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Conducting hydrogels provide great potential for creating designer shape- morphing architectures for biomedical applications owing to their unique solid–liquid interface and ease of processability. Here, a novel nanofibrous hydrogel with significant enzyme-like activity that can be used as “ink” to print flexible electrochemical devices is developed. The nanofibrous hydrogel is self-assembled from guanosine (G) and KB(OH)4 with simultaneousincorporation of hemin into the G-quartet scaffold, giving rise to significantenzyme-like activity. The rapid switching between the sol and gel states responsive to shear stress enables free-form fabrication of different patterns. Furthermore, the replication of the G-quartet wires into a conductive matrix by in situ catalytic deposition of polyaniline on nanofibers is demonstrated, which can be directly printed into a flexible electrochemical electrode. By loading glucose oxidase into this novel hydrogel, a flexible glucose biosensor is developed. This study sheds new light on developing artificial enzymes with new functionalities and on fabrication of flexible bioelectronics.


Flexible electronics[1] hold great promise in biomedical applications, such as artificial muscles,[2,3] epidermal sensors,[4] implantable biodevices,[5] and electronic skins.[6] Over the past decade, there has been enormous progress in the materials, device designs, and micro/nanofabrication techniques that has accelerated the development of flexible electronics. A wide range of nanomaterials and their hybrids, including 0D (metal and metal oxide nanoparticles), 1D (metal oxide nanowires, polymer nanofibers, and carbon nanotubes), and 2D (Si nanosheets, graphene, and MoS2 nanosheets), could enable multifunctionalities and high performance without sacrificing the mechanical deformability.[7,8] For conformal integration in biological systems, it is crucial to intimately interface electronic units with internal structures of biological materials. Currently, the most extensively used fabrication strategies are thin film deposition techniques,[9,10] which directly deposit electronic units onto flexible and stretchable polymeric substrates.[11,12] However, these methods mostly result in simple planar structures and often do not satisfy the requirements for realizing bioinspired device designs with complex architectures. Moreover, beyond the primary device manufacturing challenges, biocompatibility of subcomponents is another key parameter to concern for implantable and minimally invasive applications. It is thus highly desirable to directly print electronic devices within vitro/vivo biocompatibility into designed shapes and tailored sizes for specific applications, such as tissue engineering,[13] soft robotics,[14,15] and medical devices.[16]
The“hydrogel printing” approach may provide a suitable alternative for the fabrication of flexible electronics owing toits unique solid–liquid interface and ease of processability.[17]There have been few studies over the past years.[18-20] For example, Xing and co-workers[21] developed water-soluble elastin peptide based cryogel macroporous scaffold loading conductive polypyrrole and carbon nanotube, which could combine high elasticity, shape memory, inject ability, and conductivity into a single entity. This highly flexible and resilient elastin hybrid cryogel has been demonstrated as a promising candidate for syringe-injectable biosensors and bioelectronics.
In this work, we developed a novel nanofibrous hydrogel with significant enzyme-like activity that  can  be  used  as  “ink” to print flexible bioelectronic devices. This nanofibrous hydrogel was self-assembled from guanosine (G) and 0.5 equiv. of KB(OH)4 that  involves  the  cation-templated  formation of G-quartet motifs and ensuing stacking into G-quartet wires.[22–25] The simultaneous incorporation of hemin into G-quartet scaffold during the  self-assembly  process yielded an enzyme-like nanofibrous hydrogel.[26] The rapid switching between the sol and gel states responsive to shear stress ena- bles free-form fabrication of different patterns.[27] Moreover, we demonstrated the replication of the G-quartet wires into conductive matrix by in situ catalytic deposition of polyaniline (PANI) on nanofibers.[28] Given the shape-morphing capability, this conductive hybrid hydrogel shows great promise for appli- cations in flexible bioelectronics. We demonstrated this concept by directly inject printing an electrochemical electrode, which is useful for developing a flexible glucose biosensor by loading glucose oxidase (GOx).[29–32]
As illustrated in Figure 1a, G-boronate diester is initially formed from reaction between 100  103 M G and 0.5 equiv.  of B(OH)3.[22] The addition of K ions facilitates the cation- templated assembly of G-quartet motif, which then acts as the key building block for constructing the nanofibrous hydrogel network. Stacking of these G-quartets into columnar structures combined with the simultaneous incorporation of hemin gives rise to the enzyme-like nanofibrous hydrogel (termed H/G4 hydrogel).[33] Here, boronate  ester  plays  an  important  role  in stabilizing the hydrogel.[34–37] On the one hand, boric acid forming  ester  with  G  increases  the  solubility  of  G;  on the other hand, boric acid connecting G in the vertical direction forms nanofibers and further forms a hydrogel.[22–24] Such a cation-templated formation and stacking of G-quartet motifs was confirmed by circular dichroism (CD) spectroscopy (Figure S1, Supporting Information), and the fibrous structures of H/G4 hydrogel with a diameter of 2  0.2 nm was confirmed by atomic force microscopy (AFM) image (Figure 1; Figure S4, Supporting Information). The incorporation of hemin endows the   resulting   nanofibrous   hydrogel   peroxidase-mimicking activity. By using the H2O2/tetramethyl benzidine (TMB) oxidation as a model reaction, we examined the enzymatic activity of hydrogels and found that the incorporation of hemin into the nanofibrous scaffold significantly enhanced the catalytic activity compared with the free hemin (sixfold decrease in KM, tenfold increase in kcat, Figure 1b).
To quantitatively assess the mechanical properties of hydrogels, we then carried out rheological measurements performed with hydrogels containing 100  103 M guanosine and 0.5 equiv. KB(OH)4. Dynamic frequency sweeps were performed for both G4 hydrogel and H/G4 hydrogel with a fixed stress of 1 Pa. As shown in Figure 2a, the dynamic frequency sweeps of both hydrogels showed a wide linear viscoelastic region, and the  storage modulus (G) was higher than the loss modulus (G)   in each case, which verified the hydrogel formation. In addition, the G was 103 Pa in each case, suggesting that both were strong hydrogels, which is consistent with previous report.[38,39] The stress sweeps were also conducted for both hydrogels with a fixed frequency of 1 rad s1 from 1 to 100 Pa. As shown in Figure 2b, both G and G remained constant in the low shear stress region (stress  10 Pa); however G rapidly decreased indicating that the incorporation of hemin into the G4 network had no obvious influence on the rheology properties. The yield stress of H/G4 hydrogel (2.54 Pa) was reduced half than that of G4 hydrogel (5.40 Pa), indicating that less energy is needed to initiate the flow. Taken together, these results demonstrated that both G4 hydrogel and H/G4 hydrogel have excellent thixotropic properties, and the incorporation of hemin did not alter the mechanical properties of hydrogel given their similar rheological behaviors.
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Figure 1. a) The H/G4 hydrogel is self-assembled from G and B(OH)3, via formation of K-templated G4-quartet, followed by the stacking of G4-quartets and the simultaneous incorporation of hemin to give rise to enzyme-like nanofibrous hydrogel. The inset photograph shows a tilted vial containing brown colored H/G4 hydrogel. The inset AFM image shows an H/G4 hydrogel fiber with a diameter of 2  0.2 nm. b) Comparison of catalytic activity between H/G4 hydrogel and free hemin.



Figure 2. Rheological properties and characterization of both G4 hydrogel and H/G4 hydrogel and their direct writable behavior. a) Rheological frequency sweeps of G4 hydrogel and H/G4 hydrogel with a fixed stress of 1 Pa, respectively. The inset photographs show the tilted vials containing G4 hydrogel (left) and H/G4 hydrogel (right), respectively. b) Rheological stress sweeps of G4 hydrogel (100  103 M guanosine and 0.5 equiv. KB(OH)4) and H/G4 hydrogel (100  106 M hemin) with a fixed frequency of 1 rad s1. c) Step strain measurements ofG4 hydrogel and H/G4 hydrogel with a fixed frequency of 1 rad s1. Each strain interval was kept as 5 min. d) Flow curves of shear stress measured as a function of the applied shear rate for G4 hydrogel and H/G4 hydrogel. The data can be well fitted by the Herschel–Bulkley model (   0  K n, where  is the shear stress (Pa),  is the shear rate (s1), 0 is the yield stress (Pa), K is the consistency coefficient (Pa sn), and n is the flow behavior index). Both H/G4 hydrogel and G4 hydrogel were prepared with G (100  103 M) and B(OH)3 (50  103 M). The concentrations of K and hemin were 50  103 and 100  106 M, respectively. All experiments were conducted at 25 C.

The incorporation of hemin into the G4-quartet endows the resulting H/G4 hydrogel peroxidase-mimicking activity. By using the H2O2/TMB oxidation as a model reaction, we examined the enzymatic activity of  hydrogels  in  different  forms.   We   first
interrogated the effect of different G/hemin molar ratios on the enzymatic activity of the resulting H/G4 hydrogel. We measured this using a peroxidase-type colorimetric  assay by the hemin-catalyzed oxidation of chro- mogenic substrate (TMB) into colored prod- ucts in the presences of H2O2.[42,43] Figure 3a displays the Michaelis–Menten plots for ini- tial peroxidation rate as a function of H2O2 concentration for H/G4 hydrogels fabricated with G/hemin molar ratios of 12:1 and 4:1. The Michaelis–Menten constants[33,44] (KM) of the 12:1 ratio is similar to that of G4–DNA (Figure 3a and Table 1), suggesting that a ratio of 12:1 gives rise to an enzyme-mim- icking hydrogel. In addition, the incorpora- tion of hemin into the nanofibrous scaffold significantly enhanced the catalytic activity,  in which the turnover number (kcat) of free after the shear stress exceeded 10 Pa, indicating a gel-to-soltransition. We also performed step strain measurements to investigate their thixotropic behavior. Under a 0.1% strain, G was larger than G, indicating that both formed self-standing hydrogels. As the strain stepped to 50%, G and G were inverted, resulting in a quasiliquid state, while they immediately recovered to 90% of their initial states after the strain back to 0.1%. More interestingly, the rapid switching between the sol and gel states by varying the shear stress allows direct 3D printing, in which the sol state ensures the components going through a needle easily, and the fast mechanical strength recov- ering at low shear stress allows the rapid shaping of injection. For instance, as shown in Figure S2 (Supporting Information),the H/G4 hydrogel can be used as “ink” which can be directly written into a 3D star-shaped pattern on a poly(dimethylsiloxane) (PDMS) substrate via a 1 mL syringe “pen.” Moreover, from the ascending flow curves of shear stress measured as a function  of the applied shear rate (Figure 2d), we can observe that both hydrogels exhibited a non-Newtonian pseudoplastic behavior.[40] The data can be accurately fitted by the Herschel–Bulkley model.[41] Specifically, the flow behavior index of H/G4 hydrogel(n  0.34) is slightly smaller than that of G4 hydrogel (n  0.46),hemin (1.2  0.10) increased tenfold (to 12.72  0.80) for the12:1 ratio. Given the important role of K involved in the tem- plation of G4-quartet motifs, we next evaluated the effect of dif- ferent K/G molar ratios (n  K/G  0.25, 0.5, 1.0, or 2.0). As shown in Figure 3b and Table 1, the H/G4 hydrogels fabricated with different K/G molar ratios exhibited similar KM toward H2O2/TMB oxidation; however, the addition of 0.5 equiv. of K relative to the concentration of G gave rise to slightly higher kcat compared to other molar ratios, thus the optimal K/G molar ratio was determined as 0.5 for future experiments. We next sought to quantify the cation’s influence by comparing the enzymatic activity of the resulting H/G4 hydrogel. As shown in Figure S3 (Supporting Information), only K and Na sys- tems can form hydrogels, and the K–H/G4 hydrogel exhibited the highest enzyme efficiency, with a 66-fold increase com- pared to free hemin and 2–5-fold increase compared to other cations.[45,46]
Having established the optimal synthetic parameters for the H/G4 hydrogel, we next sought to apply its enzyme-mimicking function in the fabrication of nanofibrous structured conductive material. As schematically illustrated in Figure 4a, the H/G4 hydrogel acts as a catalytic matrix that catalyzes the oxidation of aniline by H2O2 to PANI.[47,48] The deposition of PANI onto the nanofibrous hydrogel scaffold was conducted in the pres- ence of aniline/H2O2, pH  3.0, for 3 h. It should be noted that the original H/G4  hydrogel was not very stable at pH  3.0,    we thus mixed 1% agarose in the H/G4  hydrogel to improve   its stability. The resulting hybrid hydrogel replicated the inter- connected nanofibrous structure, yielding 2 nm thick PANI coating as confirmed by AFM characterization (Figure S4, Supporting Information). The resulting PANI-functionalized hydrogels were then subjected to pH= 8 to form a brown- colored, proton-undoped hydrogel (middle panel in Figure 4a),




Figure 3. Characterization of enzymatic activity of H/G4 hydrogels in different forms using the H2O2/TMB oxidation as a model reaction. a) The effect of different G/hemin molar ratios (m  G/hemin  12:1 or 4:1, compared to G4–DNA as a reference) on the initial peroxidation rates of the resulting H/G4 hydrogels. b) The effect of different K/G molar ratios (n  K/G  0.25, 0.5, 1.0, or 2.0) on the initial peroxidation rates of the resulting H/G4 hydrogels. c) The effect of different stabilizing metal cations (R  cation  K, Na, Ca2, Mg2, or Li, n  R/G  0.5) on the initial peroxidation rates of the resulting H/G4 hydrogels. d) Comparison of KM and kcat for free hemin, G4–DNA, and H/G4 hydrogels in different forms.



Table 1. KM, kcat, and enzyme efficiency of free hemin, G4–DNA, and H/G4 hydrogels in different forms.

	
	KM [103 M]
	kcat [min1]
	KM/kcat [m M min1]

	Hemin
	14.70  1.20
	1.20  0.10
	0.08  0.01

	G4–DNA
	2.60  0.12
	10.6  0.90
	4.08  0.57

	m  4
	5.73  0.41
	7.91  1.10
	1.38  0.29

	m  12
	2.41  0.17
	12.72  0.80
	5.28  0.71

	n  0.25
	2.54  0.23
	11.37  1.40
	4.48  0.96

	n  0.5
	2.41  0.17
	12.72  0.80
	5.28  0.71

	n  1.0
	2.69  0.26
	10.29  1.10
	3.83  0.79

	n  2.0
	2.72  0.24
	9.59  0.80
	3.53  0.61

	n  0.5, Na
	3.88  0.28
	9.87  1.30
	2.54  0.52

	n  0.5, Ca2
	4.93  0.35
	9.33  0.90
	1.89  0.32

	n  0.5, Mg2
	5.56  0.31
	8.52  0.60
	1.53  0.19

	n  0.5, Li
	6.36  0.47
	6.86  0.50
	1.08  0.16
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Figure 4. a) Schematic illustrating the fabrication of H/G4–PANI hydrogel by applying H/G4 hydrogel as a catalytic matrix for the deposition of PANI. Inset photographs from left to right panels: H/G4 hydrogel, proton-undoped H/G4–PANI hydrogel (pH  8), and proton-doped H/G4–PANI hydrogel (pH  3). b) CV of both proton-undoped and doped H/G4–PANI hydrogels on an ITO substrate. The voltammograms were recorded in a 1  103 M K3[Fe(CN)6]  0.5 M KNO3 aqueous electrolyte at a scan rate of 100 mV s1; Ag/AgCl reference electrode and Pt mesh counterelectrode were employed.
c) I–V curves of the proton-undoped and doped H/G4–PANI hydrogels. d) Absorption spectra of the proton-undoped and doped H/G4–PANI hydrogels.

or treated with 2 M HCl to yield a dark green-colored, proton- doped hydrogel (right panel in Figure 4a).[49–52] We then exam- ined the electrochemical properties of  both  proton-undoped and doped H/G4–PANI hydrogels on an indium tin  oxide (ITO) substrate using cyclic voltammetry (CV), scanning in between -0.4 and 0.4 V at a scan rate of 100 mV s-1. As shown in Figure 4b, at pH = 8, the H/G4–PANI hydrogel displayed a quasireversible CV wave at  0.05 V versus Ag/AgCl, corresponding to a proton-undoped configuration of PANI; at pH  3, CV characteristic of proton-doped PANI was observed, indi- cating enhanced electrochemical properties of a  conducting PANI state. We further evaluated the conductivities of the H/G4–PANI hydrogels at both proton-undoped and doped states. As  depicted  in  Figure  4c,  the  proton-undoped   H/G4–PANI hydrogel showed the I–V curve characteristic of an insulating material, suggesting the very high resistance of the polymer matrix without proton doping, whereas the proton-doped H/G4–PANI  hydrogel  showed  the  I–V  curve characteristic of a conducting material, indicating that the proton doping  resulted in the formation of an electrically conducting polymer matrix. This chemical transition of PANI from the insulating base state to the conducting salt state upon proton doping was also  verified  by  the  absorption  spectra  (Figure  4d). Specifi-cally, an absorbance band at 460 nm at proton-undoped state (pH = 8) is redshifted to ~750 nm at proton-doped state (pH = 3), consistent with the color change from brown to dark green as shown in the middle and right panels in Figure 4a.
The unique 3D  printing  feature  and  electrical properties of  H/G4–PANI  hydrogel  make  it  attractive  building blockfor electronic applications, such as glucose sensors and self- regulated insulin delivery devices.[53–57] As a proof of concept,we fabricated a glucose biosensor by loading  glucose  oxi- dase enzyme into our H/G4–PANI hydrogel (Figure 5a,b). The electrochemical properties of H/G4–PANI hydrogel showed no significant changes before (red line) and  after  GOx loading (blue line). It is likely because that the GOx being loaded in the micropores of the hydrogel, thus not affecting the conductivity of H/G4–PANI hydrogel (Figure S5, Supporting Information). We first investigated the enzymatic properties of proton-doped H/G4–PANI hydrogel toward H2O2 reduction. The electrochemical signal is highly responsive  to  different  concentrations  of  H2O2  (Figure S6,Supporting Information), which showed the linear correlation between the cathodic peak current at 0.4 V and the concentration of H2O2 over the (1–10)  103 M range. The electro- catalytic cathodic currents were monotonically increased using the GOx-loaded H/G4–PANI hydrogel for the reduction of the GOx-generated H2O2 (Figure 5c), making it a high promising flexible material for glucose sensors. Moreover, the GOx-loaded H/G4–PANI hydrogel exhibited good long-term stability. After stored at 4 C for one week, the conductivity of GOx-loaded H/G4–PANI hydrogel only showed a minor decrease (Figure S7a, Supporting Information). Nevertheless, the GOx-loaded H/G4–PANI hydrogel still demonstrated good long-term sta- bility, exhibiting no degradation of sensing performance after 100 cycles (Figure S7b, Supporting Information). The H/G4– PANI hydrogel film exhibited excellent electrochemical and electrochromic properties, which turned from the pale yellow reduced state to green oxidized state with increasing potentials from 0.2 to 1.3 V (Figure 5c). The electrochemical stability of the H/G4–PANI hydrogel film was further investigated by switching potentials with a 4 s delay at each state (Figure 5d), which exhibited good cycle stability with no obvious current drop after five cycles. These results demonstrated that the H/G4–PANI hydrogel provides a promising material for flex- ible electrochemical applications.[58,59]
In summary, we have developed an enzyme-like nanofibrous hydrogel by simultaneously incorporating hemin into G-quartet scaffold during  the  cation-templated  self-assembly  between G and KB(OH)4, and further applied its enzyme-mimicking function in the fabrication of semiconducting H/G4–PANI hydrogel for flexible electrochemical sensors. This nanofabrication strategy provides several unprecedented advantages that makes it a promising method for developing artificial enzymes and next-generation flexible bioelectronics. First, the coassembly of cationic hemin with anionic borate esters enables the well- defined arrangement of catalytic active sites during the stacking of G-quartets to ultimately form a nanofibrous hydrogel matrix, which endows the resulting H/G4 hydrogel efficient enzyme- like property.  This self-assembly  approach therefore provides  a promising method for developing hydrogels to mimic natural enzymes. Second, this enzyme-like H/G4 hydrogel can be employed as a catalytic matrix for in situ formation of semiconducting nanofibrous H/G4–PANI hydrogel network, which has been demonstrated as an excellent building block to construct nanodevices. Finally, given the biological nature of hydrogel com- ponents and its direct printing capability, our nanofabrication strategy provides great potential for sophisticated engineering of hierarchical architecture performing complex bioelectronic function. Therefore, we expect this enzyme-like nanofibrous semiconducting hydrogel to hold great promise for developing artificial enzymes with new functionalities, and our nanofabrication strategy might open up new possibilities for creating designer shape-morphing architectures for future bioelectronic applications.
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Figure 5. a) Scheme of the glucose sensor based on GOx-loaded H/G4–PANI hydrogel for the detection of glucose. b) The optical image of the glucose sensor. c) Cyclic volatammograms of glucose sensor in the presence of different concentrations of glucose. Inset indicates the linear correlation of cathodic peak current at 0.4 V with the concentration of glucose. d) UV–vis absorption spectra of the H/G4–PANI hydrogel film measured at different potentials (0.2 to 1.3 V with a step size of 0.5 V) in an 0.25 M HCl solution. Inset: photographic images of the H/G4–PANI hydrogel film at different applied potentials. e) Potential and chronoamperometry curves of the H/G4–PANI hydrogel film.


Experimental Section
Materials: Guanosine and hemin were purchased from BBI Life Sciences, Sangon, Shanghai. Agarose was purchased from Biowest, Spain. Other reagents were purchased from Aladin, Shanghai. All the reagents were used directly with no further purification. The ssDNA (TTTTGGGTTGGGCGGGATGGGTTTT) for assembling hemin/ G-quadruplex and DNAzyme was purchased from Sangon, Shanghai.
Instruments: The UV–vis absorption spectra were acquired using an Agilent Carry 60 spectrophotometer. Scanning electron microscope imaging was performed on a Hitachi S-4800 microscope. The electrochemical properties of the hydrogel were characterized using Autolab PGSTAT302N (Metrohm, Swiss). The atomic force microscopy imaging was carried out using the automode on a silicon wafer under air condition with a multimode-8 controller from Bruker Instruments. The circular dichroism spectra for a 2 wt% H/G4 hydrogel were recorded at room temperature on a Jasco J-815 CD spectrometer.
Preparation of H/G4 Hydrogel and G4–DNA: The desired amount of G (100  103 M) was weighed into a vial, followed by the addition of the appropriate amount of B(OH)3 solution to reach a final concentration of 50  103 M (and water if necessary). The mixture was sonicated for 30 s, and then the appropriate amount of KOH solution to reach a final concentration of 50  103 M was added, followed by the heat treatment at 95 C in a water bath until G was dissolved and the solution was clear. The resulting solution was then allowed to cool to 60 C, followed bythe addition of hemin to reach a final concentration of 100  106 M. The hydrogel was aged at room temperature for 2 h before use in order to stabilize the formation of H/G4 hydrogel structure. Unless otherwise noted, hydrogels were prepared at a 2:1 ratio of G:KB(OH)4.
Preparation  of  G4–DNA  by  a  Standard  Procedure:  200    106   M
ssDNA solution (10  103 M N-2-hydroxyethylpiperazine-N-2- ethanesulfonic acid (HEPES)–NH4OH, pH  8.0, containing 20  103 M KCl and 200  103 M NaCl) was heated at 95 C for 5 min and then cooled to room temperature, followed by the addition of hemin to reach a final concentration of 100  106 M. The mixture solution was kept at room temperature for 2 h to allow the formation of G4–DNA.
Characterization of Enzymatic Activity: 400 L  H2O2/TMB  substrate solution was mixed with 100 L as-prepared H/G4 hydrogel or G4–DNA. To characterize the oxidation rate of TMB, the absorbance at 652 nm was monitored by a microplate reader (Cary 60 UV–vis spectrometer, Aglient). The kinetic parameters were calculated from the initial reaction rate V at varying concentrations of H2O2 (1, 2, 4, 6, and 8  103 M, respectively) based on the Lineweaver–Burk plot, 1/V  Km/(Vmax  [S])  1/Vmax, where the initial reaction rate V is determined from the changes in absorbance during the first 60 s, Km is the Michaelis constant (the substrate concentration at which the reaction rate is at half-maximum and an inverse measure of the substrate’s affinity for enzyme), Vmax is the maximum reaction rate, and [S] is the substrate concentration.  of TMB is 39 000 M1 cm1. Kcat  Vmax /[Enzyme], where Kcat is the turnover number (the maximum number of substrate molecules converted to produce per enzyme molecule per second).
Preparation  of   Agarose-Mixed   H/G4–Polyaniline   (H/G4–PANI) Hydrogel: The H/G4 hydrogel was synthesized following the protocol previously described. The only difference was the addition of 1% agarose at the heating step. The resulting solution was allowed to cool to 60 C, followed by the addition of hemin to reach a final concentration of 100  106 M. The hydrogel was aged at room temperature for 2 h before use in order to stabilize the formation of H/G4 hydrogel structure. Then, the hydrogel was transferred into a 50  103 M aniline solution (10  103 M HEPES–HCl buffer, pH  3.0) for 2 h. H2O2 was subsequently (final concentration of 50  103 M) added to the aniline/hydrogel system to initiate the aniline polymerization for 1 h.
Preparation of GOx-Loaded H/G4–PANI Hydrogel: First, emerge the previously prepared H/G4–PANI hydrogel into the HEPES buffer solution (10  103 M, pH 7.4, KCl 50  103 M) for 1 h to change the acidic hydrogel into neutral. Then, transfer the hydrogel into the HEPES buffer solution (10  103 M, pH 7.4, KCl 50  103 M) containing 1 mg mL1 GOx for 1 h to load the GOx into the hydrogel.
Fabrication  and  Characterization  of  the   Electrochromic   Electrode:   The ITO substrate was rinsed with acetone, ethanol, and deionized water in sequence to remove contaminants from the surface. The cleansed ITO glass was then dried and used as the substrate for the H/G4–PANI hydrogel film. The electrochromic electrode was fabricated by directly inject printing the H/G4–PANI hydrogel onto the ITO glass with an area of 2 cm2 (1 cm 2 cm) and a thickness of 1 mm, followed by drying at 60 C for 3 min.
The electrochromic properties of the H/G4–PANI hydrogel were characterized by using a PGSTAT128N Potentiostat with a three-electrode system, which consisted of the H/G4–PANI hydrogel coated ITO glass as the working electrode, platinum as the counterelectrode, and Ag/AgCl as the reference electrode. A 0.25 M HCl solution was used as the electrolyte.
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