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Extended Methods 

2D correlation spectroscopy (2DCOS) 

2DCOS, as a mathematical method, is very suitable for the investigation of the variations of 

chemical groups. Its basic principle was first proposed by Noda and has been applied more 

and more widely to follow spectral variations under various external perturbations, such as 

time, temperature, pressure, concentration, and other physical variablesS1. By spreading the 

original spectral information along a second dimension, spectral resolution enhancement can 

be achieved, allowing the additional important information about molecular motions or 

conformational changes not readily visible in conventional analysis to be extracted. 

2DCOS includes two types of correlation maps, the synchronous spectrum, which reflects 

simultaneous changes between two wavenumbers, and the asynchronous spectrum, which 

significantly enhances the spectral resolution. The auto-peaks only appear along the diagonal 

in the synchronous spectrum, while the cross-peaks can appear in both synchronous and 

asynchronous spectra. The judging rule of the sequence can be summarized as Noda's rule- 

that is, if the multiplication of the signs of cross-peaks (ν1, ν2, and assume ν1 > ν2) in 

synchronous and asynchronous spectra is positive, the change at ν1 may occur before ν2, and 

vice versaS2. 
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Supplementary Fig. 1. Schematic process for preparing PDMAEA-Q/PMAA hydrogel 

microfibers. The initial precursor contains PMAA, DMAEA-Q, and photoinitiator. 

 

 

Supplementary Fig. 2. Rheological behavior of the spinning dopes with the polymer 

contents of 36 wt% and 25 wt%, respectively. The 25 wt% dope appeared as a dilute liquid 

with the sol-gel relaxation time of ~0.14 s, while the 36 wt% dope appeared as a gel with a 

longer relaxation time than 6 s. Both these two concentrations are unsuitable for continuous 

pultrusion spinning. 

 

 

Supplementary Fig. 3. Collected PDMAEA-Q/PMAA hydrogel microfibers on a rotating 

frame. 
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Supplementary Fig. 4. UV-vis spectrum of PDMAEA-Q/PMAA film with the same 

composition to hydrogel microfiber. The film thickness is 1 mm. Photo credit: Yingkun Shi, 

Donghua Univerity. 

 

Supplementary Fig. 5. EDS mapping images of hydrogel microfiber. O, C, and Cl 

elements in the cross-section of dried PDMAEA-Q/PMAA hydrogel microfiber. 

 

 

 

Supplementary Fig. 6. Synchrotron IR spectra of PDMAEA-Q/PMAA hydrogel 

microfiber at different positions. The almost identical IR spectra suggest the structural 

homogeneity of the microfiber at the macroscopic scale. The diameter of hydrogel microfiber 

is ~15 μm to meet the sample thickness requirement for transmission IR measurement. 
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Supplementary Fig. 7. Time-dependent water contact angle changes of PDMAEA-

Q/PMAA and PDMAEA-Q/PAA films. Owing to the presence of α-methyl group in PMAA, 

PDMAEA-Q/PMAA film is more hydrophobic than PDMAEA-Q/PAA. The molar ratios of 

DMAEA-Q:MAA and DMAEA-Q:AA are both 1:2. As time extended, water molecules 

penetrated into the films leading to the gradual attenuation of contact angles. 

 

 

 

 

 

Supplementary Fig. 8. Stability test of PDMAEA-Q/PMAA and PDMAEA-Q/PAA films 

by immersing in water. PDMAEA-Q/PMAA film remained stable in water, while 

PDMAEA-Q/PAA film readily dissolved in 20 s.  
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Supplementary Fig. 9. Tensile stress-strain curve of PDMAEA-Q/PAA film (RH 60%; 

strain rate: 0.02 s−1). 

 

 

 

Supplementary Fig. 10. Photos and tensile curves of PAPTMA/PMAA and PViEt/PMAA 

hydrogel microfibers (RH 60%; strain rate: 0.02 s−1). The molar ratios of [APTMA]:[MAA] 

and [ViEt]:[MAA] were both fixed to 1:2, similar to PDMAEA-Q/PMAA. Both the two fibers 

were tested for three times. Using positively charged monomers could generate extensile 

hydrogel microfibers with good spinnability. In particular, the acrylamide-type PAPTMA 

could afford hydrogel microfibers as tough as acrylate-type PDMAEA-Q/PMAA, while the 

strongly hygroscopic PViEt generated soft yet highly stretchable hydrogel microfibers. 
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Supplementary Fig. 11. Photos and tensile curves of PSPMA/PMAA microfiber (RH 60%; 

strain rate: 0.02 s−1). The molar ratio of [SPMA]:[MAA] was fixed to 1:2. The fiber was 

tested for three times. It is noted that, the negatively charged PSPMA is not able to break the 

strong self-associated H-bonds of PMAA, resulting in stiff yet brittle fibers. 

 

  

Supplementary Fig. 12. Photos of polymerizing zwitterionic monomers in the presence of 

PMAA. The molar ratios of [DMAPS]:[MAA] and [MPC]:[MAA] were both fixed to 1:2. 

Polymerizing zwitterionic monomers in the presence of PMAA led to gels or precipitates and 

thus no spinnability. This may be caused by the strong self-association of polyzwitterions that 

additionally act as crosslinkers for PMAA chains. 
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Supplementary Fig. 13. AFM height images of pure PDMAEA-Q and PMAA films. The 

PDMAEA-Q film is homogenous with no apparent phase separation. However, PMAA forms 

numerous H-bond clusters with a mean size of 14.5 nm. 

 

 

 

Supplementary Fig. 14. X-ray diffraction (XRD) profile of PDMAEA-Q/PMAA film. No 

sharp diffraction peaks are observed indicating its amorphous structure. However, the 

appearance of narrow peaks indicates that short-range order may exist due to the presence of 

H-bond clusters. 
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Supplementary Fig. 15. SAXS scattering curve of the spinning dope. The two-level 

Beaucage fitting suggests the presence of nanofibrillar structures consisting of primary 

particles (size ~6.5 nm) and second particles (size ~30 nm). The scattering curve in the high q 

range (>1.5 nm-1) with a power law slope of -1.6 indicates the swollen chain-like molecular 

structure. The scattering curve in the intermediate q range (0.3 - 1.5 nm-1) with a power law 

slope of -1.1 reveals the presence of rigid rod-like structure, which is assembled from the 

primary chain-like structures. 

 

 

 

 

Supplementary Fig. 16. ATR-FTIR spectral comparison of PMAA film equilibrated at 

RH 0% and 60%, respectively. Due to the stabilizing effect of hydrophobic α-methyl groups, 

the characteristic v(COOH) at 1691 cm-1 assigned to H-bond clusters is almost unchanged 

with increasing humidity. 
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Supplementary Fig. 17. Calculated interaction energies of four interaction pairs from 

molecular dynamics simulation (Ha = Hartree). For simulation, saturated model molecules 

for the two monomers were employed to represent the real molecular state of polymers more 

precisely. The grey, red, blue, and white balls represent C, O, N, and H atoms, respectively. 

 

 

 

Supplementary Fig. 18. Tensile curves of PDMAEA-Q/PMAA hydrogel microfibers in 

three batches (strain rate: 0.02 s-1). The tensile behavior of hydrogel microfiber is highly 

reproducible. 
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Supplementary Fig. 19. Tensile curves of PDMAEA-Q/PMAA hydrogel microfibers with 

varying DMAEA-Q:MAA molar ratios (RH 60%; strain rate: 0.02 s−1). The pure 

PDMAEA-Q fiber, produced in a PTFE tube, can be stretched up to 5107% with a rather low 

modulus of 51 kPa. The pure PMAA microfiber is rather stiff with a high Young′s modulus of 

4.1 GPa yet very small elongation of 5.5%. The PDMAEA-Q/PMAA hydrogel microfibers 

are both extensible and tough, and with increasing DMAEA-Q:MAA molar ratios, showed 

reduced Young′s moduli and increased elongations. Young′s modulus and toughness data are 

presented as mean values ± SD, n = 3 independent samples. 

 

 

 

Supplementary Fig. 20. Tensile curves of dragline spider silk with/without notch (RH 

60%; strain rate: 0.02 s−1). The SEM image shows a notched spider silk microfiber (diameter 

~3.8 μm; notch depth ~1 μm). The critical strain was selected to be the average fracture strain 

of notched fibers in three batches. The fracture energy of dragline spider silk was calculated to 

be 735 kJ m-2. 

 



 

S13 

 

Supplementary Fig. 21. True stress-strain curves of PDMAEA-Q/PMAA hydrogel 

microfiber at RH 80% and 90%, respectively. The J-shaped curve at RH 80% indicates a 

typical strain-stiffening behavior, which suggests that the H-bond clusters remained stable 

serving as strong crosslinks at large strains. Further increasing humidity to RH 90% caused 

the diminishing of strain-stiffening behavior, suggesting water can still plasticize H-bond 

clusters at enough high humidities. 

 

   

Supplementary Fig. 22. Stability tests of PDMAEA-Q/PMAA hydrogel microfiber in 

water and HCl solution for 24 h. With the diffusion of formed HCl into water, the hydrogel 

microfiber remained stable due to enhanced PMAA-related physical crosslinks. As a 

comparison, the hydrogel microfiber can be fully dissolved in HCl solution (pH ~2.5) to 

recover the initial spinning sol state. 
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Supplementary Fig. 23. Humidity-dependent water content changes of PDMAEA-

Q/PMAA hydrogel microfiber and spider silk. The water content data for spider silk were 

cited from literature.S3 As shown, PDMAEA-Q/PMAA hydrogel microfiber has both higher 

water contents and moisture sensitivities than spider silk in the whole humidity range. 

 

 

 

Supplementary Fig. 24. Ionic conductivities of PDMAEA-Q/PMAA hydrogel microfiber 

at different humidities. Conductivity data are presented as mean values ± SD, n = 3 

independent samples. 
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Supplementary Fig. 25. Moisture-induced self-healing processes of pure PDMAEA-Q 

and PMAA fibers.  
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Supplementary Fig. 26. DSC heating curves of PDMAEA-Q/PMAA hydrogel 

microfibers with varying molar ratios and humidities. The statistical plot of the measured 

glass transition temperatures is shown in Fig. 5a. 

 

 

 

 

Supplementary Fig. 27. Loading-unloading curves of PDMAEA-Q/PMAA hydrogel 

microfiber with and without moisture treatment. The almost coincidental curves before 

and after treatment reveal the totally reversible supercontraction properties of the microfiber.  
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Supplementary Fig. 28. SEM images of PDMAEA-Q/PMAA hydrogel microfiber before 

and after supercontraction for 10 cycles. Almost no changes of fiber diameter were 

observed. 

 

 

Supplementary Fig. 29. POM images of PDMAEA-Q/PMAA hydrogel microfiber in the 

whole supercontraction process. Scale bar = 300 μm. All the images were taken in the 

presence of 530 nm tint plate at the azimuth angles of -45o and 45o, respectively. The stretch-

induced structural orientation can be fully eliminated by moisture treatment. 
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Supplementary Fig. 30. Photos for measuring load-dependent supercontraction ratios. 

Typically, a 2-cm-length hydrogel microfiber tied to a specific load was stretched to 4 cm 

(100% strain), and then after removing the restraint, the fiber autocontracted to a length of l0. 

Moisture treatment further shortened the fiber to l. The supercontraction ratio was defined as 

(l0 - l)/l0. 

 

 

Supplementary Fig. 31. Tensile stress-strain curves and corresponding SEM images of 

original and twisted hydrogel microfibers. 

 

 

Supplementary Fig. 32. Photos of the descending and moisture-induced recovery 

processes of the twisted hydrogel microfiber as the rescue rope. 
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Supplementary Table 1. Comparison of the combinatory properties of spider silk and 

PDMAEA-Q/PMAA hydrogel microfiber. Note that, the data for PDMAEA-Q/PMAA 

hydrogel microfiber were recorded at ambient conditions (25 oC, RH 60%). The moisture 

sensitivity and fracture energy of spider silk were calculated in this work (Supplementary Figs. 

S20, 23). 

Properties Spider silk PDMAEA-Q/PMAA hydrogel microfiber 

Elongation 15-45%S3, 4 219% 

Stiffness/modulus 3-10 GPaS5 428 MPa 

Water content ~9.3 wt%S3 ~31.4 wt% 

Moisture sensitivity ~0.19 wt%/RH% ~0.5 wt%/RH% 

Crack-resistant YesS6 Yes 

Fracture energy 735 kJ m-2 187 kJ m-2 

Damping capacity 50-70%S7 95% 

Self-healability PartlyS8 96%, 30 s 

Supercontraction 50%S9 43% 

Spinning method Pultrusion spinning Pultrusion spinning 

Solvent Water Water 

Scalable fabrication Yes Yes 

Nanoconfinement β-sheet nanocrystal H-bond cluster 

 

 

 

Supplementary Table 2. Signs of the main cross-peaks in 2DCOS synchronous and 

asynchronous spectra. 

 

Cross-peak signs (left: syn; right: asyn)  Sign multiplication (syn×asyn) 

1615 +, - -, + +, +   1615 - - +  

1630 +, - -, +    1630 - -   

1691 -, +     1691 -    

1730      1730     

 1730 1691 1630 1615   1730 1691 1630 1615 

 

According to Noda’s rule, the order of different wavenumbers is: 1630 cm-1 → 1615 cm-1 → 

1691 cm-1 → 1730 cm-1, i.e. δ(OH) (H2OꞏꞏꞏPDMAEA-Q) → δ(OH) (H2OꞏꞏꞏPMAA) → 

v(COOH) (H-bond cluster of PMAA) → v(C=O) (PDMAEA-Q).  
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Supplementary Table 3. Comparison of the fracture energies and elongations among 

PDMAEA-Q/PMAA hydrogel microfiber and other materials. 

 

Materials Fracture energy (kJ m-2) Elongation (%) Ref. 

PDMAEA-Q/PMAA hydrogel microfiber 187 219 
This work 

Spider silk 735 39 

Human 
tissues 

Skin 1.7-2.6 54±17 [S10] 

Cartilage 0.14-1.16 5.4±1.6 [S11] 

Bone 0.25-0.57 1.9±0.6 [S12] 

Wood Thuya wood 0.5-3.7 5.3 [S13] 

Plastics 

CF/PEI 3.17-4.07 60 [S14] 

PEI 4.5±0.9 78±0.7 [S15] 

EPDM/PP TPE 10.4±0.9 300 [S16] 

Elastomers 
Hybrid network elastomer 13.5 170 [S17] 

PDM elastomers 12 1800 [S18] 

Composite 
materials 

Glass fabric composite hydrogel 1 250 50 [S19] 

Glass fabric composite hydrogel 2 1000 10 [S20] 

Metallic glass composite 340 13 [S21] 

Carbon/glass fibre composite 1 137-288 2.3 [S22] 

Carbon/glass fibre composite 2 118-360 4.5±0.5 [S23] 

Metal alloys 
Copper alloy 3-241 40-50 [S24] 

Aluminum alloy 22 6.3-9.8 [S25] 

Hydrogels 

PAAm/alginate hydrogel 9 2300 [S26] 

Polyampholyte hydrogel 4 700 [S27] 

PDMA-g-PNIPAM hydrogel 0.8 950 [S28] 

PNIPAM-co-FOSA hydrogel 8 1300 [S29] 

Ionogels 
Microsphere-reinforced ionogel 87 3250 [S30] 

P(AAm-co-AA) ionogel 24 600 [S31] 

Spider silk-
inspired 
materials 

PVA/HCPE composite 130 550 [S32] 

IPDI-SPU elastomer 215 1520 [S33] 

Octuple HB elastomer 17 360 [S34] 
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Supplementary Table 4. Comparison of the properties and preparing conditions among 

typical artificial thin fibers. N/A denotes “not available” in the literature. 

Fibers Elong
ation 
(%) 

Tough- 

ness 

(MJ/m3) 

Damping 
capacity 
(%) 

Superc

ontracti

on (%) 

Self-
heal 

Fracture 
energy 
(kJ/m2) 

Diameter 

(μm) 

Solvent Spinning 

method 

Ref. 

PDMAEA-Q/PMAA 219 19.8 95 43 96% 

30 s 

187 30-250 H2O 

Pultrusion  

or draw 

spinning 

This 

work 

PCL-b-PEG-b- 

PCL/P5-Azo-P5 

N/A N/A N/A 50 N/A N/A 3-20 CHCl3 [S35] 

Host-guest hydrogel 24 ~16 75 50 No N/A 6.5 H2O [S36] 

18 ~23 72 N/A N/A N/A 3.1-12.8 H2O [S37] 

PHEAAm 30 ~20 N/A N/A N/A N/A ~30 Ethanol/

H2O 

[S38] 

HA network 50 ~2.7 N/A 75 N/A N/A 4-20 H2O [S39] 

Silica/PAA hydrogel 44 370 95 90 No N/A 10-500 H2O [S40] 

55 383 95 75 No N/A 5-50 H2O [S41] 

Core–shell MAPAH 1200 26.8 N/A No No N/A 20-300 DMSO 

/H2O 

[S42] 

P(AAm-co-AA)/Fe 500 ~3 22 No No N/A 30-120 Glycerol 

/ H2O 

[S43] 

Lignin hydrogel 86.5 281.6 N/A N/A N/A N/A 15-50 H2O [S44] 

Protein organogel  527 371 N/A N/A Yes N/A ~30 THF [S45] 

Polymorphic 

regenerated silk  

20 ~15 N/A N/A N/A N/A 5-10 HFIP [S46] 

Pseudoprotein  750 387 N/A N/A N/A N/A 30 HFIP [S47] 

PEO or nylon 66 450 ~550 N/A N/A N/A N/A 0.2-1.6 CH3CN [S48] 

Polyglycerol fiber ~3.5 ~4.5 N/A N/A N/A N/A ~30 H2O [S49] 

Recombinant protein ~25 130 N/A N/A No N/A 30 H2O 

Wet spinning 

[S50] 

GO/MWNT/PU 673 543.7 N/A 60 No N/A ~25 Ethanol/

H2O 

[S51] 

Polyaniline 4 ~22 N/A No No N/A 5 Cresol/ 

DMF 

[S52] 

PS-b-PEO 900 121.2 N/A 70 N/A N/A 68-192 THF/ 

H2O 

[S53] 

PANa fiber 1090 4.8 N/A N/A N/A N/A 550-1100 H2O/ 

methanol 

[S54] 

Alginate/HEA 

organohydrogel  

405 ~0.4 N/A N/A No N/A 1000 Glycerol

/H2O 

[S55] 

PNA hydrogel 900% ~10.2 N/A N/A Yes N/A 560-1521 EtOAc [S56] 

Bacterial cellulose 295 116.3 N/A N/A N/A N/A 500 H2O Wet drawing [S57] 

Ca-alginate N/A N/A N/A N/A No N/A 100-220 H2O Microfluidic 

spinning 

[S58] 

P/n-type TE 15 ~3 N/A N/A N/A N/A 1600 H2O [S59] 

PAMPS/PAAm 159 ~8.5 N/A N/A N/A N/A 590-2430 H2O Reactive 

spinning 

[S60] 

PDMS/PAAm 520 ~5 N/A N/A No N/A ~1000 H2O 

Tube 

templating 

[S61] 

PAAm/PDMS/ZnS:Cu 250 ~0.09 N/A N/A No N/A ~4000 H2O [S62] 

Ionic organogel 190 ~1.5 N/A No No N/A >600 Ethylene 

glycol 

[S63] 
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