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Abstract

:

The use of graphene has leapt forward the materials field and the functional modification of graphene has not stopped. In this work, β-lactoglobulin (BLG) was used to functionalize reduced graphene oxide (RGO) based on its amphiphilic properties. Also, trimetallic PtAuPd nanoparticles were reduced to the surface of BLG-functionalized RGO and formed BLG-PtAuPd-RGO nanocomposite using facile synthesis. Transmission electron microscopy, energy-dispersive X-ray spectroscopy and Fourier transform infrared spectra were used to characterize the nanocomposite. Electrocatalytic analysis was evaluated through cyclic voltammetry and chronoamperometry methods. We developed a glucose sensor by fabricating GOD-BLG-PtAuPd-RGO/glassy carbon (GC) electrode. It presented a remarkable sensitivity of 63.29 μA mM−1 cm−2 (4.43 μA mM−1), a wider linear range from 0.005 to 9 mM and a lower detection limit of 0.13 μM (S/N = 3). Additionally, the glucose sensor exhibited excellent testing capability in human serum samples.
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1. Introduction


Graphene was discovered by Geim et al. in 2004 [1] and it has become a research focus in recent years. It is a carbon allotrope that contains a two-dimensional monoatomic thick building block. Because of its fascinating electronic and mechanical properties, it has been used for research in electrochemical studies. Though graphene is considered to be one of the thinnest and strongest materials [2], it is easy to fold, difficult to separate and remains flat [3,4]. However, combined with other materials, graphene overcomes these problems [5]. Based on the nanocomposites synergies effect, different metal nanomaterials, like Ag [6], Pt [7], Pd [8] and so forth, are being decorated on the graphene nanolamellar surface, forming graphene-metal nanocomposites.



Au, Pt and Pd are currently integrated into nanomaterials to be used in electrochemistry, such as electroanalysis and constructing electrochemical sensors [9,10], due to their extraordinarily physical and chemical properties [11,12,13]. Functions depend on the unique properties. Decorating metal nanomaterials on graphene nanosheets can enhance both the electrocatalytic activity and the electrical conductivity. In addition, because of its nano effect, metal nanomaterials can catalyze specific substances [14].



However, synthesis of a single metal cannot satisfy the performance demands. Therefore, scientists have committed to researching the use of different alloys. Au-Ag alloy nanoparticles with a homogeneous size distribution and good stability were synthesized by Li et al. through simultaneous one-step reduction [15], which is an effective method for detecting many compounds. Research found that Pt-Ni nanorods have higher stability against loss of electrochemically active surface area during potential cycling than Pt nanorods and conventional high-surface-area-carbon-supported Pt nanoparticles [16]. Han et al. reported a relationship between surface composition and catalyst performance in the synthesis of hydrogen peroxide and results indicated that the activity and selectivity could be significantly enhanced using Pd-Au alloy [17]. Also, PtAuCo alloy was synthesized as electrocatalysts that demonstrated enhanced activity and durability toward the Oxygen Reduction Reaction [18]. Additionally, alloys of Pt-Pb [19], Pt-Ni [20], Pb-Au [21] and Pt-Au [22] were synthesized for application in different fields as a new kind of material. These materials indicated that bimetallic nanoparticles exhibit superior properties in comparison with their monometallic counterparts. Therefore, we were inspired to improve the properties of materials through alloys.



The good dispersion of nanocomposites determines their properties of conductivity, catalytic activity and specific surface area. Over the years, researchers have generally used synthetic methods and dispersants to improve the dispersion of graphene-based composite materials. Studies have been done to increase the flexibility of GO through cross-linking with diamine monomers and GO materials pillared with TKAm molecules presented high surface area, precisely defined distance between GO layers and sub-nanometer size of slit pores [23,24]. It showed that by using reactivity between boronic acids and hydroxy groups, GO layers can be linked together to form a new layered structure [25]. Common dispersants include poly dimethyl diallyl ammonium chloride and polyvinyl pyrrolidone non-covalently bonded to graphene [26,27]. In order to improve the biocompatibility and the ability of composite materials to modify bioactive substances more effectively, β-lactoglobulin (BLG) was used for a new function as a dispersant in electrochemical sensing for the first time by our group. Because of its amphiphilic properties, hydrophilic groups adsorbed on the hydrophobic side on graphene surface exposure can facilitate material dispersion. Besides, the structural surface of BLG is rich in sulfhydryl groups that could promote the adsorption of metal nanoparticles [28,29,30]. The uniform distribution of nanoparticles on the surface of graphene also effectively prevents the accumulation of composites.



Diabetes is a disease caused by the inadequate production of insulin by the pancreas, or the inability to effectively utilize insulin [31]. The effective management of diabetes has been intensively studied. As a chronic disease, the development of intelligent monitoring is essential. The application of electrochemical sensing has been widely researches as an effective solution [32,33,34,35]. Many new kinds of testing technology for glucose are appearing constantly. Although scientists have attempted to optimize the detection of glucose, much work remains to be completed on the performance of glucose detection, including using more sophisticated equipment, simplifying sample preparation processes, reducing cost and shortening the testing process and time. Compared with other techniques, such as spectrophotometry [36], ion chromatography [37], chemiluminescence [38], fluorescence [39] and high performance liquid chromatography (HPLC) mass spectrometry [40], electrochemical sensing provides advantages in terms of high selectivity and sensitivity, low cost, rapid response and direct measurement.



In this study, we continued with previous research [41]. The amphiphilic properties of BLG, were used as a dispersant by binding to reduced graphene oxide (RGO). With the help of BLG, nanocomposites could be well distributed. After that, the trimetallic PtAuPd nanoparticles were reduced to the surface of BLG-functionalized RGO, forming BLG-PtAuPd-RGO nanocomposite. Cyclic voltammetry and chronoamperometry were used to study the electrochemical performance and properties in glucose detection. Finally, an amperometric glucose sensor was fabricated by immobilizing glucose oxidase, which was then modified on glassy carbon electrode (GCE). The result showed high sensitivity, low detection limit, fast response and wider linear range compared to other methods. Additionally, a new application of BLG is proposed and a simple synthesis method of trimetallic PtAuPd nanoparticles is introduced. These findings contribute to the study of electrochemical sensing.




2. Materials and Methods


2.1. Chemicals and Reagents


Graphene oxide (GO) was purchased from Nanjing XFNANO Materials Tech Co. (Nanjing, China). Gold chloride hydrate (HAuCl4·3H2O, ACS reagent, ≥49.0% Au basis), potassium hexachloroplatinate (≥99.99% trace metals basis), sodium tetrachloropalladate (≥99.99% trace metals basis), ascorbic acid (light sensitive 20–200 MESH Cell Culture Tested), sodium borohydride solution, β-lactoglobulin (from bovine milk ≥90% PAGE), uric acid (≥90% crystalline), bovine serum albumin and glucose oxidase (from Aspergillus niger, catalase ≤0.1 units/mg protein) were obtained from Sigma Aldrich Co (Saint Louis, MO, USA). Glucose, glutaraldehyde and cholestera were obtained from Aladdin Industrial Corporation (Shanghai, China). In this work, all other chemicals were of analytical reagent grade and all relevant experiments used Millipore milli-Q ultrapure water.




2.2. Apparatus and Measurements


Transmission electron microscopy (TEM) image analysis was performed on Tecnai G2 F20 instrument (Philips, Amsterdam, The Netherland). Energy-dispersive X-ray (EDX) analysis was carried out on an energy- analyzer equipped on the Tecnai G2 F20 instrument. Fourier transform infrared (FT-IR) spectra was collected on a TENSOR 37 FT-IR (BRUKER, Karlsruhe, Germany). Glucose in real samples from local hospital were calculated by ACCU-CHEK@ Performa Connect from Roche Diabetes Care GmbH (South San Francisco, CA, USA).



Electrochemical experiments were carried out on a 283 potentiostat-galvanostat electrochemical workstation (EG&G PARC with M270 software, Microsoft Windows XP) with a conventional three-electrode system, including the modified Pt electrode as the working electrode, a platinum wire (1 mm diameter) as the counter electrode and an Ag/AgCl electrode (saturated with KCl) as the reference electrode.




2.3. Electrode Pre-Treatment


Prior to modification, the glassy carbon electrode was polished with 0.3 and 0.05 μm α-alumina powder sequentially. The glassy carbon electrode was placed in 0.5 M H2SO4, under cyclic voltammograms scanning with 0.3–1.5 V voltage, until the scanning state was stable and then ultrasonically cleaned in doubly distilled water and ethanol for 5 min, respectively. N2 was used to blow dry electrodes.




2.4. Preparation of the Modified Sensing Electrodes


In this study, 20 mg of graphene oxide (GO) were uniformly dispersed in 20 mL of doubly distilled water with sonication for 1 h. Next, 1 mL of 3 mg mL−1 BLG was added and was stirred until temperature decreased to 25 °C. Then, 60 µL of 1 M gold chloride hydrate, 60 µL of 1 M potassium hexachloroplatinate and 60 µL of 1 M sodium tetrachloropalladate, were added dropwise into the suspension, mixing fully one by one, under sustained stirring at indoor temperature. Then slowly, the configured 5 mL sodium borohydride solution was added dropwise until the color changed gradually into deep black. Finally, BLG-PtAuPd-RGO nanocomposite was obtained by centrifugation, washed repeatedly 5 times and spare kept at room temperature. Then, 5 mg of prepared BLG-PtAuPd-RGO composite materials was dissolved in 5 mL deionized water and ultrasonicated for 1 h to make it well dispersed. GOD from the ultra-low temperature freezer was configured to 2 mg/mL of glucose oxidase solution mixed with glutaraldehyde and bovine serum albumin. Then, 5 μL of BLG-PtAuPd-RGO suspension solution was immobilized on the surface of the GC electrode and 5 μL of GOD was further immobilized on the BLG-PtAuPd-RGO-modified GC electrode surface to fabricate a glucose sensor, denoted as GOD-BLG-PtAuPd-RGO/GCE, which was stored at 4 °C. The preparation is shown in Scheme 1.





3. Results and Discussion


3.1. Characterization of BLG-PtAuPd-RGO


In the synthesis and application of nanomaterials, the dispersion effect and stability of nanomaterials directly influence their application in different fields as functional materials. At the same time, many efforts have been made to optimize the dispersion effect of composite materials. The orderliness of composite materials improves its conductivity, catalytic activity and other properties [26,27]. In order to improve the biocompatibility and the ability of composite materials to more effectively modify bioactive substances, β-lactoglobulin (BLG) was used for a new function as a dispersant in electrochemical sensing for the first time by our group.



In this part, the morphologies of the GO and BLG-PtAuPd-RGO were characterized by TEM and as shown in Figure 1. As can be seen from the Transmission electron microscope results in Figure 1A, graphene oxide had an obvious laminar structure. However, functional modification of graphene decreases the oxygen-containing functional groups on the surface of graphene, causing more folds and accumulation. The combination of BLG could effectively change the accumulation of composite materials and the introduction of PtAuPd alloys could disperse more evenly on the surface of composite materials, as shown in Figure 1B,C. At the same time, we also observed that the diameter of the PtAuPd alloy was about 20 nm and so we performed EDX analysis to further study the composition of elements from BLG-PtAuPd-RGO (Figure 1D). The results showed that the absorption peak of elemental composition was obvious; the absorption peaks of palladium, gold and platinum elements were due to the PtAuPd alloys; and carbon absorption peak was attributed to the RGO. Figure S1 shows the result of FTIR. We could see that in curve a (GO) the special absorption peak position of 3429 cm−1, 1729 cm−1, 1625 cm−1, 1219 cm−1 and 1055 cm−1 corresponding absorption peak chemical bonds of O–H, C=O, C=C, C–O–C and C–O in GO. In curve b (BLG-PtAuPd-RGO) the absorption peak in 3429 cm−1 (O–H), 1219 cm−1 (C–O–C), 1055 cm−1 (C–O) decreased and smoothed, which means that GO was reduced to RGO. At the same time the absorption peak at 1729 cm−1 (C=O) decreased because trimetallic PtAuPd was attached to graphene materials. The dispersion performance of BLG-PtAuPd-RGO is more directly demonstrated in Figure S2. We left composite materials with and without BLG in a static position at room temperature for 48 h and observed that BLG-PtAuPd-RGO had excellent dispersion effect. In conclusion, BLG-PtAuPd-RGO nanocomposites were successfully synthesized.




3.2. Electrochemical Performance of BLG-PtAuPd-RGO/GCE


Based on previous composite materials, BLG-RGO and BLG-PtAuPd-RGO were synthesized under the same conditions to modify the GC electrode. Different modified electrodes were used for electrochemical analysis using the cyclic voltammetry method. As shown in Figure 2, compared with a bare GC electrode and other modified electrodes, it was obvious that BLG-PtAuPd-RGO/GCE presented an excellent electrochemical performance under conditions of 0.1 M KCl aqueous containing 10 mM K3[Fe(CN)6] (pH 7.0, scan rate: 50 mV s−1, scan area from −600 to 800 mV). The peak of the cyclic voltammetry curve with different modified electrodes reflected the oxidation reduction of Fe2+/3+. Contrasting bare GCE (a), BLG-RGO/GCE (b) and BLG-PtAuPd-RGO/GCE (c) showed peaks increased. Also, BLG-PtAuPd-RGO/GCE (c) increased dramatically. Besides, by calculating dependence on the Randles-Sevcik equation as follows [42], we obtained the effective areas of different modified electrodes.


Ip = 2.69 × 105 AD1/2n3/2v1/2C



(1)




where Ip relates to the redox peak current; A represents the electrode’s electroactive surface area (cm2); D means the diffusion coefficient of the molecule in solution, which was (6.70 ± 0.02) × 10−6 cm2 s−1; n is the number of electron participating in the reaction which was equal to 1; v is the scan rate (V s−1); and C corresponds to the concentration of the probe molecule in the solution, which was 10 mM. According to the above equation, the electroactive surface area of BLG-PtAuPd-RGO/GCE was calculated to be 1.2 and 1.5 times higher than BLG-RGO/GCE and bare GC electrode, respectively.




3.3. Electrocatalytic Activity of GOD-BLG-PtAuPd-RGO/GCE


Cyclic voltammetry was used to study the electrocatalytic activity of GOD-BLG-PtAuPd-RGO/GCE towards detection with and without glucose. In Figure 3, there was not any current responses when detected without glucose. The BLG-PtAuPd-RGO/GCE which without GOD presented no current responses with and without glucose. The control group showed current responses when 4 mM and 8 mM glucose was added, indicated that both GOD-BLG-RGO/GCE and GOD-BLG-PtAuPd-RGO/GCE could catalyze and detect glucose and the current response of the oxidation characteristic peak increased with increasing glucose concentration. The anodic catalytic current generated due to the oxidation of hydrogen peroxide, a catalyzed product from GOD. However, compared to GOD-BLG-RGO/GCE, GOD-BLG-PtAuPd-RGO/GCE showed better catalytic effect and lower working potential of oxidation characteristic peak due to the help of PtAuPd alloy. Therefore, GOD-BLG-PtAuPd-RGO/GCE was the optimal sensor interface of glucose sensor. Also, when glucose was added in the solution of 0.1 M phosphate buffered solution (PBS) pH 7.0 at potential from 200 to 800 mV with GOD-BLG-PtAuPd-RGO/GCE, there was an obvious current response peak around 600 mV. This provided the working voltage for our research to further study the GOD-BLG-PtAuPd-RGO/GCE sensing interface using chronometric current method.



In order to further the study of working voltage, we performed experiments on the amperometric responses of GOD-BLG-PtAuPd-RGO/GCE under a series of operating voltages with successive addition of 1 mM glucose through chronoamperometry. The optimization results of working voltage are shown in Figure 4. After setting different working voltages at 500, 550, 600, 650 and 700 mV with GOD-BLG-PtAuPd-RGO/GCE in 0.1 M PBS pH 7.0, we obtained the amperometric responses by successive addition of 1 mM glucose (Figure 4). The inset figure shows sensitivity of the ampere response under different optimization conditions. According to this, we concluded that the optimal working voltage for glucose detection with GOD-BLG-PtAuPd-RGO/GCE is 600 mV. Therefore, we chose the optimum working voltage to complete the following research.




3.4. Chronoamperometric Responses of GOD-BLG-PtAuPd-RGO/GCE


The pH of the testing environment had a significant impact on the detection results of glucose, so we optimized the pH value of the detection system. The result is shown in Figure 5, with the pH values of 5.0, 5.5, 6.0, 6.5, 7.0, 7.5 and 8.0, different amperometric responses are presented. Compared with other reports, pH 7.0 provided best sensitivity (inset in Figure 5), so this was selected as the optimum pH for experimental condition.



Attributed to the BLG-functionalized RGO and trimetallic PtAuPd nanocomposite, BLG-PtAuPd-RGO provided excellent electron-transfer kinetics, larger active surface area and superior electrocatalytic activity. These characteristics allowed have the advantages of a larger linear range, greater sensitivity and lower detection limit after GOD was immobilized on the BLG-PtAuPd-RGO-modified GC electrode surface to fabricate a glucose sensor. As shown in Figure 6A, as the glucose concentration increased, glucose concentration was positively correlated with the current responses. The increase in current also presented a dynamic change process that was rapid at the initial stage and then gradually increased with the further increase in glucose concentration. We concluded that the time of current response reached 95% of steady-state current within five seconds using GOD-BLG-PtAuPd-RGO/GCE fabricated glucose sensor.



Besides, a calibration curve was created as presented in Figure 6B. We discovered that the fabricated glucose sensor showed a wider linear range from 0.005 to 9 mM by performing five repetitive experiments. The sensitivity was calculated to be 63.29 μA mM−1 cm−2 (4.43 μA mM−1) with a lower detection limit of 0.13 μM (n = 5, R2 = 0.998, S/N = 3). The resulting properties are completely suitable for the diagnosis of diabetes. Compared with other glucose electrochemical detection studies, especially the previous research by our group on BLG, listed in Table 1, the performance our method was much improved.



Furthermore, to research the selectivity of the prepared GOD-BLG-PtAuPd-RGO/GCE fabricated glucose sensor, we designed an experiment using the chronoamperometry method. There was a current response after adding 0.5 mM glucose, then other interfering substances such as 0.6 mM cholestera, 0.8 mM uric acid and 0.6 mM ascorbic acid were added and found no significant current responses, However, when adding 0.5 mM glucose again it showed current response, thus illustrating that the GOD-BLG-PtAuPd-RGO/GCE fabricated glucose sensor had good selectivity (Figure S3). In order to test the application of the glucose sensor in real samples, five human serums from local hospital were analyzed. The glucose concentration in real samples were calculated by ACCU-CHEK Performa devices in local hospital. Conditions were set to serum levels with multiple glucose standard and result could be found in Table 2.




3.5. Stability and Reproducibility of the GOD-BLG-PtAuPd-RGO/GCE Fabricated Glucose Biosensor


We performed a series of studies on stability using the same GOD-BLG-PtAuPd-RGO/GCE for glucose detection every five days and continued for a month. GOD-BLG-PtAuPd-RGO/GCE was stored in freezer at 4 °C when not used. The electrode maintained an initial current response of 84.7% over a month. Also, five GOD-BLG-PtAuPd-RGO/GC electrodes were prepared at the same conditions for research of reproducibility. The relative standard deviation of the sensitivities was calculated to be 3.15%. The result indicated that GOD-BLG-PtAuPd-RGO/GCE fabricated glucose sensor had excellent stability and reproducibility toward glucose (Figure 7).





4. Conclusions


In this study, a facile synthesis of β-lactoglobulin-functionalized reduced graphene oxide and trimetallic PtAuPd nanocomposite was synthesized for the first time and applied to electrochemical sensing for the detection of glucose. Based on the amphiphilic properties of BLG, the nanocomposite was used as a dispersant by binding to RGO. With the help of trimetallic PtAuPd nanoparticles, the electrochemical properties of nanocomposites were considerably improved. The glucose sensor showed excellent application in real samples and would contribute to the diagnoses and treatment of diabetes. Additionally, as a functional protein dispersant, we think that it would have broad application prospects in scientific research.
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Scheme 1. The preparation of glucose sensor. 
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Figure 1. Transmission electron microscopy (TEM) images of (A) graphene oxide (GO) with scale bar of 1.0 μm, (B,C) BLG-PtAuPd-RGO with scale bar of 10 nm and 20 nm; electron-dispersive X-ray (EDX) spectrum (D) of BLG-PtAuPd-RGO nanocomposite. 
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Figure 2. CVs of (a) bare glassy carbon (GC) electrode; (b) BLG-RGO/GC electrode; (c) BLG-PtAuPd-RGO/GC electrode recorded in 0.1 M KCl solution containing 10 mM [Fe(CN)6]3−. 
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Figure 3. CVs response of GOD-BLG-PtAuPd-RGO/GC, GOD-BLG-RGO/GC and BLG-PtAuPd-RGO/GC electrodes upon different concentration additions with 0 mM, 4 mM and 8 mM glucose into pH 7.0, 0.1 M phosphate buffered solution (PBS) under stirring. 
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Figure 4. Amperometric response of GOD-BLG-PtAuPd-RGO/GC electrode upon successive additions of 1 mM glucose into 0.1 M PBS solution under stirring at operating voltage from 500 mV to 700 mV. 
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Figure 5. Amperometric response of GOD-BLG-PtAuPd-RGO/GC electrode upon successive additions of 1 mM glucose into 0.1 M PBS solution under stirring at operating voltage of 600 mV with different pH values from 5.0 to 8.0. 
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Figure 6. (A) Amperometric response of GOD-BLG-PtAuPd-RGO/GC electrode upon successive additions of glucose from 0.005 to 9 mM into 0.1 M pH 7.0 PBS solution under stirring at operating voltage of 600 mV; (B) The calibration curve between amperometric response and glucose concentration. 
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Figure 7. Research of stability and reproducibility of five GOD-BLG-PtAuPd-RGO/GC electrodes upon successive additions of glucose detecting every five days and continued for 30 days. 






Figure 7. Research of stability and reproducibility of five GOD-BLG-PtAuPd-RGO/GC electrodes upon successive additions of glucose detecting every five days and continued for 30 days.



[image: Nanomaterials 08 00724 g007]







[image: Table] 





Table 1. Characteristics of various reported glucose biosensors.
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	Electrode Composite Materials
	Linearity (mM)
	Detection Limit (μM)
	Sensitivity (μA mM−1 cm−2)
	pH
	Reference





	GOD−Ag@C/Nafion/GCE
	0.05–2.5
	20
	24.65
	7.0
	[43]



	GOx-AuNPs-PVP a-PANI b/GCE
	0.05–2.25
	10
	9.62
	7.0
	[44]



	4ATP c/PVA d/PEI e/AuNPs/GOx/AuE
	0.01–0.2
	0.9
	-
	5.0
	[32]



	GOx/TCS−TiO2 f/chitosan/GCE
	0.005–1.32
	2.0
	23.2
	7.0
	[45]



	bMWCNTs-HBPEI g/AuNPs-B(OH)2/GOx/GCE
	0.25–5
	0.8
	28.6
	7.4
	[35]



	GOD/BLG/multi wall carbon nanotubes/gold nanoparticles/GCE
	0.025–5.5
	1.1
	56.3
	7.0
	[41]



	GOD-BLG-PtAuPd-RGO/GCE
	0.005–9
	0.13
	63.29
	7.0
	This work







a Polyvinylpyrrolidone. b Polyaniline. c 4-aminothiophenol. d Poly(vinyl alcohol). e Poly(ethyleneimine). f Tetragonal columnar-shaped TiO2. g Hyperbranched polyethyleneimine.
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Table 2. Determination of glucose in real human serum sample with fabricated sensor.
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	Sample
	Calculated by Local Hospital (mM)
	Detected by Fabricated Sensor (mM)
	Glucose Added (mM)
	Glucose Found (mM)
	Recovery (%)
	RSD (%, n = 5)





	1
	4.20
	4.19
	0.2
	4.38
	95.00
	2.79



	2
	3.62
	3.64
	0.4
	4.03
	97.50
	3.37



	3
	3.91
	3.92
	0.6
	4.53
	101.67
	2.45



	4
	4.17
	4.20
	0.8
	5.12
	102.50
	2.89



	5
	4.58
	4.56
	1.0
	5.52
	96.00
	3.05











© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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