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Abstract 

A three-dimensional (3D) and hybrid hydrogel based on gelatin methacryloyl (GelMA), Ni 

nanoparticles (Ni-NPs), and reduced graphene oxide (RGO) (GelMA:Ni-RGO) was synthesized 

for enzymeless glucose sensing. Hybrid GelMA:Ni-RGO hydrogel was characterized by 

scanning electron microscopy (SEM), X-ray diffraction (XRD), Fourier transform infrared 

spectroscopy (FTIR), and Raman spectroscopy. GelMA avoided the agglomeration of Ni-RGO 

in aqueous solution as it provided hydrophilic functional groups on the surface of nanoparticles. 

As a result, an interconnected conductive network within GelMA:Ni-RGO was created for 

effective charge transfer in glucose sensing. GelMA:Ni-RGO demonstrated non-enzymatic 

responses to glucose oxidation at a low potential of 0.47 V with high sensitivity of 0.056 

mAmM-1, a wide detection range from 0.15 µM to 10 mM, and a detection limit of 5 nM. Also, 

no significant interference was observed from potentially interference species, such as ascorbic 

acid, acetaminophen, and uric acid. The proposed sensor was used for determination of glucose 

in human blood serum. High electrochemical performance of GelMA:Ni-RGO can be attributed 

to large electroactive surface area, porous structure, interconnected conductive networks, and 

synergistic interaction between GelMA and Ni-RGO in 3D hybrid hydrogel. First-principles 

calculations were employed to reveal molecular interactions of glucose molecule with 

GelMA:Ni-RGO. The results showed hydrophobic interaction between graphene and GelMA 

molecule. Ni nanoparticles were adsorbed on graphene as Ni13 nanocluster with icosahedral 

geometry. Moreover, glucose was effectively adsorbed on the graphene sheet through Ni13 

nanoclusters and the adsorption energy was large in the presence of GelMA. 

Keywords: Ni nanoparticle; Reduced graphene oxide; Gelatin methacryloyl; Enzymeless 

biosensor; Glucose. 
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1. Introduction 

Enzymeless glucose sensors have attracted extensive attention because of high 

repeatability and selectivity, rapid response, long-time stability, and low cost [1]. In 

general, enzymeless biosensors directly oxidize glucose on the surface of electrodes without 

using enzymes. Many enzymeless glucose biosensors have been proposed [2]. Among them, 

nanomaterial-modified electrodes have been widely used for sensing glucose due to large 

surface area, high catalytic activities, and efficient electron transfer rate [3, 4]. In particular, 

RGO provides an ideal platform for glucose sensing [5]. Combination of graphene-based 

materials with metallic nanoparticles avoids oxidation of metallic nanomaterials and thereby 

improves electrochemical characteristics of metallic nanomaterial electrodes. Among 

metallic nanoparticles, Ni-based nanomaterials exhibit remarkable catalytic oxidation activity 

over glucose due to formation of redox couple of Ni(ІІ)/Ni(ІІІ) on electrode surface in 

alkaline medium [6, 7]. RGO provides an excellent support for Ni-NPs to efficiently transfer 

electrons in the oxidation of glucose [8, 9]. However, despite attractive electrochemical 

properties of graphene-nanoparticle sensors, agglomeration of nanoparticles in aqueous 

solutions and their mobilization on the surface of electrodes significantly limit their 

biosensing applications [10]. These issues have been addressed via modifying nanoparticles 

with inorganic semiconductors (e.g., silicon) [11], conducting polymers (e.g., polyaniline) 

[12], and biopolymers (e.g., chitosan) [13].   

In the recent years, some polymers have been incorporated in nanoparticle-based biosensors 

mainly due to ease of functionalization of polymers with nanoparticles via van der Waals 

(vdWs), electrostatic, hydrogen, or covalent bonds [14]. In general, functional polymers have 

been used to design metal-polymer hybrids to serve as catalysts [15], energy storage materials 
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[16], sensors [17], and electronic devices [18]. In particular, hydrogel-based polymers have 

attracted wide attention for biosensor application due to high porosity and surface area, which 

make them permeable for water-soluble molecules and promote transport of ions and small 

molecules. Moreover, their biocompatibility and stability provide an excellent interface between 

electrode and electrolyte to detect biomolecules [19]. Hydrogels can also be combined with 

conductive nanomaterials to make a conductive, highly porous, and hydrophilic network, which 

enhances electron mobility within the hydrogel leading to fast electrochemical detection [20, 21]. 

However, current conventional hydrogels often need a time-consuming crosslinking process with 

cytotoxic cross-linkers, which may have diverse effects on selectivity and detection of 

biomolecules [22].   

GelMA hydrogel has been widely used in biomedicine due to mechanical stability, 

biocompatibility, high permeability, ease of chemical modifications, and cost-effectiveness. 

GelMA is a chemically modified version of gelatin having simple and fast cross-linking process 

[23]. Different nanomaterials, such as RGO [24], carbon nanotubes (CNTs) [25, 26], gold 

nanoparticles [27], and gold nanorods [28] were combined with GelMA hydrogel leading to 

develop hybrid constructs with desirable mechanical and electrical properties. Recent reports 

also demonstrated promising applications of GelMA hydrogels to fabricate functionalized 

materials. For example, Kharaziha et al. [29] reported that GelMA-coated CNTs were 

successfully incorporated within polyglycerol sebacate-gelatin fibrous scaffolds using an 

electrospinning process. Ahadian et al. [30] showed higher electrical conductivity of GelMA-

graphene compared to pure GelMA hydrogel because of high electrical conductivity of graphene. 

GelMA can also act as a biocompatible surfactant to generate homogeneously distributed GO in 

the hydrogel matrix [31]. Application of GelMA hydrogel as the biosensor has been limited to 
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the Topkaya study [32] in which GelMA-mediated electrochemical biosensor was used for DNA 

hybridization. Due to diversity, biocompatibility, and ease of fabrication, hybrid GelMA-

nanomaterials may attract wide applications in biosensing application. However, to our 

knowledge, there is no report on application of hybrid GelMA-nanomaterials as the biosensor.  

Here, we present a hybrid hydrogel composed of Ni-NPs-RGO (abbreviated as Ni-RGO) and 

GelMA hydrogel (GelMA:Ni-RGO) as a novel electrochemical sensor for enzymeless detection 

of glucose. Hybrid GelMA:Ni-RGO hydrogels with various amounts of Ni-RGO (5 and 10 

wt.%) were prepared and characterized. As-prepared ternary hybrids were then applied to modify 

glassy carbon electrode (GCE) and their performance was evaluated in glucose detection. First-

principles calculations were performed to reveal the graphene-GelMA interactions and the 

mechanism of glucose adsorption on Ni-RGO. 

 

2. Materials and Methods 

2.1. Materials 

Graphene oxide (GO) (thickness: 3.4-7 nm, purity>97%) was purchased from Nanosany Co. 

Nickel chloride hexahydrate (NiCl2.6H2O, purity>98%), hydrazine hydrate (NH2NH2·H2O, 

purity>99 %), highly pure sodium hydroxide (NaOH) pellets, ethylene glycol (HOCH2CH2OH, 

purity>99.8%), gelatin (Type B from porcine skin), methacrylate anhydride (MA), 2-hydroxy-4ʹ-

(2hydroxyethoxy)-2-methylpropiophenone (photoinitiator (PI)), glucose, acetaminophen, and 

ascorbic acid were obtained from Sigma-Aldrich. Uric acid was purchased from Merck. GCE 

was purchased from Azar Electrode Co. Human blood serum samples were purchased from the 

Health Clinic of Isfahan University of Technology. 
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2.2. Ni-RGO synthesis  

Ni-RGO hybrids were synthesized as described in our previous work [9]. Briefly, nickel chloride 

(0.42 wt.%) was added to ethylene glycol and stirred to obtain a homogeneous solution. After 

heating the solution at 60 ºC for 1 h, hydrazine hydrate (0.045 %(v/v)) and sodium hydroxide (1 

M) were added to the mixture. 0.5 mg/ml GO suspension in deionized (DI) water was then added 

and stirred for 30 min at ambient temperature followed by ultrasonication for 15 min (Topsonics, 

280 W and 20 kHz). The above mixture was refluxed at 100 °C for 5 h. After cooling at room 

temperature, as-synthesized solid products were collected by vacuum filtration and washed with 

DI water and ethanol to remove excess chemicals. The final product was then dried in a vacuum 

oven at 60 °C for 24 h to obtain dried Ni-RGO.  

2.3. GelMA synthesis 

GelMA with high degree of methacrylation was synthesized as described in our previous works 

[33-35]. In brief, gelatin (10 wt.%) was dissolved in phosphate buffered saline (PBS) at 50 °C 

and then 8 % (v/v) of MA was added drop by drop to the solution and stirred at 50 °C for 2 h. To 

stop the methacrylation reaction, the solution was diluted five times by adding PBS (50 °C). 

Subsequently, the solution was poured into dialysis tubes (12-14 kDa cutoff) and kept at 45 °C in 

DI water under stirring for 14 days to eliminate unreacted chemicals. Finally, dialyzed solution 

was passed through a 0.2 µm membrane filter and then freeze-dried for 5 days to obtain GelMA 

prepolymer. 

2.4. Preparation of hybrid GelMA:Ni-RGO hydrogels 

The preparation procedure of hybrid GelMA:Ni-RGO hydrogels is schematically presented in 

Fig. S1. In brief, GelMA prepolymer solution was prepared by dissolution of 5 wt.% GelMA in 
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PBS consisting of 0.3 wt.% PI and was kept at 80 °C until a clear solution was achieved. Ni-

RGO was then mixed with GelMA prepolymer solution to prepare hybrid hydrogels consisting 

of 5 and 10 wt.% Ni-RGO. Hybrid suspensions were sonicated for 1 h to obtain a homogeneous 

mixture. To develop hybrid hydrogel films, 10 µL of prepolymer suspension was deposited on a 

glass slide and was then exposed to UV light (360-480 nm) for a determined time to crosslink the 

hybrid hydrogels. The UV exposure time was optimized to be 30 s (pure GelMA solution), 25 s 

(5 wt.% Ni-RGO), and 20 s (10 wt.% Ni-RGO). The samples were coded based on the weight 

percentage of Ni-RGO as: GelMA, GelMA:5% Ni-RGO, and GelMA:10% Ni-RGO to represent 

0%, 5%, 10 wt.% of Ni-RGO, respectively.  

2.5. Characterization  

The chemical modification of gelatin was assessed using H NMR spectroscopy. To this end, 

GelMA was dissolved in D2O at a concentration of 10 mg.mL-1 and at a temperature of 50 °C. H 

NMR spectra were recorded with Ultrashield 400, Bruker, Germany. The chemical composition 

of GelMA and hybrid hydrogels were revealed using XRD (Philips, Holland) with CuKα (λ = 

1.5405 Å) radiation. Functional groups of GelMA and GelMA:Ni-RGO hydrogels were 

identified using a Senterra Raman spectroscope (Bruker, Germany) equipped with a 785 nm 

laser. FTIR spectroscopy was done by Bruker Tensor 27 FT-IR over a range of 400-4000 cm-1 

with a resolution of 2 cm-1. Surface morphology of hydrogels was investigated using field 

emission SEM (FESEM, Mira 3-XMU, Czech). To prepare SEM samples, hydrogel films were 

frozen by dipping into liquid nitrogen, kept overnight at −80 °C, and then freeze-dried for 5 h. 

Before imaging, the hydrogel films were sputter coated with a thin layer of gold. 

2.6. Electrochemical evaluation of hydrogels 
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Prior to electrochemical characterization, GelMA hydrogels with various concentrations of Ni-

RGO were prepared as described in the section 2.4. Then, 10 µL of hydrogels was dropped on 

GCE and crosslinked via UV irradiation. Cyclic voltammetry (CV), electrochemical impedance 

spectroscopy (EIS), and differential pulse voltammetry (DPV) were carried out using an 

electrochemical work station (PARSTAT 2273, Princeton Applied Research, USA). 

Electrochemical measurements were performed in 0.1 M NaOH (pH=13) electrolyte at room 

temperature using three-electrode system consisting of a platinum sheet as the counter electrode, 

GCE as the working electrode, and Ag/AgCl as the reference electrode. In order to investigate 

electrochemical behavior of hybrid hydrogels as glucose biosensors, a certain volume of glucose 

stock solution was added into the electrochemical cell and then the electrode system was inserted 

into the cell.  

2.7. Computational method 

Ab initio calculations were used for describing molecular interactions between glucose and 

GelMA:Ni-RGO using the Vienna ab initio simulation package [36, 37]. The generalized 

gradient approximation formulated by Perdew, Burke, and Ernzerhof [38] was employed for 

exchange and correlation energy calculations. We showed in the previous work [9] that Ni13 

nanoclusters with icosahedral geometry were highly symmetric clusters. Therefore, we continued 

in the present work to use the icosahedron Ni13 nanocluster to represent Ni nanoparticles. The 

pristine graphene (Gr) sheet consisted of a supercell of 4 × 4 times the primitive cell of 

hexagonal Gr and contained 64 carbon atoms.  

A 3D model was constructed by the GelMA molecule, Gr, Ni13 nanocluster, and glucose 

molecule in a large tetragonal supercell with lattice parameter a = 25Å, and c = 50Å, 

respectively.  Around 25Å of vacuum space was imposed to the system as to neglect the spurious 
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energy interactions arising from its images through the periodic boundary conditions. Full ionic 

relaxation was performed for the system, using Gamma point as the mesh grid of the Brillouin 

zone. The cutoff energy was 400 eV, while the convergence criteria on the total energy and 

interatomic forces were 10-5eV and 10-2 eV Å-1, respectively. The adsorption energy was given 

by the following expression (Eq. (1)):  

∆Eads =E(GelMA+Gr+Ni+glucose) - E(GelMA) - E(Gr) - E(Ni) - E(glucose)           (1) 

Here, the adsorption energy (∆Eads) was obtained from total energy of GelMA, Ni13, and glucose 

molecules adsorbed on pristine Gr subtracted from individually calculated energies of GelMA, 

Gr, Ni13 nanocluster, and glucose molecules.  

3. Results and Discussion 

3.1. Synthesis and characterization of hybrid GelMA:Ni-RGO hydrogels 

Ni-RGO was synthesized using a facile polyol approach. The characterization of Ni-RGO is 

detailed in the Supplementary Data section (Fig. S2 and Fig. S3). H NMR spectrum was used to 

determine the methacrylation degree of GelMA prepolymer. Based on the H NMR data (Fig. 

S4), the GelMA was synthesized with high degree of methacrylation (about 90%) (H NMR 

discussed in detailed in the Supplementary Data section.) After adding Ni-RGO to GelMA, 

hybrid hydrogels preserved their porous structure (Fig. 1).  

However, the pore morphology was irregular. In addition, the Ni-NPs distributed within the 

GelMA hydrogel, especially on the wall of pores. No agglomeration of Ni-RGO within the 

GelMA hydrogel was observed. Fig. 2 shows the schematic of preparation of Ni-RGO, and 

hybridation of GelMA with Ni-RGO. As shown in Fig. 2(B), polymeric chain of GelMA 

contained both hydrophilic and hydrophobic segments where the hydrophobic segments attached 
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to the RGO surface via hydrophobic interactions [24]. SEM image of pure GelMA is shown in 

Fig. S5. 

XRD patterns of RGO, Ni-NPs, Ni-RGO, GelMA, GelMA:Ni-RGO are shown in Fig. 2(C). The 

presence of two broad diffraction peaks at the XRD pattern of RGO (2θ = 26.8° and 54.7°) 

corresponded to (002) and (100) lattice planes of RGO nanosheets confirming successful 

reduction of GO. The XRD pattern of Ni-NPs consisted of three diffraction peaks positioned at 

2θ = 44.4°, 51.8°, and 76.3°. These peaks were related to (111), (200), and (220) lattice planes of 

FCC Ni, which confirmed the face-centered cubic structure of Ni-NPs without any impurity. 

Also, the XRD pattern of Ni-RGO consisted of three diffraction peaks positioned, which were 

related to (111), (200), and (220) lattice planes of FCC Ni, respectively, showing reduction of 

GO and decoration of Ni-NPs on them.  

XRD was also employed to determine functional groups of GelMA and GelMA:Ni-RGO 

hydrogels. As shown in Fig. 2(C), the XRD pattern of hybrid GelMA:10% Ni-RGO hydrogel 

consisted of extra peaks at 2θ = 76° and 93° compared to that of pure GelMA hydrogel. These 

peaks were corresponded to the crystallographic planes of (220) and (311) of Ni. The presence of 

Ni-RGO within GelMA as well as their interactions was confirmed using FTIR spectroscopy 

(Fig. 2(D)). The FTIR spectrum of hybrid GelMA:Ni-RGO consisted of two absorption bands 

centered at 2935 cm-1 and 1622 cm-1 corresponded to C-H stretching and O-H of ethylene glycol 

[39] confirming the presence of functionalized Ni-NPs in the hybrid constructs. Successful 

crosslinking of GelMA:Ni-RGO was determined by comparing the FTIR spectrum of hybrid 

GelMA:Ni-RGO to that of GelMA and Ni-RGO. The FTIR spectrum of GelMA:Ni-RGO 

consisted of characteristic absorption bands of both GelMA and Ni-RGO. Due to presence of O-

H bond in both GelMA and Ni-RGO, the intensity broad band at 3200–3600 cm−1 (stretching of 
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–OH groups) was significantly higher in the GelMA:Ni-RGO compared to GelMA and Ni-RGO. 

Moreover, the N–H stretching vibration (1516 cm-1) and O–H stretch of carboxylic acid became 

broader because of formation of hydrogen bonds between –NH2 of GelMA and oxygen-

containing groups of Ni-RGO. GelMA and Ni-RGO interactions were further confirmed via 

shifting the vibration peak of amide I from 1631 to 1635 cm-1 due to strong van der Waals and π–

π stacking interactions between gelatin and graphene nanosheets [40-42]. Moreover, FTIR 

spectrum of GelMA:Ni-RGO presented two peaks around 3284–3332 cm-1 and 3203–3189 cm-1 

related to N–H vibrations from Ni-RGO and GelMA overlapping with the O–H stretching 

vibration from the GelMA. Finally, adding GelMA to Ni-RGO led to a significant change in the 

amide-characteristic spectral region as to overlap and shift the amide A and amide B vibrations 

to lower wave numbers (FTIR of pure GelMA and Ni-RGO is discussed in the Supplementary 

Data section.) 

The Raman spectra of GelMA, Ni-RGO, and GelMA:Ni-RGO are shown in Fig. 2(E). The 

Raman spectrum of GelMA:Ni-RGO exhibited the G-band (at 1576 cm-1) and D band (at 1330 

cm-1). The ID/IG values for Ni-RGO and GelMA:Ni-RGO were 1.2 and 1.15, respectively, 

confirming that the combination of Ni-RGO with GelMA did not cause any significant cutting or 

structural damage in the RGO nanosheets [29, 31]. According to both FTIR and Raman spectra 

of GelMA:Ni-RGO hydrogel, hydrogen bonding between GelMA and Ni-RGO occurred in the 

ternary hybrids, which are useful for electrochemical reactions (Raman spectra of pure GelMA 

and Ni-RGO are discussed in the Supplementary Data section.) 

3.2. Electrochemical performance of materials without GelMA hydrogel 

Electrochemical behaviors of GCE, RGO, Ni-NPs, and Ni-RGO in the absence of glucose are 

showed in Fig. 3(A). As it can be seen, the GCE and RGO had no redox peak in 0.1 M NaOH. 
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The CV curves of Ni-NPs showed an anodic peak and cathodic peak in 0.46 V and 0.27 V, 

respectively, which is due to the formation of Ni(ΙΙ)/Ni(ΙΙΙ) redox couple [9]. The Ni-RGO 

showed more obvious electrochemical behavior compared to Ni-NPs. The reason is that large 

surface area of RGO prevented the agglomeration of Ni-NPs leading to more sensitivity of Ni-

NPs. 

Electrochemical behaviors of GCE, RGO, Ni-NPs, and Ni-RGO in the presence of 1 mM 

glucose are shown in Fig. 3(B). Here, the GCE and RGO had no redox peaks. The 

electrochemical response of Ni-NPs was different from that without glucose due to the oxidation 

of glucose, which led to shifted redox peaks with higher current [9]. The CV curves of Ni-RGO 

showed notable improvement in the electrocatalytic behavior compared to other materials 

because of synergistic effect of Ni-NPs and RGO.   

3.3. Electrocatalytic of glucose using GelMA hydrogels 

Electrochemical properties of GelMA, GelMA:5% Ni-RGO, and GelMA:10% Ni-RGO on GCE 

in 0.1 M NaOH were examined using CV (Fig. 3(C)). The CV of GelMA (inset of Fig. 3(C)) 

revealed no redox peak in the absence of glucose indicating that GelMA did not show any 

response at 0.1 M NaOH. However, GelMA:Ni-RGO hydrogels showed nonreversible anodic 

peaks at 0.51 and 0.42 V, respectively. The existence of redox peaks in the hybrid hydrogels in 

contrast to the pure GelMA revealed that there was electron transfer between Ni-RGO 

nanosheets and GelMA in hybrid hydrogels. It might be due to strong electron coupling between 

Ni-RGO and GelMA resulted in efficient electronic communication in the hybrid hydrogels. The 

corresponding currents to the redox peaks for GelMA:5% Ni-RGO and GelMA:10% Ni-RGO 

were 0.0533 mA and 0.0152 mA, respectively.  
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Electrocatalytic activity of GelMA, GelMA:5% Ni-RGO, and GelMA:10% Ni-RGO on GCE 

toward the oxidation of glucose was evaluated using CV. Fig. 3(D) represents the CVs of 

GelMA, GelMA:5% Ni-RGO, and GelMA:10% Ni-RGO in the presence of 1 mM glucose (in 

0.1 M NaOH). In the presence of glucose, the GelMA revealed the reversible peaks at 0.46 V 

(inset of Fig. 3(D)), while those peaks were not detected in the absence of glucose (inset of Fig. 

3(C)) indicating selective behavior of GelMA for glucose sensing. The glucose oxidation using 

GelMA occurred at a lower potential compared to that using hybrid gels (0.53 V and 0.68 V for 

GelMA:5% Ni-RGO and GelMA:10% Ni-RGO hydrogels, respectively). The anodic peak that 

appeared at high potentials for GelMA:5% Ni-RGO and GelMA:10% Ni-RGO was due to the 

electrocatalytic oxidation of glucose. The anodic peaks are mainly due to high electrocatalytic 

activity of Ni as shown below: 

Ni + 2OH- → Ni(OH)2 + 2e-                                                                                                                                                              (2) 

Ni(OH)2 + H- 
→

 
→	NiOOH + H2O+e-                                                                                              

(3) 

In the presence of glucose, the glucose is oxidized using NiOOH resulting in reversing the redox 

reactions as follows: 

NiOOH + Glucose → Ni(OH)2 + Glucolactone                                                                            (4) 

Higher electrocatalytical performance of hybrid GelMA:10% Ni-RGO is mainly attributed to 

synergetic effect of graphene, Ni-NPs, and GelMA hydrogel. Specific features of GelMA:Ni-

RGO include large surface area, porosity, and high conductivity that mediate the electron 

transfer, analyte penetration, and glucose absorption. Electrochemical behavior of hydrogels was 

also confirmed using EIS. EIS is a powerful tool to investigate the role of polymer in 
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electrochemical behavior by using the equivalent circuit mode [43-45]. Fig. S6 shows the 

Nyquist and fitting curves of GelMA, GelMA:5% Ni-RGO, and GelMA:10% Ni-RGO. EIS data 

analysis is detailed in the Supplementary Data section. All together, GelMA:10% Ni-RGO had 

higher electrical conductivity and electrocatalytic activity compared to GelMA:5% Ni-RGO and 

pure GelMA. Therefore, GelMA:10% Ni-RGO was selected for further electrochemical analysis 

of hybrid hydrogels. 

 

3.4. Differential pulse voltammetry 

Fig. 4(A) shows the DPVs of GelMA:10% Ni-RGO in 0.1 M NaOH at different concentrations 

of glucose. The linear concentration range was 0.15 µM to 10 mM (R2=0.96) and sensitivity was 

0.056 mAmM-1. Limitation of detection (LOD) for our developed sensor was about 0.005 µM as 

determined using the formula of LOD=3sb/S, where sb is the standard deviation of blank 

measurement and S is derived from the calibration sensitivity and it is the slope of linear plot 

between concentration versus current. GelMA:Ni-RGO showed excellent nonenzymatic glucose 

sensing compare to other polymer-Ni sensors (Table S1). Among the glucose biosensors listed in 

Table S1, GelMA:Ni-RGO has higher electrochemical behavior compared to NiO-based 

biosensors because Ni-NPs have higher surface area and thereby facilitate the electron transfer. 

Although NiO- and NiOH-based biosensors have excellent activity as electrode materials, their 

low electrical conductivity may lead to high internal resistance and poor performance in 

electrochemical devices. Moreover, polyvinylpyrrolidone-based biosensor has lower linear range 

and chitosan-based biosensor has higher LOD.  

Selectivity is an important factor to determine the performance of a designed biosensor. Ascorbic 

acid (AA), uric acid (UA), and acetaminophen (AP) in physiological fluids are the most 
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important interferences for direct electrochemical oxidation of glucose. To evaluate the 

selectivity of our designed biosensor, the effect of interferences species on GelMA:10% Ni-RGO 

biosensor in the absence and presence of glucose was examined. Fig. 4(C-E) show the biosensor 

response to 0.01 M AA, 0.01 M UA, and 0.01 AP in 0.1 M NaOH solution (in the absence and 

presence of 0.01 mM glucose).  

The potential peaks for UA, AA, and AP were 0.76 V, -0.28 V, and 0.36 V, respectively. The 

differences between these peaks and that of glucose oxidation (0.68 V) were 0.08 V, 0.96 V, and 

0.32 V, which are large enough to distinguish glucose in the presence of UA, AA, and AP. 

Furthermore, the current of glucose oxidation in the absence of any interference was estimated 

around 0.11 mA at the Ni-NPs/rGO electrode (Fig. 4(B)). The IG+I/IG which is the ratio of the 

current response of 0.01 mM glucose in presence of interferences to the current response of 0.01 

mM glucose are 0.91, 0.92, and 0.95 for UA, AA, and AP, respectively. The current shifts are 

most likely due to the occupation of electrode sites by the interferences. Therefore, higher 

currents are needed to get a notable response from the biosensors. Overall, as-prepared biosensor 

showed good selectivity for the glucose detection. 

Practical applicability of proposed sensor was investigated by determination of glucose in human 

blood serum sample (containing 4.5 mM glucose) (Fig. 4(F)). To this end, 1 mL of serum was 

injected to an electrochemical cell (containing 0.1 M of NaOH) and the glucose concentration 

was measured using GelMA:10% Ni-RGO biosensor and hospital glucometer. The biosensor 

showed the glucose concentration of 4.42 mM (by considering the first peak for the glucose 

oxidation), while a concentration of 4.49 mM was recorded using the hospital glucometer. The 

RSD is 2.1%, showing high precision of the sensor in measuring of real sample. This result 

validates the potential use of our developed biosensor in clinics. 
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Reproducibility and stability of GelMA:Ni-RGO glucose biosensors (shown in Fig. S7(A) and 

(B)) are discussed in the Supplementary Data section.  

 

3.5. Computational study of molecular interaction between GelMA, Gr, Ni-NPs, and glucose 

3.5.1. Hydrophobic interactions between GelMA and Gr 

GelMA is expected to have noncovalent functionalization with Gr, such as the case of Gr with 

polymers. These noncovalent interactions can be π-π interactions, weak London-dispersion 

forces or vdWs interactions, and/or hydrogen bonding [46]. Gr has a hydrophobic nature, but 

when oxidized, graphene oxide is hydrophilic and highly disperse in water, as a result of 

additional oxygen atoms bound with hydrogen and carbon. In this work, GelMA molecule was 

introduced in the vicinity of Gr sheet. For the sake of simplicity, we considered pure pristine Gr 

and avoided defects that can compromise the sp2 arrangement of Gr structure. The Ni13 

nanocluster and the glucose molecule were both added as a second stage of the study. Iso-

surfaces of total charge density at level 0.06 e-/Å3, and the charge density on (110) plane are 

summarized in Fig. 5. GelMA molecule did not chemically interact with the Gr sheet, as clearly 

seen through the iso-surfaces of Fig. 5(A). Instead, GelMA showed hydrophobic interaction with 

Gr, where the vdWs interactions are around ~ 6 meV/atom (Fig. 5(B)). This can shed interesting 

insights into the observed dispersibility of Gr in GelMA. Moreover, NH terminals have tendency 

to make covalent bonds to interconnect with other GelMA molecules (Fig. 5(B)).  

3.5.2. Chemical interactions between GelMA:Gr-Ni-NPs complex and glucose 

In a 3D system, after adding glucose molecule to the GelMA:Gr-Ni-NPs system, we observed  

chemical interaction between Ni13 nanocluster and glucose on one side, and between Ni13 and Gr 

sheet on the other side, as indicated in the iso-surface plot of the charge density of Fig. 5(C), and 
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confirmed in the charge density cross section of (110) plane (see Fig. 5(D)). Again, the 

adsorption process was closely dependent on Ni13 nanocluster orientation towards Gr sheet and 

triangular facet of the Ni13 nanocluster facing the Gr was selected, as detailed [9]. GelMA and Gr 

showed weak hydrophobic character, despite the obvious charge transfer between Gr, Ni13, and 

glucose. The adsorption energy of glucose, ∆Eads, was large and computed to be ~ −9.47 eV. In 

this process, the glucose molecule interacts with Ni13 nanocluster via a π-π bonding, and each Ni 

atom of triangular facet of Ni13 nanocluster was bonded to two carbon atoms with a hexagonal 

ring of Gr. The average Ni-C bond length was ~ 2.04 Å. 

To summarize, our ab initio results indicated weak interaction through London dispersion forces, 

as driving forces between GelMA molecule and the Gr sheet, and glucose molecule can be 

effectively adsorbed on Gr structure. Ni13 nanoclusters served as assistant media for the 

adsorption process.  

 

4. Conclusion 

In summary, we synthesized a porous and conductive hydrogel using a facile approach and used 

it for glucose sensing. The designed biosensor comprised of Ni-RGO and GelMA hydrogel. 

GelMA provided not only a porous structure but also a large surface area. Therefore, catalytic 

behavior of as-prepared biosensor was significantly increased. GelMA:Ni-RGO biosensor 

showed high stability and selectivity in glucose oxidation. A high sensitivity of 0.056 mAmM-1, 

a wide detection range from 0.15 µM to 10 mM, and a detection limit of 5 nM were recorded in 

glucose detection. In addition, the proposed biosensor was successfully used to determine 

glucose in human blood serum. Taken together, GelMA:Ni-RGO biosensor can be used for 

glucose determination in biological and pharmaceutical samples in a reproducible and accurate 
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manner. The computational results also shed light on the mechanism of interactions between 

species for glucose sensing. 
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Figure captions 

Fig. 1. SEM images of GelMA:5% Ni-RGO (A) and GelMA:10% Ni-RGO (B) at two different 

magnifications. 

Fig. 2. (A) Schematic of preparation of Ni-RGO, (B) Schematic of hybridation of GelMA with Ni-RGO. 

(C) XRD patterns of pure RGO, Ni-NPs, Ni-RGO, GelMA, GelMA:5% Ni-RGO, and GelMA:10% Ni-

RGO. (D) FTIR spectra of pure GelMA, Ni-RGO, GelMA:10% Ni-RGO and (E) Raman spectra of pure 

GelMA, Ni-RGO, GelMA:10% Ni-RGO. 

Fig. 3. CV curves for GCE, RGO, Ni-NPs, Ni-RGO, GelMA, GelMA:5% Ni-RGO, and GelMA:10% Ni-

RGO in 0.1 M NaOH in the absence of glucose (A and C) and in the presence of 1 mM glucose (B and 

D). Note that the currents were zero for the GCE and RGO in all applied potentials in the presence of 1 

mM glucose (B). 

Fig. 4. (A) DPV diagrams of GelMA:10% Ni-RGO in 0.1 M NaOH solution containing 0.1 µM to 10 mM 

glucose concentrations. (B) Calibration curve of DPV diagrams (n=4). DPVs recorded for GelMA:10% 

Ni-RGO electrode with (C) 0.01 M AA, (D) 0.01 M UA, and (E) 0.01 M AP in the absence and presence 

of 0.01 mM glucose 0.1 M NaOH. And (F) DPV of 1 mL human blood serum in 0.1 M NaOH solution. 

Fig. 5. Ab initio calculation results elucidating the molecular interactions of glucose with GelMA:Gr, Ni-

NPs, (A) and (C) Iso-surfaces of total charge density at 0.06 e-/Å3, (B), and (D) cross section view of 

charge density into (110) plane for GelMA:Gr and GelMA:Gr-Ni-NPs and glucose systems. 
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