanical properties have not been 

achieved from a PU elastomer for vascular or nerve tissue engineering.16–17

Electroactive materials have been developed for actuators,18–19 organic sensors,20–21 and 

artificial muscles.22–23 Electroactive biomaterials could also be advantageous since many 

types of cells, including neurons and muscle cells, respond to electrical stimulations.24–26 

Polyaniline (PANI) is a promising conductive polymer because of its electrical conductivity 

and its unique oxidation and reduction transition chemistry.27–29 As analogues to PANI, 

aniline oligomers have received increasing attention recently due to their electroconductivity 

and superior solubility/processability compared to PANI. In addition, biomaterials based on 

aniline trimer (AT),30–31 aniline tetramer,32 and aniline pentamer32–33 have been explored 

on account of their low cytotoxicity. Moreover, aniline oligomers can self-assemble into 

stable nano-/micro-structures because of their well-defined molecular structure.34–35 

Nevertheless, oligoaniline-based elastomers have rarely been reported.

We aim to design an AT-based electroconductive elastomer with a high stretchability and 

low modulus similar to those of soft human tissues. We hypothesize that when incorporated 

into PU’s hard segment, AT’s rigid aromatic structure would enable strong π-π stacking 

interactions and facilitate the formation of hard domains as advantageous physical cross-

links. By achieving a uniform distribution of hard domains in a network of long soft chains, 

we aim to develop the desired mechanical properties (super stretchability and low modulus). 

A series of copolymers were therefore synthesized using AT as the hard block and FDA 

approved poly(L-lactide) (PLLA, Mn=1500) and poly(ethylene glycol) (PEG) as the soft 

blocks - providing biodegradability and hydrophilicity, respectively. Excitingly, 

exceptionally high stretchability (larger than 1600%) and a desirable low modulus (less than 

10 MP) were achieved for soft tissue engineering applications. Moreover, various 

compositions were designed to examine the effect of AT content and other factors (such as 
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crystallinity and ionic interactions) on mechanical properties of the copolymers. Based on 

careful analysis of data, several models of contributing interactions were investigated in this 

paper. We brought a novel approach by building strong physical interactions for aniline 

oligomer self-assembly to enrich the design and enable the development of highly 

stretchable and conductive materials.

Results and discussion

1. Synthesis of the super stretchable electroactive elastomers

A series of super stretchable electroactive polyurethane-urea elastomers with different 

compositions were synthesized as shown in Scheme 1. To control the modulus of the 

materials, these elastomers were based on low molecular weight PLLA (Mn=1500) and 

poly(polyethylene glycol) (PEG, a widely used water soluble polymer) with different 

molecular weights (Mn=1000, 2050, 4000, or 6000). The molar ratio of PLLA and PEG was 

set at 1:1 to investigate the influence of the PEG segment’s length on the elastomer’s 

modulus. Meanwhile, an electroactive oligoaniline, amine-capped aniline trimer (AT) was 

added to endow this material with electroactivity. Elastomers with three different AT 

contents (wt%=3, 6, 12%) were synthesized to investigate the role of π-π stacking in micro-

phase separation and mechanical properties. Dimethylol propionic acid (DMPA) has two 

hydroxyl end groups and a pendent carboxyl group, which could improve the hydrophilicity 

of polymer chain and generate ionic cross-linking by intermolecular doping with the AT 

segment. With a high reactivity towards activated hydrogen, hexamethylene diisocyanate 

(HDI) was used to connect all the segments covalently through a two-step polymerization 

scheme. A polyurethane-urea prepolymer capped by isocyanate groups was obtained in the 

first step. The prepolymer was then either cross-linked with trimethylolpropane (TMP) or 

terminated with n-propanol (P) to produce elastomers with either a cross-linked network or 

linear structure (Scheme 1). The resulting copolymers were coded via a nomenclature that 

indicates the length of the PEG chain, the concentration of AT, and the identity of the 

crosslinker (Table 1). For example, the copolymer PEG1k-AT6-TMP was synthesized from 

PEG1000 and PLLA1500, the content of AT in the prepolymer was 6%, and the prepolymer 

was cross-linked using TMP. Every copolymer contains 5% DMPA, except those marked 

with an ‘nD,’ which contain no DMPA. The copolymer’s structure was confirmed 

by 1HNMR (Figure 1), FT-IR (Figure S1), and GPC (Table S1).

Figure 1 shows a representative 1H NMR spectrum of prepolymer PEG2k-AT6: 1H NMR 

(400MHz, DMSO-d6, δ): 7.40 (s, 2H, NH), 6.79 (d, 2H, Ar H), 6.76 (s, 2H, Ar H), 6.74 (s, 

2H, Ar H) for AT segments, 5.21 (t, 2H, poly CH2), 4.33 (t, 2H, CH2 of EG), 1.48 (d, 6H, 

poly CH3), 1.38 (d, 6H, end CH3) for PLLA1500 segments, 3.42 (s, 4H, poly CH2) for PEG 

segments, 7.16 (d, 2H, NH), 2.94 (t, 4H, CH2), 1.09 (t, 8H, CH2) for HDI segments, 4.03 (s, 

4H, CH2), 1.22 (s, 3H, CH3) for DMPA segments. The existence of amide group (δ =7.16 

ppm), along with the appearance of all characteristic hydrogen of segments in the spectrum, 

proved a successful polymerization.

Figure S1 shows the FT-IR spectra of PEG2k, AT, PLLA1500, and copolymer PEG2k-AT6-

TMP. The characteristic absorption at 2260 cm−1 (N=C stretching) of NCO group was not 

observed in the copolymer spectrum, indicating a complete consumption of the isocyanate 
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group. A new peak at 1539 cm−1 is the absorption of the secondary amide band II, 

confirming the successful formation of amide groups from reactive hydrogen and isocyanate 

groups. The absorption band at 1503 cm−1 was assigned to the stretching of the benzenoid 

ring, indicating that AT segments were incorporated into copolymer chains. The PEG2k-

AT6-TMP spectrum contains most of the characteristic component group absorptions, 

indicating successful copolymer synthesis. Furthermore, GPC measurements demonstrate 

that the copolymer molecular weight was much higher than the employed macromere, with a 

polydispersity between 1.4 and 1.8 (Table S1 in SI). Combined, the FT-IR, NMR and GPC 

measurements confirm successful synthesis of both the prepolymers and cross-linked 

copolymers.

2. Electroactivity of the copolymers

The copolymer electroactivity was studied using UV-visible spectroscopy. The absorption 

curves of AT, prepolymer PEG2k-AT6 and their camphorsulfonic acid (CSA)-doped 

samples in DMSO are shown in Figure 2A. For the AT sample (curve a), two absorption 

peaks were observed at 345 nm (π-π* benzenoid ring transition) and 589 nm (excitonic 

transition from benzenoid to quinoid ring). After the copolymerization, the π-π* transition 

absorption shifted to lower wave lengths (312 nm), as either PLLA or PEG segments 

decreased the conjugation length of AT. The excitonic transition of AT in the copolymer 

solution shifted to 561 nm, triggered by the formation of urea groups which decreased the 

electron density of the quinoid rings.36 AT segment doping occurs via an oxidation reaction 

and results in transforming the benzenoid and quinoid rings to a structure with delocalized 

electrons and nitrogen ions.

After doping, a new peak appeared in the AT curve (curve b) at 404 nm – this was assigned 

to the absorption peak of the now-delocalized polaron. This phenomenon was also observed 

in the copolymer samples, with a new peak appearing at 414 nm after doping with CSA. 

Compared to the undoped prepolymer (curve c), the absorption at 312 nm shifted to 300 nm 

for the doped sample (curve d), and a wide peak at 910 nm appeared due to the 

delocalization of polaron along the polymer chain.37

The cyclic voltammogram of prepolymer PEG2k-AT6 is shown in Figure 2B. With 

increasing voltage, AT segments in the copolymer film underwent two oxidation transitions. 

The first oxidation of AT happened at 0.46 V, when the leucoemeraldine state transformed 

into an emeraldine state. Emeraldine AT was further oxidized to a pernigraniline state at 

0.65 V. The two pairs of redox peaks indicated a copolymer with good electroactivity.

3. Mechanical properties and the mechanism for super stretchability

The mechanical properties of cross-linked networks and their corresponding linear 

copolymers are shown in Table 2. Some of the representative stress-strain curves of 

copolymers are displayed in Figure 3A–D. All the copolymers containing PEG4k and 

PEG6k segments do not have a rubber-like stress-strain curve. Copolymers based on low 

molecular weight PEG exhibit a modulus comparable to rat fresh nerve tissue and human 

cerebral blood vessels.11–12 Among these materials, elastomer PEG2k-AT6-TMP possessed 
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the best mechanical properties, showing both high strength and excellent elasticity with a 

strain at break of 1643%.

Previous studies have demonstrated how substrate moduli effectively manipulate cell 

behavior in a manner similar to native soft tissues.38–39 This elastomer possesses not only a 

proper modulus, but also stretchability comparable to highly stretchable hydrogels but with a 

much higher strength.40–47 In addition, when compared to PLGA and PCL foam scaffolds 

used in bladder tissue engineering, our copolymers possess a 1 h to obtain a uniform 

dispersion liquid. The48 A synergistic combination of physical interactions including π-π 

stacking between AT segments, hydrogen bonding and crystallization of the soft segments, 

and inter/intramolecular ionic interaction and chemical cross-linking may have resulted in 

the copolymer’s high stretchability. The following studies were carried out to systematically 

examine each of them.

3.1 Microphase separation driven by self-assembly of aniline trimer—AT is a 

diamine hard segment with rigid benzenoid and quinoid rings which stacks easily in a poor 

solvent to form aggregates. AT rich domains exist in PEG2k-AT6-P and the hard domains 

from AT self-assembly likely play an important role in the copolymer super stretchability. 

To study the contribution of AT segments to the copolymer mechanical properties, we used 

hexanediamine (HDA) to take the place of the AT segments in PEG2k-AT6-P. HDA is a 

soft aliphatic diamine with a similar chemical structure and physical shape to AT diamine; 

however, it does not have the π-π stacking effect. Therefore the physical interactions among 

HDA should be substantially weaker than those among AT segments. As hypothesized, the 

formation of hard domains was impeded in PEG2k-HDA-P films. There is no obvious phase 

separation in the PEG2k-HDA-P film TEM micrograph (Figure 4A). The strength and strain 

at break of PEG2k-HDA-P decreased significantly to 1.9±0.2 MP and 448±34% (Table 2 

and Figure 3A), indicating that AT is an irreplaceable hard segment for high stretchability. 

AT can completely dissolve in dimethyl formamide (DMF), which severely inhibits π-π 

stacking. After film fabrication in DMF solution, there is no obvious phase separation in the 

PEG2k-AT6-P thin film TEM micrograph (Figure 4C). PEG2k-AT6-P films fabricated from 

DMF solution also show a significantly decreased strain of 47% (Table 2 and Figure 3A), 

which was 33.5 times lower than that of the strain of films fabricated in tetrahydrofuran 

(THF). The strength and strain at break of PEG2k-AT6-P fabricated in THF were 11.0±0.6 

MP and 1573±63%, respectively. These measurements were similar to PEG2k-AT6-TMP 

fabricated in THF, indicating that the mechanical properties were dominated by physical 

interactions rather than chemical cross-linking. Therefore, we concluded that the micro-

phase separation of AT aggregates plays a predominant role for the super stretchability of 

these copolymer elastomers. Our data strongly suggests the critical role these aggregates 

play is due to AT segments forming hard domains in the elastomer films via self-assembly 

and subsequently serving as physical cross-links, which greatly increases the strength and 

stain at break of the materials.

Self-assembly of the phenyl ring structure is a well-known tool for fabricating various 

composite material structures. It is usually driven by molecule recognition, including π-π 

stacking.49–51 π-π stacking is an important aspect for many material properties, including 

charge transport in organic electronics.52 With the π-conjugated structure in an aniline 
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trimer segments, π-π stacking interactions can be easily established in a poor solvent.53–54 

Since the solubility of AT is poor in THF and good in DMSO, the sample PEG2k-AT6-P is 

dissolved in both solvents and UV-vis spectroscopy is utilized to study the π-π stacking of 

AT. The absorptions of π-π* and πB-πQ appear at 317 and 564 nm in DMSO and shift to 

307 and 538 nm in THF due to the formation of π-π stacking of AT aggregates (Figure S2 in 

SI). The self-assembly of AT is further investigated by 1H NMR spectra. PEG2k-AT6-P is 

dissolved in THF-d8 and DMSO-d6. To compare the concentrations of dissolved AT, the 

integral of a hydrogen from a methine group of the repeating unit of the PLLA segment was 

set as a constant. The integral of hydrogen from AT in DMSO is greater than that in THF 

(Figure S3 in SI). This demonstrates that the AT segment was partially encapsulated into 

self-assembled aggregates in THF, which cannot be detected by NMR.55

Meanwhile, the result of a dynamic light scattering (DLS) test of the sample PEG2k-AT6-P 

in THF indicates that the AT aggregates are present in the solution, and the size of the self-

assembled aggregates is ~ 200 nm (Figure S4 in SI). These aggregates are also supposed to 

be produced during the elastomer film fabrication. As the solvent evaporates, AT segments 

precipitate around their aggregates to form hard domains (Figure 4B, D and E). These 

domains were separated by a soft polymer matrix, leading to the occurrence of micro-phase 

separation. The morphology of micro-phase separation in thin films of PEG2k-HDA-P and 

PEG2k-AT6-P can be observed via TEM (Figure 4A and B). There is no obvious phase 

separation in the PEG2k-HDA-P film as no rigid segment self-assembly occurs. The hard 

domains initiated from AT segment self-assembly are universally dispersed spheres with 

sizes ranging from 200 to 500 nm, as shown in Figure 4D. In copolymers containing aniline 

oligomer segments, phase separation triggered by self-assembly of aniline oligomer is also 

influenced by the soft segments56. Therefore, when aggregates were initiated in a THF 

suspension by AT segment self-assembly, soft chains such as PLA and PEG attached to AT 

were also involved in this procedure. The size of the hard domains is larger than AT 

aggregates in THF (200 nm) determined by DLS as more AT-rich polymer chains 

precipitate and assemble into aggregates with the evaporation of the solvent. Furthermore, 

this result is consistent with other reported aniline oligomer-based copolymer self-assembly 

sizes57–59.

Because the hard domains are initiated from the self-assembly of AT, the domains’ 

formation and morphology in the matrix of PU copolymer are directly related to the hard 

segment concentration. We synthesized samples with different AT concentrations (3%, 6% 

and 12%) to study the influence of hard segment concentration on mechanical properties and 

domain morphology. The modulus and stresses at the same strain values of the materials 

increased with increasing AT concentration (Figure S5 in SI). However the TEM 

micrographs showed that exorbitant amounts of AT formed irregular hard domains and 

jeopardized the uniformity of hard segment domain distribution. The size of the aggregates 

in PEG2k-AT12-P was more uneven than other copolymers with lower AT content (Figure 

S6 in SI). On the other hand, lowering the hard segment content of PEG2k-AT3-P weakened 

physical cross-linking. Hence intermediate AT concentrations generated proper levels of 

phase-separation and domain size and exhibited superior mechanical properties.
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3.2 Crystallinity and chemical cross-linking—Crystallization is likely an important 

factor in a polymer’s mechanical behavior.60–61 The crystals in a polymer matrix serve as 

physical cross-links in a semi-crystalline material, and contribute to a higher modulus due to 

the highly oriented dense polymer chains. DSC measurements indicated that samples 

containing PEG4k and PEG6k segments have endothermic peaks at 45–55 °C, which 

resulted from PEG crystals melting (Figure S7 and Table S2). Due to the existence of PEG 

crystals as primary physical cross-links, all the samples containing PEG4k and PEG6k have 

significantly higher moduli than the PEG1k and PEG2k samples (Table 2, Figure 3B, and 

Table S3), and they increased correspondingly with increasing PEG content in the 

copolymers. The strain at break of the materials decreased accordingly.

The moduli of these elastomers are also influenced by chemical cross-links, but in a minor 

way. For the semi-crystalline samples (PEG4k-AT-TMP/P and PEG6k-AT-TMP/P), the 

values of melting point and crystallinity suggest that chemical cross-linking hinders the 

polymer chains’ mobility, impeding the crystallization of the polymer (Figure 5). That is 

why linear copolymers PEG4k-AT6-P and PEG6k-AT6-P have higher moduli than their 

corresponding cross-linked copolymers (Table S3). DSC thermograms show that PEG 

crystals do not exist in either chemical cross-linked samples or linear samples of PEG1k and 

PEG2k; therefore, the Young’s modulus of these amorphous elastomers increases after 

chemical cross-linking. In the meantime, the moduli of the PEG1k samples are slightly 

higher than PEG2k samples due to PEG1k-AT6-TMP’s higher chemical cross-linking 

density (Table 2, Table S3 and Figure 3B).

3.3 Self-doping of AT—Electrostatic attraction is an important interaction in 

macromolecules.62 Ionically cross-linked networks also play a role in the mechanical 

properties of supramolecules and hydrogels.53, 63 The self-doping in polyaniline, generated 

by a negative charged group, is also an example of inter/intramolecular ionic cross-linking. 

The copolymers contain an acid group from DMPA and aniline oligomer AT between which 

doping reactions can occur (Figure 6). This phenomenon was demonstrated via XPS, 

confirming the existence of C-N+ at a binding energy of 287.1 eV in the C1s spectrum 

(Figure 7) and N+ at 401.2 eV in the N1s spectrum (Table S4 in SI) for a DMPA-containing 

PEG2k-AT6-TMP copolymer.36 This indicates that there is ionic interaction between –

COOH and AT segments in the elastomer PEG2k-AT6-TMP, while there is no such 

interaction in the control sample without DMPA, PEG2k-AT6-nD-TMP (Table S4 in SI). 

This strong inter/intra-molecular ionic interaction greatly enhances the strength of 

elastomers (Table 2). While some electrostatic interactions may break during deformation, 

new interactions may also form during the deformation, giving the elastomer an excellent 

strain at break (Figure 3C).

3.4 H-bonding interaction in the copolymers—Hydrogen bonding is a non-covalent 

linkage that can construct or enhance interactions between polymer chains.64–65 The strong 

interactions between urethane and urea groups contribute to the physical cross-links, 

providing unique mechanical properties for PU polymers. Trifan et al. emphasized an ideal 

zig-zag chain structure for H-bonding formation in polyurethane.61 The density of H-

bonding in the networks was also influenced by the PEG length due to its high oxygen 
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content (Figure S8). To study how PEG segment length uniformity influenced mechanical 

properties, we synthesized the copolymer PEG1k+4k-AT6-TMP by using a mixture of 

PEG1000 and PEG4000 (molar ratio=2:1). Therefore, PEG1k+4k-AT6-TMP has the same 

PEG average molar molecular weight as sample PEG2k-AT6-TMP. However, compared to 

PEG2k-AT6-TMP, the PEG1k+4k-AT6-TMP sample has a more irregular structure which 

will hinder the matching of urethane(-urea) groups and decrease the density of H-bonding, 

reducing the physical cross-linking interactions during stretching (Figure 8). As expected, 

the measured strength and modulus of PEG1k+4k-AT6-TMP was notably lower than that of 

PEG2k-AT6-TMP (Table 2 and Figure 3D). However, its strain at break remained very 

large, suggesting that H-bonding was not a major contributor to the super stretchability.

4. Conductivity and biocompatibility of super stretchable materials

The electrical conductivity of the PEG2k-AT6-P was on the order of 10−6 S/cm. To improve 

the conductivity of the super stretchable materials, the copolymer was blended with 

conductive polyaniline nanofibers (PANI) or nano-sized carbon black (CB). The resulting 

conductivity and mechanical properties of these composite materials are listed in Table 3. 

When the filler content was fixed at 2% (w/w), the conductivity of copolymer/PANI 

nanofiber composite was three times that of the copolymer/carbon black composite. To 

understand this difference between the two fillers, the morphologies of the copolymer, PANI 

nanofibers, copolymer/PANI nanofiber composite, copolymer/carbon black composite were 

examined under TEM (Figure S9). It appears that the PANI nanofibers likely more 

efficiently connect the hard domains than the carbon black powder in improving the 

conductivity66. However, the spherical shape allows a higher percentage of carbon black to 

be easily incorporated into the composite to further improve the conductivity (Table 3). 

While the modulus was slightly increased by the fillers, the conductivity was increased by a 

few orders of magnitude. Excitingly, the super stretchability of the composite materials was 

largely maintained, demonstrating the high potential of the novel copolymer for soft tissue 

regeneration applications.

In addition, the biocompatibility of films PEG2k-AT3-P, PEG2k-AT6-P and PEG2k-AT12-

P was evaluated using C2C12 cells (a murine myoblast cell line). Compared to a PLLA 

control group, no cytotoxicity was observed with any of the samples (Figure S10 in SI). 

Thus, our copolymers could potentially find applications in soft tissue engineering.

Conclusions

A series of super stretchable electroactive polyurethane-urea elastomers based on 

polylactide and aniline trimer were successfully synthesized and characterized. The 

copolymers showed an excellent strain at break of more than 1600% and possessed a 

modulus similar to soft tissues. The mechanism of the super stretchability was thoroughly 

investigated. The micro-phase separation driven by the self-assembly of aniline trimer due 

primarily to π-π stacking in THF resulted in strong physically associated cross-linked hard 

domain formation. The distribution of the hard domains in a uniform soft matrix plays a 

decisive role for the super strain at break. The roles of crystallinity, chemical cross-linking, 

hydrogen bonding and ionic cross-linking contributed only in a minor way to the materials’ 
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super strain at break. Furthermore, the conductivity of the copolymer elastomers was 

increased by several orders of magnitude by blending polyaniline nanofibers or nanosized 

carbon black, while maintaining a high strain at break. Because of the biocompatibility of 

these copolymers, the new elastomers have high potentials to be used for biomedical 

applications, including the regeneration of nerve, blood vessels, cardiac muscle and other 

soft tissues to be explored in the future.

Experimental section

1. Synthesis of PLLA1500 and AT

L-lactide, initiator ethylene glycol and the catalyst stannous octoate were added into a 

single-necked flask under the protection of nitrogen. The polymerization was carried out at 

110 °C for 48 h to obtain a white waxy product. The product was purified by dissolution in 

chloroform and precipitation into cold ether three times to remove residual monomer and 

catalyst. The powder was vacuum dried for 2 days before use. Characterization: 1H NMR 

(400MHz, CDCl3) δ 5.18 (t, 2H, poly –CH–), 4.38 (t, 4H, –CH2– of EG), 4.37 (t, 2H, end –

CH–), 1.60 (d, 6H, poly –CH3), 1.51 (d, 6H, end –CH3). IR (neat, cm−1) 3690 (m, νOH), 

2996 (w, νas CH3), 2959 (w, νOH), 1754 (s, νC=O), 1455 (s, δs CH3), 1383 (w, δas CH3), 

1370, 1359 (w, δs C-CH3), 1181, 1085 (m, νO-C-O), 871, 755 (s, γ C-CH3). AT was 

synthesized through an oxidative coupling reaction reported by Wei et al.62 1H NMR 

(400MHz, DMSO-d6) δ 5.45 (s, 4H, -NH2), 6.95 (s, 4H, Ar-H), 6.79 (d, 4H, Ar-H), 6.62 (d, 

4H, Ar-H). IR (neat, cm−1) 3310 (m, νNH), 3206 (m, νNH), 1598 (s, νC=C of quinoid ring), 

1504 (s, νC=C of benzenoid rings).

2. Synthesis of prepolymers

Before the reaction, PEG (0.50 mmol), PLLA (0.50 mmol), DMPA (0.74 mmol) and AT 

(predetermined amount in Table 1) were mixed and dehydrated in a two-necked flask at 110 

°C for 2 h. The system was then cooled to 70 °C, and the mixture was dissolved in THF and 

NMP (Vol:Vol = 5:1) under nitrogen protection. HDI (nNCO/nH = 1.05) and catalyst 

Sn(Oct)2 (molar ratio to macromere = 1:500) were then added to the solution. The 

prepolymerization was carried out for 4 h at 70 °C. After cooling, the prepolymer were 

purified with repeated dissolution in THF and precipitation into cold ether three times.

3. Synthesis of copolymers and film casting

For the cross-linked or linear samples, TMP or n-propanol respectively were added to 

prepolymer solution in THF. The solution was then cast into a Teflon Petri dish. The dish 

was sealed by tinfoil to slow down the solvent evaporation rate and placed in an oven at 70 

°C. After 4 h of cross-linking reaction, the film was vacuum dried for 24 h to remove 

residual solvents. Thicknesses were around 500 μm according to a thickness meter 

(Mitutoyo Absolute).

4. Synthesis of polyaniline nanofibers

Polyaniline nanofibers were synthesized through a interfacial polymerization reported 

previously.67 In summary, 3.2 mmol of aniline was dissolved in 10 mL of dichloromethane 

and 0.8 mmol of ammonium peroxydisulfate was dissolved in 10 mL of 1 M HCl solution. 
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Both the oil and water phase were transferred into a 20 mL vial and the polymerization was 

carried out overnight at room temperature. The product was filtrated and washed twice with 

deionized water to obtain doped polyaniline nanofibers. The product was vacuum dried for 2 

days before use.

5. Fabrication and conductivity measurement of blend films

A predetermined amount of conductive fillers were added to a 20% (wt/vol) copolymer 

solution in THF. The mixture was stirred for 1 h to obtain a uniform dispersion liquid. The 

mixture was cast into a Petri dish and dried in a 50 °C oven. The films were subsequently 

vacuum dried and removed from the Petri dishes. The electrical resistance R of the blended 

films was determined with an HP 4284A bridge, and the conductivity σ was calculated 

based on the following formula: σ = l / RS, where l and S are the length and sectional area of 

materials, respectively.

6. Cytotoxicity test

A series of PLLA, PEG2k-AT3-P, PEG2k-AT6-P and PEG2k-AT12-P extracts with 

concentrations of 1.5625, 3.125, 6.25, 12.5, and 25 mg/mL respectively were prepared by 

soaking each polymer with cell culture medium for 48 h at 37 °C. The polymers were next 

sterilized by ethylene oxide treatment. Rat C2C12 cells were incubated at 37 °C in a 

humidified incubator containing 5% CO2. The complete growth medium consisted of 

DMEM, 10% fetal bovine serum, 1.0×105 U/L penicillin and 100 mg/L streptomycin. 2000 

C2C12 cells suspended in 100 μL of the complete growth medium were seeded in each well 

of a 96-well plate. After being cultured for 24 h, the medium was changed with 100 μL of 

the medium containing the polymer extract. After 4 days of cell culture with a daily change 

of media + polymer extract, 10 μL alamaBlue® (Invitrogen) reagent was added to each well. 

The cells were cultured for 6 hours in the incubator protected from light, then 100 μl of the 

medium from each well was pipetted into a 96-well black plate. Fluorescence was measured 

by a microplate reader (Molecular Devices) with excitation and emission wavelengthes of 

560 nm and 594 nm, respectively. Each group contained 6 repeated tests in total.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
1H NMR spectrum of prepolymer PEG2k-AT6 in DMSO-d6.
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Figure 2. 
(A): The UV-vis spectra of: (a) AT, (b) doped AT, (c) PEG2k-AT6 prepolymer, and (d) 

PEG2k-AT6 prepolymer doped with CSA. (B): Cyclic voltammogram of copolymer 

PEG2k-AT6-TMP film and molecular structure of copolymers at various oxidation states.
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Figure 3. 
Representative strain-stress curves of (A): PEG2k-AT6-P and PEG2k-HDA-P; (B): PEG6k-

AT6-TMP, PEG4k-AT6-TMP, PEG2k-AT6-TMP and PEG1k-AT6-TMP; (C): PEG2k-

AT6-TMP and PEG2k-AT6-nD-TMP; and (D): PEG2k-AT6-TMP and PEG1k+4k-AT6-

TMP films.
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Figure 4. 
TEM pictures of copolymer thin films and schematic model of hard domain formation in 

PEG2k-AT6-P film. (A): PEG2k-HDA-P thin films fabricated from THF solution; (B): 

PEG2k-AT6-P thin films fabricated from THF solution; (C): PEG2k-AT6-P thin films 

fabricated from DMF solution; (D): magnified picture of PEG2k-AT6-P thin film from THF 

showing the hard domains; and (E): the model of hard segment domains in PEG2k-AT6-P 

film.
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Figure 5. 
Schematic model of PEG crystal and chemical cross-links interactions in copolymers.
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Figure 6. 
Schematic model of ionic interactions via self-doping in copolymers.
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Figure 7. 
XPS C1s spectra of the copolymers: (A) PEG2k-AT6-TMP, and (B) PEG2k-AT6-nD-TMP.
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Figure 8. 
Schematic model of hydrogen bonding matching in copolymers with even and uneven PEG 

segment lengths.
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Scheme 1. 
Synthetic scheme of the electroactive network and linear copolymers.
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Table 1

Nomenclature of elastomer samples

Sample code Mn of PLLA Wt% of AT in prepolymer Wt% of DMPA in prepolymer Mn of PEG

PEG1k-AT6-TMP(P) 1500 6 5 1000

PEG2k-AT6-TMP(P) 1500 6 5 2050

PEG4k-AT6-TMP(P) 1500 6 5 4000

PEG6k-AT6-TMP(P) 1500 6 5 6000

PEG2k-AT3-P 1500 3 5 2050

PEG2k-AT12-P 1500 12 5 2050

PEG2k-AT6-nD-TMP 1500 6 0 2050

PEG1k+4k-AT6-TMP 1500 6 5 1k,4k
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Table 2

Mechanical properties of copolymers and networks

Samples Strength (MPa) Strain (%) Young’s Modulus (MPa)

PEG1k-AT6-TMP 1.3±0.1 333±5 6.0±0.8

PEG2k-AT6-TMP 10.1±0.8 1643±157 4.2±1.2

PEG4k-AT6-TMP 6.5±0.5 597±68 29.2±1.6

PEG6k-AT6-TMP 8.2±1.1 242±4 189.9±8.2

PEG2k-AT3-TMP 6.7±0.2 983±52 4.4±0.4

PEG2k-AT12-TMP 5.5±0.6 1282±185 3.4±0.6

PEG2k-AT6-P 11.0±0.6 1573±63 3.8±0.2

PEG2k-AT6-P(DMF) 0.6±0.1 47±5 7.4±0.4

PEG2k-HDA-P 1.9±0.2 448±34 3.7±0.1

PEG2k-AT6-nD-TMP 2.7±0.5 1330±45 5.1±0.2

PEG1k+4k-AT6-TMP 2.4±0.1 1682±24 1.8±0.2
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Table 3

Conductivity and mechanical properties of copolymer blends

Filler Conductivity (S/cm) Strength (MPa) Strain (%) Modulus (MPa)

None 8.2×10−6 10.1±0.9 1643±157 4.2±1.2

2%PANI nanofibers 2.1×10−4 8.4±0.4 1644±22.6 3.8±0.4

2% CB 0.6×10−4 8.1±0.3 1211±52.1 5.9±0.3

20% CB 0.10 10.5±0.7 1334±52.4 7.7±0.9

Chem Mater. Author manuscript; available in PMC 2016 January 01.


