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Supplementary Materials 

 

Materials and Methods 

FTIR characterization of HASPy hydrogel 

The frequency range of the FTIR spectroscope was set to 4000–500 cm
−1

, and each sample was 

scanned 32 times. 

 

UV–Vis characterization of HASPy 

UV–Vis absorbance spectra of HASPy films deposited on the glass slides were recorded using 

spectrometer in the 850–300 nm wavelength range. 

 

Determination of graft ratio of HA-Cys-Py  

Since HA-Cys-Py was synthesized based on amide bonds, the grafting ratio of HA-Cys-Py 

can be measured by the residual carboxyl group content. The content of carboxyl group (CC) 

was measured by conductivity titration method. The sample to be tested was weighed with 0.3g 

of dried HA-Cys-Py and added with 55mL distilled water and 5 mL0.01M sodium chloride 

solution. The sample was fully stirred with magnetic agitator (the concentration was about 0.5%), 

and then 0.1M HCl was added to adjust the pH value of the mixture 3.0. Magnetic stirring 1h to 

ensure the acidification of the base. Then, 0.04M NaOH solution was titrated at the rate of 

0.1mL/min, and the conductivity meter was used to monitor the conductivity of the mixture 

during the reaction process. The titration was stopped until the pH value of the solution was 11, 

and the carboxyl group content was calculated according to the consumption of sodium 

hydroxide and the conductivity.  



 

Draw the curve of sodium hydroxide consumption (volume, ml) vs. conductivity according 

to the method mentioned above (Fig.S3), and calculate the carboxyl group content according to 

the formula: 

CC = 0.04 mol /L (VB-VA) mL/0.3g (1) 

Where VA and VB are respectively the x-coordinate values corresponding to the intersection of 

the left and right tangent lines of the conductivity curve and the horizontal line of the lowest 

point of the curve. 

        Graft ratio= (CCHA- CCHA-Cys-Py)/ CCHA100 (2) 

 

Electroactivity measurement  

The conductivity of the hydrogels was measured using four probes and an electrochemical 

workstation. In 0.1 mol/L PBS electrolyte solution, a traditional three-electrode system with Pt as 

the counter electrode, an Ag/AgCl electrode as the reference electrode, and a hydrogel sample as 

the working electrode was used for electroactivity analysis at room temperature using an 

electrochemical workstation (CHI660D, China). Based on cyclic voltammetry (CV) 

measurements, the potential range was -0.8–0.2 V and the scanning rate 100 mV/s. The 

conductivity of the hydrogels is calculated according to the following formulas:  

V = I×R (3) 

σ = L/RS (4) 

R = ρL/S (5) 

Where σ (S·cm
−1

) is the desired conductivity, L (cm) is the distance between the reference 

electrode and the working electrode, S (cm
2
) is the cross-sectional area of the measured 

hydrogel, R (Ω) is the ohmic resistance, and ρ (Ω·cm) is the resistivity.  

 

All-Atom Molecular Dynamics simulations method 

Materials Studio software was used to simulate the interactions between HASPy chains 

with water molecules and iron ions under the Compass force field. A simulation crystal Cell was 

constructed by Amophous Cell calculation. For HASPy chains with water molecules (HASPy-

W), two HASPy chains and 300 water molecules were placed in the box. For HASPy chains with 

iron ions, two HASPy chains, 300 water molecules, 40 Fe
3+

 and 120 Cl
−
 ions were added in the 

box. The initial size of the simulation unit cell is 30.03 Å  30.03 Å 30.03 Å, with the lattice 

parameters of α = β = γ = 90°. The models were equilibrated at 298 K for 25 ps in the NPT 

ensemble. 

 

Self-healing experiment 

The self-healing behavior of hydrogels was directly observed. The original sample was 

usually made into rectangular strips (10 × 5 × 3 mm), and then the hydrogel was cut into two 

equal parts from the middle. The cut surfaces were then placed in full contact and the hydrogel 

was wrapped in a petri dish for self-healing. After 30 min of self-healing, the hydrogel 

completely returned to its original state, and tensile and tensile tests were conducted to evaluate 

the tensile strength before and after self-healing. 

 

In vitro degradation test 

First, 10 mg of hydrogel was placed in 1 mL PBS, and 10 mM DTT was added for 

incubation at 37 °C. PBS without DTT was used as the control group. Then images were 

obtained at regular intervals to record the morphologies of the hydrogels.  



 

 

In vivo biocompatibility and degradation test 

The hydrogel was disinfected overnight under a UV lamp and the surgical instruments were 

sterilized by autoclaving. Nine adult female Sprague-Dawley (SD) rats (200–230 g) were 

randomly divided into three groups. After anesthesia, the rats were placed on the surgical plate, 

and 10-mm incisions were made on the backs of the SD rats and 30 mg of hydrogel implanted. 

Skin tissue samples were collected on the 7th 14th, and 28th postoperative days (PODs). Tissue 

samples were fixed in paraformaldehyde for 24 h and dehydrated in sucrose for 48 h. The sample 

was then embedded in OCT at the optimum cutting temperature and cut into slices that were 8 

μm thick. Finally, in vivo biocompatibility and hydrogel degradation were assessed using H&E 

staining. 

 

Hemolysis assay 

Hemolysis testing of the samples was performed according to the ISO 10993-4 procedure. 

An anticoagulant agent (3 wv% sodium citrate + 0.1 wv % citrate + 2.5 wv % glucose) was 

added to the red blood cells from SD rats at a ratio of 7:1. Then 2 mL of whole blood was diluted 

to 4.5 ml, and a 10 mg sample was placed in 10 mL PBS, and 0.2 mL blood was added, and the 

solution was incubated at 37 °C for 1 h. Then, the mixed solution was centrifuged at 3000 rpm 

for 5 min. The absorbance at a wavelength of 545 nm was measured using a UV spectrometer, 

and the hemolysis rate was calculated as follows:  

Hemolysis percentage= (absorbance experimental group − absorbance negative group) / 

(absorbance positive group − absorbance negative group) ×100% (6) 

 

 
 

Fig.S1 Image of the HASPy hydrogel injected through the syringe with a needle 

 

 

 

 



 

 
Fig.S2 (A) FTIR analysis of Py-COOH, Cys, HA, HA-Cys-Py and HASPy. (B) UV–Vis 

absorption spectroscopy of HA-Cys-Py and HASPy. 

 

 

 

 

 

 

 

Fig. S3 The curve of sodium hydroxide consumption (volume, ml) vs. conductivity (left: HA, 

right: HA-Cys-Py) 

 

  



 

 

Fig. S4 Mechanical properties of hydrogels. (A) Images of free-standing HA hydrogel and 

HASPy hydrogel without stretching (left) and with stretching to elongation (right) before and 

after self-healing. (B) Stress changes with strain of HA hydrogels, before and after self-healing 

of HASPy hydrogels.  

  



 

 

Fig. S5 Molecular dynamics simulations of HASPy-water. 

 
  

Fig. S6 Degradation behavior of hydrogel in vitro. Degradation image of HA and HASPy 

hydrogels over time from 0 to 36 h in DTT-plus PBS and PBS, respectively.  

  



 

 

Fig. S7 In vitro and vivo biocompatibility of HASPy. (A) Live and dead cell staining of L929 

cells. Scale bar: 100 µm. (B) The survival ratio. (C) Cell Counting Kit-8 (CCK-8) assay. (D) 

Hemolysis rate. (E) Subcutaneous biocompatibility of HA and HASPy hydrogels by H&E 

staining. Scale bar: 50 µm. (F) Image of subcutaneous biocompatibility of HA and HASPy 

hydrogels. (G) Immunofluorescence images of TNF-α after 7 days and 14 days of HA and 

HASPy hydrogels. Scale bar: 50 µm. (H) Fluorescence intensity of TNF-α.  

  



 

 

Fig. S8 (A) ZDock score of the clusters in ZDock simulation. (B-D) Time-total energy curves of 

the dynamic simulation (B) the healing/cooling simulation, (C) the equilibration simulation and 

(D) the production simulation). (E) The VDW interaction energy, electrostatic interaction energy 

and interaction energy curves of the all conformations in the last 50 ps of the production 

simulation. (F-H) Time-total energy curves of the dynamic simulation (F) the healing/cooling 

simulation, (G) the equilibration simulation and (H) the production simulation). (I) The VDW 

interaction energy, electrostatic interaction energy and interaction energy curves of the all 

conformations in the last 50 ps of the production simulation. 

  



 

 

Fig. S9 Characterization of longitudinal section of sciatic nerve. H&E staining of the 

longitudinal section of the nerve.  

 

  



 

 



 

Fig. S10 (A) Immunofluorescence staining image of the longitudinal section of a nerve (S100-β). 

(B) Statistics of fluorescence intensity of S100-β in control, injury, HA, HASPy. Scale bar: 200 

µm. 

 

 

TABLE  

Table S1. The interaction energy (Eint), van der Waals energy (Evdw) and electrostatic interaction 

energy (Eele) between HASPy and IL-17A compound protein (IL-17(A, RAH)).  

 

 

 

 

 



 

Table S2. The distance and angle DHY of the hydrogen bonds between HASPy and IL-17A 

compound protein (IL-17(A, RAH)).  

 

  



 

Table S3. The interaction energy (Eint), van der Waals energy (Evdw), electrostatic interaction 

energy (Eele) and total hydrophohic interaction energy (Etotal)between HASPy and individual 

residues in IL-17(A, RAH).  

 
 



 

Table S4. The interaction energy (Eint), van der Waals energy (Evdw) and electrostatic 

interaction energy (Eele) between HASPy and IL-17A compound protein (IL-17RA (H, L)). 

 

 

 

 



 

Table S5. The distance and angle DHY of the hydrogen bonds between HASPy and IL-17A 

compound protein (IL-17RA (H, L)).  

 



 

Table S6. The interaction energy (Eint), van der Waals energy (Evdw), electrostatic interaction 

energy (Eele) and total hydrophohic interaction energy (Etotal)between HASPy and individual 

residues in IL-17RA (H, L).  

 


