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A B S T R A C T   

Spider silk possesses the combined properties of high strength, great toughness, and good elasticity due to the 
unique two-phase structures, in which the β-sheet nanocrystals consisting of hydrogen-bonded polypeptide 
chains are connected by the flexible chains. The spider-silk-like structures provide novel avenues to create 
functional materials. Herein, a novel yet simple strategy has been developed for the fabrication of spider-silk-like 
ionogels. The scaffolds of ionogels, polyurethane (scPLA-PEG), were prepared from poly(L-lactide) (PLLA), poly 
(D-lactide) (PDLA), and poly(ethylene glycol) (PEG). The stereocomplex nanocrystallites (sc) could be formed 
through the multiple hydrogen-bonds on the enantiomeric PLLA and PDLA chains, thus the as-prepared scPLA- 
PEG possesses the spider-silk-like two-phase structures, in which the stereocomplex nanocrystallites are cross- 
linked by the amorphous PEG phases. As compared, the scPLA-PEG exhibit much higher mechanical proper
ties than the pristine PLA counterparts. The scPLA-PEG ionogels also display good mechanical properties, 
extremely temperature-tolerant flexibility that endures twisting at low temperature (− 30 ◦C) and stretching at 
high temperature (70 ◦C). Furthermore, the scPLA-PEG ionogels can be easily recycled owning to the reversible 
properties of scPLA. The results would present a new insight into designing novel functional ionogels with 
distinguished mechanical properties, tractable recyclability, and biodegradability, which will promote the sus
tainable flexible electronics.   

1. Introduction 

In nature, many biological tissues and materials have developed 
miraculous noncovalent self-assemblies of biomacromolecules, which 
exhibit an extraordinary combination of remarkable mechanical prop
erties [1]. The outstanding example is spider silk, which is one of the 
most robust natural materials and has extremely high strength, excellent 
toughness, and good elasticity [2,3]. Spider silk possesses a unique 
two-phase structure, in which the β-sheet nanocrystals consisting of 
hydrogen-bonded (H-bonded) polypeptide chains, are connected by 
flexible chains [3]. Moreover, it has been experimentally and theoreti
cally proved that the remarkable strength and toughness of spider silk 

are attributed to the unique H-bond arrays in the β-sheet nanocrystals 
[4]. So, the biomolecular system of spider-silk-like showcased here 
provides the novel avenues to create materials with significantly 
improved mechanical properties. In recent years, a few 
high-performance synthetic materials have been developed by rationally 
designing the cross-linked networks via the higher density of H-bond 
arrays [5–8]. However, the fabrication of these materials by mimicking 
the spider silk still remains a long-standing challenge, which involves 
tedious multistep processes for the construction of spider-silk-like 
β-sheet nanocrystal networks and is not suitable for large-scale pro
duction in the practical applications [9,10]. 

Ionogels [11,12], defined as the polymeric networks filled with ionic 
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liquids (ILs), have been garnering great interesting as the promising soft 
electrolytes for applications in flexible sensors [13–17], owning to their 
unique characteristics attributed to the intrinsic properties of the ILs 
[18,19]. Generally, the ionogel networks are generally needed to be 
covalently cross-linked to acquire the high elasticity and chemical 
resistance [20–22]. However, the irreversible covalent cross-linking 
makes the cross-linked ionogels be incapable of recycling and process
ing after finishing the corresponding tasks. Alternatively, incorporating 
noncovalent bonds or dynamic covalent bonds into polymer networks 
has been proposed to fabricate recyclable and reprocessable ionogels 
with high elasticity and mechanical robustness [23–29]. The incorpo
ration of these reversible bonds empowers the formed networks with 
recyclable and reprocessable properties [30,31]. Despite the burgeoning 
progress achieved so far, the existing ionogels mostly employ nonde
gradable materials as the network scaffolds (such as silicone or acrylic 
elastomers (poly(n-butyl acrylate) (PnBA), VHB), which might cause 
secondary environmental pollution at the end of their functional life 
[32–35]. Currently, the ionogels based on biodegradable and eco
friendly materials are extremely rare. So, it is highly desirable to develop 
recyclable and reprocessable ionogels with biodegradable properties, 
which can contribute to build a sustainable society by extending the 
service life of the materials and reducing the resource waste and envi
ronmental pollution. 

In this contribution, a novel yet simple strategy has been developed 
for the fabrication of recyclable and biodegradable ionogels with high 
performance, which features the unique two-phase structures similar to 
spider silk. As illustrated in Fig. 1, the polyurethane scPLA-PEG was first 
synthesized from poly(L-lactide) (PLLA), poly(D-lactide) (PDLA), and 
poly(ethylene glycol) (PEG) in a “two-step one-pot” reaction (Fig. 1a). 
Among them, the PLLA and PDLA two enantiomers can form the ster
eocomplex nanocrystallites (sc) through the multiple hydrogen-bonds 
on the enantiomeric chains. So, the as-prepared scPLA-PEG possesses 

the unique spider-silk-like two-phase structures, in which the scPLA 
nanocrystallites are connected by the flexible PEG chains (Fig. 1b). The 
comparative study of the as-prepared scPLA-PEG was conducted with 
the corresponding counterparts and the scPLA-PEG ionogels displayed 
much higher mechanical properties with the breaking tensile strain, 
stress, and Young’s modulus up to 1460%, 6 MPa, and 3.5 MPa, 
respectively. The notable improved mechanical properties should be 
contributed to the spider-silk-like structures. Additionally, the scPLA- 
PEG ionogels exhibited the integrated advantages such as biodegrad
ability, recyclability, mechanical robustness, and high stretchability, 
benefiting from the reversible and biodegradable properties of the “sc” 
cross-linking. 

2. Experimental methods 

2.1. Materials 

The L-lactide (L-LA) and D-lactide (D-LA) were purchased from 
Shenzhen Match Biomaterials Co. and used as received. The poly
ethylene glycol (PEG-1K, Mn = 1000 g/mol), 1,4-butanediol (BDO, >
98%), ethylene glycol (EG, > 99.5%), 1-butyl-3-methylimidazolium 
tetrafluoroborate ([EMIM][BF4], 99%), anhydrous tetrahydrofuran 
(THF, > 99.5%), anhydrous toluene (>99.5%) were purchased from 
Shanghai Titan Scientific Co. The stannous octoate (Sn(Oct)2, 95%) was 
purchased from Sigma-Aldrich (Shanghai, China). The 1,6-hexamethy
lene diisocyanate (HDI, 99%) was purchased from Shanghai Yien 
Chemical Technology Co. The dibutyltin dilaurate (DBTDL, 95%) was 
purchased from Sigma-Aldrich (Shanghai, China). The BDO was stored 
with the presence of 4 Å molecular sieves. The THF and toluene were 
dried using a solvent purification system. The VHB tapes were purchased 
from Minnesota Mining and Manufacturing (3M) Co. 

Fig. 1. (a) Chemical structure of the PLA-diol, PEG-diol, PDLA-diol, and scPLA-PEG polyurethane. (b) Schematic structure of the scPLA-PEG based ionogels with 30% 
ionic liquids (scPLA-PEG/30%-ILs). 
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2.2. Synthesis of PLLA and PDLA macrodiols 

The PLLA-diol and PDLA-diol were synthesized through the ring 
opening polymerization. In a typical procedure, the 15 g of L-lactide 
monomer and 90 μL of Sn(Oct)2 were heated at 90 ◦C in a 250 mL round- 
bottomed flask equipped with a magnetic stirrer under vacuum and 
stirred for 0.5 h to remove water. Then, 275 μL EG and 50 mL anhydrous 
toluene were added into the reactants under nitrogen atmosphere, and 
the reactants were stirred at 130 ◦C for 24 h. The products were 
precipitated, washed with ether, and dried at 40 ◦C in a vacuum oven for 
12 h. The molecular weight of the PLLA-diol and PDLA-diol were 
characterized by GPC (PLLA: Mn, GPC = 3730 g/mol, PDI = 1.11; PDLA: 
Mn, GPC = 4020 g/mol, PDI = 1.16). 

2.3. Preparation of scPLA-PEG polyurethane 

In a typical procedure, the 8g PEG (8.00 mmol), 1g PLLA-diol (0.27 
mmol), 1g PDLA-diol (0.25 mmol), and two drops of catalyst DBTDL 
were heated at 100 ◦C in a 100 mL round-bottomed glass flask under 
vacuum and stirred for 1 h to remove water. Then, the mixture was 
cooled down to 60 ◦C, and then the 1.72 g HDI (10.22 mmol) and 40 mL 
THF were added to the flask under nitrogen atmosphere for 2 h. After 
that, 0.15 g BDO (1.7 mmol) were added into the reaction solution and 
the reaction continued until the NCO peak in the FT-IR spectrum dis
appears (Mn, GPC = 20,000 g/mol, PDI = 1.18). For comparison, three 
other polyurethanes, denoted as PLLA-PEG, PDLA-PEG, and PEG-PEG, 
were also synthesized according to the same way. 

2.4. Preparation of polyurethane ionogels 

The THF solutions of polyurethane (PU) networks were mixed with 
the ionic liquids [EMIM][BF4] in different mass ratios in a glass bottle 
under vigorously stirring. Then, the mixture solutions were poured into 
a Teflon dish, and the solvents were evaporated for 12 h in an oven at 
room temperature to provide the ionogels. Finally, the samples were 
completely dried at 50 ◦C under vacuum for 12 h. Four samples of the 
scPLA-PEG based ionogels with different contents of ILs were fabricated, 
which were denoted as scPLA-PEG/0%-ILs, scPLA-PEG/20%-ILs, scPLA- 
PEG/30%-ILs, scPLA-PEG/40%-ILs, respectively. 

2.5. Characterization 

The HNMR spectra of the scPLA-PEG were performed on an AVANCE 
III 600 MHz NMR spectrometer using CDCl3 as the solvents. The atten
uated total reflection Fourier transform infrared (ATR-FTIR) spectra 
were carried out on a Nicolet IS50 infrared spectrophotometer in the 
range of 4000-525 cm− 1. The X-ray diffraction (XRD, D8 Advanced, 
Bruker) patterns used the Cu Kα radiation from 5◦ to 40◦ at a scanning 
rate of 5◦ min− 1. The differential scanning calorimetry (DSC) measure
ments were measured on a TA Q2000 from − 70 ◦C to 240 ◦C at a 
heating/cooling rate of 10 ◦C min− 1 under the nitrogen atmosphere. The 
thermal gravimetric analysis (TGA) tests were performed on a TG 209 F1 
from room temperature to 600 ◦C in the N2 atmosphere with the heating 
rate of 10 ◦C min− 1. The rheological measurements were characterized 
by an Anton Paar MCR302 rheometer using a 25 mm parallel plate ge
ometry. The strain sweep tests were performed at the shear strain from 
0% to 100% at a constant angular frequency of 5 rad s− 1. The frequency 
ranges from 0.1 rad s− 1 to 300 rad s− 1. The gel permeation chromato
graphic (GPC) measurements were conducted using the 1260 Infinity II 
system, equipped with two Phenomenex linear 5 mm Styragel columns, 
and the THF were used as the eluent at the flow rate of 1.0 mL min− 1. 
The mechanical properties of the samples were measured by a universal 
testing machine (SUNS, Shenzhen, China). 

The conductivity (σ) was calculated bywhere R, L, and A represents 
the resistance, length, and cross-sectional area of ionogel samples, 
respectively. The Young’s moduli were calculated from the initial slope 

linear stage of the stress-strain curves, and the toughness values were 
calculated by integrating the area under the stress-strain curves. The 
cyclic tensile tests were performed for 10 times under the tensile speed 
of 30 mm min− 1. The digital images were captured using a Nikon D5100 
camera. 

The ΔR/R0 and GF value are calculated by the following formulas, 
respectively, 

ΔR
R0

=
R − R0

R0  

GF =
ΔR/R0

ε  

where R and R0 are the real-time and initial resistances, respectively. ε is 
the applied strain. 

The resistance from the resistive-type strain sensor was measured on 
a Keithley 2616 System source meter at a voltage of 5 V. The resistive- 
type strain sensing device was assembled with two copper foil current 
collectors sandwiched with an ionogel sample, and the copper foil cur
rent collectors were used for connecting the testing wires. 

Small Angle X-ray Scattering (SAXS) scattering patterns were 
measured using a SAXSess MC2 system in line collimation, operated at 
40 kV and 50 mA producing Cu Kα radiation (X = 1.5418 A). Data were 
collected for 20 min. The interdomain spacing (d) was calculated by 
Bragg’s equation: 

d =
2π

qmax  

where qmax corresponds to the peak position of one-dimensional SAXS 
curve. 

Dynamic light scattering (DLS) was utilized to measure the apparent 
hydrodynamic radius of related polymers, at 25 ◦C with a Brookhaven 
BI-200SM multiangle goniometer equipped with a Brookhaven BI-APD 
avalanche photodiode detector. 

The crystallinity of PLA was calculated according to the equation: 

Xc=
ΔHm

ΔH100
m

× 100%  

where ΔHm is the experimental melting enthalpy of a fraction, deter
mined as the integral intensity of the melting peak. ΔHm

100 is the specific 
melting enthalpy of 100% crystalline polymer, which is 142 J g − 1 for 
the PLA stereocomplex crystalline and 100 J g − 1 for the PLA homoge
neous crystalline. 

3. Results and discussion 

It has been reported that the two enantiomers of biodegradable PLA, 
referring to PLLA and PDLA, could form stereocomplexes through 
multiple hydrogen-bonding interactions between the two enantiomeric 
chains, which could provide the promising physical cross-linking to 
reliably fabricate the reinforced materials with favorable mechanical 
properties [36–38]. According to the synthetic routes depicted in Fig. 1, 
we exploited the tendency of PLLA and PDLA for stereocomplexation to 
reliably generate the physical cross-linking for fabricating the 
high-performance ionogels. First, the PDLA-diol and PLLA-diol were 
synthesized by the ring-open polymerization method using ethylene 
glycol (EG) as the initiators and stannous octoate Sn(Oct)2 as the cata
lysts. Then, the poly(PLLA/PEG/PDLA urethane) (denoted by 
scPLA-PEG) ionogels were prepared via the “two-step one-pot” method. 
The pre-polymers were synthesized through the condensation reaction 
between PLLA, PDLA, and PEG with 1,6-hexamethylene diisocyanate 
(HDI). The scPLA-PEG polyurethanes were obtained by the chain 
extension reaction using 1,4-butanediol (BDO) as the chain extenders. 
Introducing the ionic liquids (ILs) into the scPLA-PEG networks to pro
vide the ionogels with spider-silk-like structures, in which the hard 
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sc-phases as the dynamic cross-linking are homogeneously embedded in 
the soft continuous PEG phases. 

The as-prepared scPLA-PEG polyurethanes and their precursors were 
well characterized by several technologies. Figs. S1a and S1b respec
tively show the 1H NMR spectra of the PLLA and PDLA macrodiols, in 
which the methine proton (-COCH(CH3)-) and methane protons (-COCH 
(CH3)-) signals for PLA block can be seen clearly [39,40]. As compared, 
the signals assigned to PLA and PEG blocks appear apparently in the 1H 
NMR spectrum of the scPLA-PEG (Fig. S1c), demonstrating the suc
cessful synthesis of the scPLA-PEG elastomers. Meanwhile, the GPC trace 
of the obtained scPLA-PEG obviously shifts toward the higher molecular 
region (Fig. S2), further confirming the successful fabrication of the 
scPLA-PEG. Moreover, the peaks at 1535 cm− 1 and 3350 cm− 1 can be 
seen clearly, which are ascribed to the characteristic stretching vibration 
and bending vibration of –NH– bond on –NHC(O)O groups, respectively, 
indicating the coupling reaction proceeded successfully (Fig. S8). Upon 
mixed together, the stereocomplexation between PLLA and PDLA seg
ments takes place. The PLA stereocomplexes in the scPLA-PEG networks 
were investigated by XRD and DSC. As shown in Fig. S3a, the charac
teristic diffraction of the stereocomplex crystallites at around 2θ =
11.8◦, 20.6◦, and 23.8◦ were observed clearly in the scPLA-PEG, which 
assigns to the unique reflection of 110, 300/030, and 220 plane of the 
stereocomplex crystallites, respectively [41,42]. In the controlled sam
ples of poly(PLLA/PEG urethane), poly(PDLA/PEG urethane), and poly 
(PEG urethane) (denoted by PLLA-PEG, PDLA-PEG, PEG-PEG, respec
tively), the diffraction peaks attributed to the typical lattice planes of the 
PLA homocrystallites are very weak, and these might be affected by the 
presence of the PEG segments. Moreover, there are obvious diffraction 
peaks attributed to the stereocomplex crystallites event in the formed 
ionogels from the scPLA-PEG polyurethanes (scPLA-PEG/ILs), indi
cating the strong interactions and good stability of the stereocomplex 
crystallites. The results of DSC (Fig. S3b) are consistent with those of the 
XRD, and the intensity of the characteristic peak of the PLA stereo
complex crystallites in the scPLA-PEG is much stronger than those of the 
PLA homocrystallites in PLLA-PEG and PDLA-PEG, further confirming 

the formation of stereocomplex crystallites in the scPLA-PEG. Generally, 
the Tm of the stereocomplex and homogeneous crystallites is greater 
than 200 ◦C and less than 180 ◦C, respectively [43]. However, the Tm of 
the stereocomplex crystallites in the scPLA-PEG is between 180 ◦C and 
200 ◦C, while such lowering of the Tm should correspond to the small 
crystallites derived from multiblock copolymers with shorter PLA se
quences [44]. The nanostructures of the scPLA-PEG elastomers were 
further studied by the small-angle X-ray scattering (SAXS), and the size 
of sc crystals is about 16 nm calculated according to SAXS profiles. These 
results indicate that the scPLA-PEG elastomer possesses a spider-silk-like 
two-phase structure with scPLA nanocrystals composed of hydrogen 
bonds uniformly distributed in the amorphous PEG. 

Owing to the spider-silk-like structures, the as-fabricated scPLA-PEG 
polyurethanes were expected to exhibit the good mechanical properties. 
Accordingly, the as-prepared elastomers exhibit great stretchability 
(elongation at break approaches to 1500%), as the direct insights shown 
in Fig. 3a. In order to systematically investigate the effect of the sc- 
interactions on the mechanical properties of the as-prepared poly
urethane, a series of tests have been conducted. First, the tensile tests 
were performed to compare the mechanical properties of the scPLA-PEG 
with PLLA-PEG, PDLA-PEG, and PEG-PEG. From Fig. 2b–c and Fig. S4, it 
can be seen that the Young’s modulus, tensile strength, elongation at 
break, and toughness of the scPLA-PEG are much higher than those of 
the controlled samples (PLLA-PEG, PDLA-PEG, and PEG-PEG). Mean
while, the sc presence in the polymer networks impart scPLA-PEG ela
tomers with good thermal stability than the precursors PLLA-diol and 
PDLA-diol, as shown in Fig. S10. The relative strong sc-interactions in 
the scPLA-PEG networks account for the superior mechanical properties. 
Subsequently, to further evaluate the elasticity of the scPLA-PEG, the 
cyclic tensile loading-unloading tests without waiting time between two 
consecutive loading cycles were carried out with the strain ranging from 
100% to 500%. Fig. 2d shows that the scPLA-PEG could nearly recover 
to the original state after the first tensile cycle with 100% strain and the 
good elasticity probably originates from the fracture of the stereo
complex crystallites during the stretching process. Meanwhile, the 

Fig. 2. (a) Photographs of the scPLA-PEG film before and upon stretching. (b) Stress-strain curves of the scPLA-PEG, PDLA-PEG, PLLA-PEG, and PEG-PEG. (c) The 
elongation at break, Young’s modulus, and tensile strength of the scPLA-PEG, PLLA-PEG, PDLA-PEG, and PEG-PEG. (d) Sequential cyclic tensile curves of the scPLA- 
PEG at different strains without waiting time between two consecutive loadings. 
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obvious hysteresis loops were observed after sequential cycles with 
higher strains and the hysteresis loop area increases as the strain in
creases, which might be contributed to the deformation of the dynamic 
physical cross-linking stereocomplex crystallites. Additionally, the pro
nounced hysteresis at very strain implied the efficient energy dissipation 
during the stretching-releasing process [45,46]. 

Introducing the ionic liquids (ILs) into the as-fabricated scPLA-PEG 
networks to produce the ionogels and the results aforementioned have 
indicated that the introduction of ILs would not disturb the physical 
cross-linking stereocomplex crystallites (as demonstrated in Fig. S3a). 
So, the as-formed ionogels (scPLA-PEG/ILs) should also possess the 
excellent mechanical properties. As shown in Fig. 3a–c, the ionogels can 
be twisted or stretched repeatedly, demonstrating they have the good 
flexibility and stretchability. The impact of the IL contents on the me
chanical properties of the ionogels was also investigated and it was 
observed that the Young’s modulus, elongation and stress at break of the 
ionogels gradually decreases with the increase in the IL content from 0% 
to 40% (Fig. 3d and e). The decreased mechanical properties might be 
attributed to the plasticization effect of the ILs. Considering the com
bination of conductivity and mechanical properties of the ionogels, the 
samples scPLA-PEG/30%-ILs (scPLA-PEG with 30% ILs) were selected as 
the optimal samples for the following measurements unless otherwise 
mentioned. Subsequently, the cyclic tensile tests with different strains 
without waiting time between two consecutive loadings were conducted 
to study the toughness and elastic properties of the scPLA-PEG/30%-ILs. 
Fig. 3f shows that the ionogels could nearly recover to the original state 
in every cycle during the small strain (5%–100%), implying that the 

ionogels possess the excellent elasticity within the 100% strain feasible 
for most of the practical applications [47,48]. By contrast, the larger 
hysteresis loops were observed as the maximum strain increases from 
100% to 500%, due to the dissociation of the sc-interactions during the 
deformation process. Importantly, the scPLA-PEG/30%-ILs ionogels 
displayed the good electrical conductivity while maintaining better 
mechanical properties, where the electrical conductivity and toughness 
is up to 3.5 × 10− 2 S m− 1 (Fig. S5a) and 25.4 MJ m− 3 (Fig. S5b), 
respectively. 

The dynamic rheological tests were carried out to further study the 
rheological behaviors and thermal stability of the as-prepared ionogels. 
Shown in Fig. 4a is the oscillatory amplitude sweeps of the scPLA-PEG/ 
30%-ILs. Within a wide strain range, the storage modulus (G′) of the 
scPLA-PEG/30%-ILs is much higher than the loss modulus (G”), 
assuming the solid elastic properties. As the shear strain increases, the G′

and G′′ decreases simultaneously, while the decrease rate of the G′ shows 
greater than that of the G”. With further increasing the shear strain 
beyond the intersection point (Strain ≈50%), the G′′ become higher than 
the G′, indicating that the physically cross-linked networks are damaged 
under relatively larger shear strain. In addition to the amplitude, the 
oscillation frequency sweeps were also performed under small shear 
strain (0.1%) (Fig. 4b), the G′ and G′′ exhibit a strong dependence on the 
angular frequency, where the G′ always exceeds the G′′ in the whole 
angular frequency sweep range, indicating the stability of the physically 
cross-linked networks. Not only that, the G’ is much larger than the G” at 
5 ◦C, 5–70 ◦C, and 70 ◦C (Fig. 4c), indicating that the as-prepared ion
ogels possess the good stability during a broad temperature ranging 

Fig. 3. Photos of the scPLA-PEG/30%-ILs in (a) stretched, (b) relaxed, and (c) twisted states. (d) The stress-strain curves of scPLA-PEG ionogels with different 
loadings of ILs. (e) Dependences of the elongation at break, Young’s modulus, and tensile strength of the scPLA-PEG ionogels on the EMIM:BF4 loading. The stress- 
strain curves of the scPLA-PEG/30%-ILs ionogels under (f) smaller (0–100%) and (g) larger (100%–500%) maximum strain without waiting time between two 
consecutive loadings. 
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from 5 to 70 ◦C. 
Owing to the low freezing point of the ionic liquids ([EMIM][BF4]), 

the ionogels should maintain the good stretchability under low tem
perature. In order to demonstrate the anti-freezing performance of the 
scPLA-PEG ionogels, the DSC analysis was employed to measure the Tg, 
as presented in Fig. 5a. The DSC results show that the Tg of the ionogels 
with various IL contents is ca. − 47.8 ◦C, indicating that the scPLA-PEG 
ionogels could maintain the high elasticity at critical low temperature 
(> Tg = − 47.8 ◦C), which are able to fully meet the main requirements of 

the scPLA-PEG ionogels to work below zero temperature. Besides the 
lowest temperature based on Tg, the highest temperature of the high 
elasticity of the scPLA-PEG ionogels corresponding to the sol-gel tran
sition temperature (Tsol-gel) could be exactly obtained from the variation 
in the storage and loss modulus as a function of temperature, which is 
found to be ca. 96 ◦C as resulted in Fig. 5b. Note that the ionogels are 
capable of sustaining the stable gel networks below Tsol-gel. Namely, the 
high elasticity of the scPLA-PEG ionogels could be remained in a wide 
temperature range between Tg and Tsol-gel (Tg < T < Tsol-gel). Taking the 

Fig. 4. Oscillatory (a) amplitude sweeps from 0.1% to 100% and (b) frequency sweeps at 0.1% maximum shear strain for the scPLA-PEG/30%-ILs. (c) Storage and 
loss modulus of the scPLA-PEG/30%-ILs in the temperature ranging from 5 to 70 ◦C. 

Fig. 5. (a) DSC thermograms of the scPLA-PEG ionogels from − 80 ◦C to 40 ◦C. (b) Variation in the storage and loss modulus of the scPLA-PEG/30%-ILs as a function 
of temperature. Photographs and infrared images of the scPLA-PEG/30%-ILs (c) twisted at − 30 ◦C and (d) stretched at 70 ◦C. 
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scPLA-PEG/30%-ILs as an example, Fig. 5c and d illustrates that the 
ionogels could be twisted at − 30 ◦C (> Tg = − 47.8 ◦C) and stretched at 
70 ◦C (<Tsol-gel = 96 ◦C), indicating that the as-prepared scPLA-PEG 
ionogels are able to be flexible under extreme temperature conditions. 

Thanks to the physically cross-linked networks via the sc-interactions 
between PDLA and PLLA segments in the scPLA-PEG polymer chains, the 
scPLA-PEG ionogels would also possess the excellent recyclable perfor
mance. Here, the reprocessing ability of the scPLA-PEG ionogels was 
firstly demonstrated by a simple cutting-thermocompression process, in 
which the bulk sample was cut into small pieces and then hot-pressed at 
96 ◦C for 0.5 h under a pressure of 2 MPa, as schemed in Fig. S6. 
Moreover, the scPLA-PEG ionogels could also be dissolved and recycled 
at room temperature due to the noncovalently cross-linked structures. 
The scPLA-PEG/30%-ILs samples appeared to dissolve in THF after 1 h 
at room temperature, as shown in Fig. 6a. After removing the THF, the 
scPLA-PEG ionogels were reprocessed into a smooth and homogenous 
film, and the process can be repeated multiple times. In comparison, the 
recycling process is simple and practicable, which does not require the 
addition of other chemical and/or higher temperature. Moreover, the 
reprocessed scPLA-PEG ionogel samples via thermal-process show the 
obviously decreased mechanical properties in comparison with that 
recycled via solvent-process because of the insufficient exchange of 
stereocomplex units (Fig. 6b). Fig. 6c shows the tensile curves of the 
solvent-recycled scPLA-PEG ionogels and it can be observed that the 
samples could nearly recover to the original breaking elongation after 
three cycles of the repeated cycling processes [49]. Most importantly, 
their recovery ratios of Young’s modulus were all more than 90%, and 
all of these results aforementioned confirmed that the scPLA-PEG ion
ogels with superior mechanical properties and extraordinary recycla
bility were achieved (Fig. 6d). 

The combination of the excellent mechanical properties and good 
electrical conductivity makes the as-prepared scPLA-PEG ionogels the 
ideal promising flexible conductors for the assembly of the wearable 
electronic sensors. First, the flexible sensors were integrated by 

sandwiching the scPLA-PEG/30%-ILs with two pieces of VHB (see 
Fig. S7 in the Supporting Information) [50], which are able to monitor 
the external mechanical stimuli (such as stretching and bending, etc.) by 
converting them into the electrical signals. Meanwhile, due to the 
unique sandwich structure, the formed sensors displayed insensitivity to 
humidity, as shown in Fig. S11. The relative resistance changes (ΔR/R0) 
of the as-fabricated ionogel sensors with regard to applied tensile strain 
ranging from 0 to 300% (Fig. 7a). The calculated gauge factor (GF) was 
1.15 during the stain range of 0–200%, while reached to 1.24 
(200–300%) as the applied stain increasing from 200% to 300%, 
implying that the ionogel sensors have the high strain sensitivity. The 
relative resistance changes (ΔR/R0) of the sensors under small (5%, 
10%, and 20%) and large (100%, 200%, and 300%) strain were further 
presented in Fig. 7b and c, respectively. The good repeatability and 
recognition of the strain sensitivity were clearly observed, which proves 
the stability of the as-fabricated flexible strain sensors. In addition, for 
the stretching rate, the ΔR/R0 rapidly changes as the stretching rate 
varies from 50 mm min− 1 to 100 mm min− 1 and then to 150 mm min− 1 

(Fig. 7d), indicating that the sensors could make a good match between 
the mechanical and the electrical signals. Moreover, the signals keep 
stable and reproducible under 300 cyclic tensile tests at 50% strain 
(Fig. 7e), showing the excellent reliability of the scPLA-PEG ionogels 
during the long-term cycles. Depending on the remarkable sensing 
performance, the as-fabricated sensors were directly attached onto 
diverse joints (elbow and finger) of the puppet for monitoring various 
human real-time motions by the changes in the resistance. As shown in 
Fig. 7f, the resistance of the sensors changes correspondingly with the 
changes of the prosthetic finger bending angles, and the amplitude of the 
signal increases as the bending angle increases and vice versa [51]. 
Besides, other types of body movements could also be monitored 
sensitively like elbow and finger (Fig. 7g and h) [52]. Reported ionogel 
sensors rarely possess the combined good properties aforementioned, as 
displayed in Table S1. 

Fig. 6. Investigation of the recyclability of the scPLA-PEG/30%-ILs. (a) Photographs of the scPLA-PEG ionogels (I) soaked in THF, (II) dissolved in THF, and (III) 
solvent-recycled scPLA-PEG/30%-ILs film. (b) Tensile stress-strain curves of the original scPLA-PEG/30%-ILs and the first-time solvent- and thermal-recycled scPLA- 
PEG/30%-ILs. (c) Tensile stress-strain and (d) toughness curves of the original scPLA-PEG/30%-ILs and the solvent-recycled scPLA-PEG/30%-ILs with different 
recycle numbers, where the zero solvent recycle number corresponds to the original scPLA-PEG/30%-ILs without any solvent-recycle process. 
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4. Conclusion 

The unique structure of spider silk with the β-sheet nanocrystals 
consisting of hydrogen-bonded polypeptide chains cross-linked by the 
flexible chains creates new opportunities for designing materials with 
outstanding mechanical properties. Inspired by the biomolecular system 
of spider silk, we fabricated recyclable and biodegradable ionogels 
possessing the combinational properties of excellent mechanical 
strength, stretchability and elasticity via a novel yet simple strategy, and 
further demonstrated their use in flexible wearable sensors. The scaffold 
scPLA-PEG of the ionogels was synthesized from PLLA, PDLA and PEG. 
The formed scPLA-PEG possesses the spider-silk-like two-phase struc
ture with hydrogen-bonded stereocomplex nanocrystals being cross- 
linked by flexible PEG chains, and displayed much higher mechanical 
properties than those of PLLA-PEG and PDLA-PEG counterparts. The 
scPLA-PEG ionogels also maintain the excellent elasticity at low tem
perature (− 30 ◦C) and even at high temperature (70 ◦C). Importantly, 
the scPLA-PEG ionogels can be recycled and reshaped under a mild 
condition after being dissolved because of the reversibility of the ster
eocomplex nanocrystals cross-linkers. The assembled sensors based 
scPLA-PEG ionogels can be used as the highly sensitive flexible sensors 
to precisely detect various human motions (such as wrist, elbow, and 
finger bending). It could be envisioned that the present work presents a 
promising platform for the development of recyclable and biodegrad
able ionogels with superior properties, which are favorable for fabri
cating the next-generation flexible electronics and the realization of a 
sustainable society. 
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