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Synthesis of gold nanoparticles supported on functionalized 
nanosilica using deep eutectic solvent for electrochemical 
enzymatic glucose biosensor†  

Siva Kumar-krishnan,
a*  

M. Guadalupe-Ferreira García,
a 

E. Prokhorov,
b
 M. Estevez-González,

a 

Ramiro Pérez,
a 

Rodrigo Esparza,
a*

 and M. Meyyappan.
c
 

Engineering the nanoparticle (NP) surface offers an effective approach for the development of enzymatic biosensors or 

microbial fuel cells with greatly enhanced direct electron transport process. However, lack of control over the surface 

functioanlization process and the operational instability of the immobilized enzymes are serious issues. Herein, we 

demonstrate a facile and green deep eutectic solvent (DES) mediated synthetic strategy for efficient amine-surface 

functionalization of silicon dioxide and to integrate small gold nanoparticles (AuNPs) for glucose biosensor. Owing to the 

higher viscosity of DES that provides uniform surface functionalization and further coupling of AuNPs on SiO2 support with 

improved stability and dispersion. The amine groups of the functionalized Au-SiO2NPs were covalently linked to the FAD-

center of glucose oxidase (GOx) through glutaraldehyde as bifunctional cross-linker, which promotes formation of 

“electrical wiring” with the immobilized enzymes. The Au-SiO2NP/GOx/GC electrode exhibits direct electron transfer (DET) 

for sensing of glucose with a sensitivity of 9.69 µA mM-1, wide linear range from 0.2 to 7 mM and excellent stability. The 

present green DES-mediated synthetic approach expands the possibilities to support different metal NPs on SiO2 as a 

potential platform for biosensor applications. 

  

Introduction 

The development of complex nanostructures such as 

supported metal and metal oxide nanoparticles has attracted 

continuous research interest for a wide range of applications.
1
 

Strongly interacting metal oxides with high specific surface 

area are of interest to finely disperse the active metal 

nanoparticles owing to their fascinating catalytic activity and 

ability to promote electron transport through their functional 

interface.
2,3

 Recently, nanostructured silicon dioxide 

nanoparticles (SiO2NPs) as host matrix for integrating with 

different metallic nanoparticles (e.g., Ag, Au, Pt, Pd, or Cu) 

have enabled nanomaterials with additional functional 

properties for applications in catalysis,
4
 plasmonics,

5
 surface 

enhanced Raman scattering (SERS)
6
 and biological applications 

including stable radiolabling,
7
 drug delivery, cancer therapy 

and multimodal imaging.
8,9

 Among others, Au-SiO2 based 

nanostructures have been extensively applied for efficient 

immobilization of biomolecules
10

 and biosensing
11

 because of 

their unique surface plasmonic resonance (SPR) properties and 

high colloidal stability.  

       Over the past decade, different synthetic strategies have 

been employed to fabricate Au-SiO2NPs including thermal 

annealing,
12

 vacuum deposition,
13

 self-assembly process
5
 and 

seed-mediated colloidal synthesis.
14–16

 One promising 

approach involves surface functionalizing the SiO2 support with 

amine groups by employing (3-aminopropyl) trimethoxysilance 

(APTES) as silence coupling agent and subsequent chemical 

reduction of metal ions.
16

 However, controlling the 

homogeneous coupling of smaller metal NPs and finely 

dispersing them onto the SiO2 support remains as a great 

challenge due their high surface energy leading to aggregation 

and poor attachment to the SiO2NP surface, resulting in 

detachment under harsh processing conditions and even 

vanishing of the supported metal component at ambient-

conditions.
17

 Hence, it is highly desirable to develop new 

synthetic approach to support NPs with uniform dispersion 

and improve their stability. Recently, deep eutectic solvents 

(DESs) have shown promise as a new class of green solvent 

alternative to ionic liquids first described by Abbott and co-

workers in 2003.
18

 DESs are generally formed by the self-
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association of quaternary ammonium salts with hydrogen-

bond donors, resulting in a eutectic mixture with melting point 

below that of the individual constituents.
18,19

 Owing to their 

fascinating properties including nontoxicity, biocompatibility, 

high chemical stability arising from its polarity and viscosity 

and extended hydrogen bonded structure, DESs are 

particularly interesting as sustainable green media for finely 

dispersing solid nanoparticles and well-controlled surface 

modification process.
20,21

 

      Efficient bioelectrocatalytic reactions are of great interest 

for the fabrication of high performance enzymatic 

biosensors.
22

 Immobilization of enzymes on solid nanoparticles 

is often considered to be important for improving the surface 

confined enzymatic reactions, promoting direct electron 

transfer (DET) process and increasing the operational stability 

of the biosensor.
22,23

 Engineering the NP surface chemistry 

between the enzyme and the NP surface strongly prevents the 

inactivation of enzyme catalytic functions which may occur 

during the direct contact with the native nanoparticle support; 

it can also significantly enhance the structural flexibility and 

operational stability of the immobilized enzymes, which result 

in an improvement in the DET characteristics and the overall 

efficiency of the biosensor.
23,24

 Nanomaterials such as reduced 

graphene,
25

 carbon nanotubes (CNTs),
26

 porous carbon,
27

 

carbon nanodots,
28

 metal nanowires,
29

 clay based hallow 

nanotubes,
30

 metal organic framework
31

 and conducting 

polymer hydrogels
32

 have been extensively exploited for 

various biomolecule immobilization and promoting the DET 

process. Among all, silica nanoparticles are particularly 

promising which combine both high immobilization capacity 

(more than 90%) and the ability to retain its biocatalytic 

functions.
33,34

 Different strategies have been investigated for 

integrating the biomolecules with the nanomaterial and to 

facilitate the DET process.
35

 However, the covalent conjugation 

is perhaps the most powerful immobilization method not only 

to enhance the stability of the immobilized enzymes but also 

to promote the DET process instead of direct adsorption of 

enzymes.
36,37

 Incorporation of metal NPs onto the solid 

support can further enhance the DET process in enzymatic 

biosensors.
38

 In particular, rationally incorporated AuNPs are 

more efficient for site-specific conjugation and enhancing the 

charge transport in enzymatic biosensors.
39–41

 Synergizing the 

advantages by combining the high enzyme immobilization 

capacity of SiO2NPs and the catalytic properties of AuNPs as 

efficient nanomaterial for electrically wiring the GOx enzyme is 

ideal to enhance the charge transport in enzymatic 

electrochemical glucose detection. To the best of our 

knowledge, the DES-mediated surface functioanlization, 

controlled synthesis of Au-SiO2NPs and DET process on 

enzymatic biosensing have not been previously investigated.  

        Herein, we report a facile, non-aqueous phase synthetic 

approach for surface functioanlization of SiO2NPs with amine 

functionality, which allows stable attachment of smaller AuNPs 

(∼5.2 nm) onto the SiO2NP surface in DES serving as a soft-

template. The better dispersibility of SiO2NPs in a highly 

viscous DES significantly improves the effectiveness of surface 

functionalization of NH2-groups for the incorporation of 

smaller AuNPs onto the SiO2 in a well-controlled manner 

without agglomeration. In addition, we investigate here the 

potential of surface functionalized Au-SiO2NPs as electrode 

material for the redox wiring, which enables FAD-cofactor of 

the enzyme to be electrically connected to the small AuNPs to 

promote DET (Scheme 1). The rational incorporation of AuNPs 

on SiO2NPs support facilitates enhanced charge transport in 

enzymatic electrochemical glucose biosensor. 

Experimental 

Materials  

Tetraethylorthosilicate (TEOS ≥ 98%), ammonium hydroxide 

(NH4OH,28-30%), Gold (III) chloride (HAuCl4.4H2O, 99.9%), 

sodium borohydride (NaBH4, ≥99.99%), (3-aminopropyl) 

triethoxysilane (APTES, 99%), glucose oxidase (GOx, from 

Aspergillus niger; 15-50K units/g), and D-glucose (≥99.5 %), 

urea 99%, and choline chloride (ChCl, 98%), methanol (MeOH, 

99%), ethanol (EtOH , 90%) were purchased from Sigma-

Aldrich. The serum samples were obtained from Instituto 

Nacional de Rehabilitation (INR) hospital, Mexico City. All 

reagents were analytical grade and used as received. All 

glassware was cleaned with deionized water (DI) and air-dried 

before use in experiments.  

Preparation of deep eutectic solvent (DES) 

To prepare the DES, choline chloride (ChCl) was first dried at 

90ºC in an oven to ensure that ChCl is completely dry. The urea 

and ChCl were mixed together in a molar ratio of 2:1 and 

tightly closed and heated in an oven 80°C until a clear, 

homogeneous liquid was formed. Then, the viscous liquid was 

cooled to room temperature and saved until later use. 

  

DES-mediated surface modification of Silica NPs and synthesis of 

Au-SiO2NPs 

Silica nanoparticles with an average diameter of ca. 152 nm 

were prepared following the modified Stöber method reported 

previously.
42

 Briefly, certain quantities of MeOH/EtOH, NH4OH 

(20 ml) were mixed in DI water by magnetic stirring for 5 min. 

Then, 5 ml of TEOS was slowly added to the solution mixture 

and magnetically stirred for 4 hrs at room temperature. The 

SiO2NPs were separated by centrifugation and dried at 120ºC. 

The resultant sample was washed with DI three times and 

stored in a humidity-free container until further use. As-

prepared template SiO2NPs were then surface-functionalized 

with NH2 groups using APTES in a non-aqueous DES using the 

protocol reported by Gu et al.
43

 In a typical process, 10 mg of 

as-prepared dry SiO2 NPs were dispersed in 5 ml of DES and 

then 100 µl of APTES (0.1 mM) was added to the DES-

containing SiO2NPs, and the mixture was magnetically stirred 

at 60
o
C overnight to obtain amine (NH2)-functionalized 

SiO2NPs referred as SiO2-NH2. After that, 2.5 mg of gold 

precursor hydrogen tetrachloroaurate (III) (HAuCl4.4H2O) was 

added to the amine-functionalized SiO2NP-DES mixture and 

magnetically stirred until it is completely dispersed to obtain 

SiO2/Au
+
 ions mixtures. Then, freshly prepared solutions of 
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DES-containing sodium borohydride (NaBH4, 1 mg /2ml of 

DES) was added drop-wise within one minute and stirred at 

60
o
C for 30 min. The color of the reaction mixture turned 

yellow to dark pink, indicating the reduction of Au
3+

 into Au
0
 

over the SiO2NP surfaces referred as Au-SiO2 NPs. The 

resultant product was separated from DES by adding equal DI 

water and centrifugation process. Further, the unreacted Au
3+

 

ions and excess borohydride were removed by subsequent 

washing cycles by DI water three times at 6000 rpm for 15 min 

and redispersing in DI water. 

 

Enzyme immobilization and Preparation Au@SiO2-GOx modified 

electrodes.   

        For immobilization of glucose oxidase (GOx), 2 mg of as-

prepared Au-SiO2 NPs were used to immobilize GOx through 

covalent immobilization process. As-synthesized Au-SiO2 NPs 

were further amine-functionalized with APTES using similar 

protocol as the functionalization of SiO2 NPs. The product was 

washed twice using DI water in order to remove the excess 

NH2 groups on the Au-SiO2 NPs. After that, 2 mg of NH2-

terminated Au-SiO2NPs were dispersed in 1 mL of neutral PBS 

containing 0.2 mL of glutaraldehyde (GA, 50%) as a cross-linker 

molecule under magnetic stirring for 2 h. The nanoparticles 

were separated by centrifugation and redispersed in PBS, then 

added with 0.1 ml of PBS solution (0.1 M) containing GOx (20 

mg/mL) and finally incubated overnight for the covalent 

immobilization of GOx onto the Au-SiO2NPs. Then the final 

suspension was dispersed by ultrasonication, and 30 µL of 

finely dispersed solution was drop casted on the surface of the 

GCE, and allowed to dry at 4ºC. Finally, the Au-SiO2/GOx was 

rinsed with PBS to remove loosely bound GOx and stored at 

4ºC in a refrigerator under dry conditions when not in use. 

 

Material characterization 

Scanning electron microscopy (SEM) images were obtained 

from JEOL-JSM7401F field emission scanning electron 

microscope operating at 20 kV. Scanning transmission electron 

microscopy (STEM) images were obtained using Jeol JEM-

ARM200F STEM/TEM operated at 200 kV. The samples for the 

STEM measurements were prepared by depositing a drop of 

the as-prepared SiO2 and Au-SiO2 NPs sample on copper grids 

with carbon film and allowed to dry completely at room 

temperature. The UV-vis absorption spectra were recorded in 

an Agilent 8453 UV-vis spectrophotometer (wavelength 

ranging from 400- 1100 nm). The powder XRD spectra were 

collected using X-ray diffractometer (Rigaku Ultima IV, using 

Cu-Kα radiation). Measurements were made using parallel-

beam geometry with 2θ scans values from 15 to 80°. The X-ray 

photoelectron spectra (XPS) results of the samples were 

obtained in a nonmonochromatic Al Kα (1486.7 eV) X-ray 

source and a hemispherical electron analyzer with seven 

channeltrons (model XPS110). All the recorded XPS spectra 

were corrected utilizing C1s line at 284.8 eV. Infrared 

transmittance spectra of the dry samples were obtained from 

a Thermo Scientific (NICOLET 6700) spectrometer, equipped 

with a universal ATR accessory in the spectral range of 4000-

650 cm
-1

. The N2-absorption/desorption isotherms were 

collected utilizing a Belsorp Mini-II sorptometer (BEL, Japan) at 

77K after degassing at 180ºC for 8 h. 

 

Electrochemical measurements 

The cyclic voltammetry (CV) was performed in a standard 

three-electrode (VoltaLab 40 PGZ 301) electrochemical cell 

containing 20 ml of 0.1 M phosphate buffer solution (PBS, 

pH=7) at room temperature. We used platinum foil as the 

auxiliary electrode and a saturated calomel electrode (SCE) as 

the reference one, respectively. Homemade glassy carbon 

electrodes (GCE, 3 mm diameter) were well polished with 0.3 

and 0.05 mm alumina slurries on a polishing paper until 

reaching a mirror-like surface. This was followed by cleaning 

the GCE in an ultrasonic bath containing 1:1 water-acetone 

mixture and then rinsing with DI water and drying in N2-gas 

prior to the deposition of the sample. The CV measurements 

were operated in N2-saturated, air-equilibrated, and O2-

saturated 0.1M of neutral PBS solution with varying glucose 

concentrations.  

Results and discussion 

Synthesis and structural characterization of Au-SiO2 

nanostructures  

      The Au-SiO2NPs were prepared via a two-step surface 

modification process. First, monodisperse SiO2NPs were 

synthesized using modified Stöber method,
42

 followed by 

functionalizing with amine groups (-NH2) by mixing certain 

amount of the particles and APTES in a non-aqueous DES and 

magnetically stirring at 60
º
C overnight to promote covalent 

bonding.
43

 The SiO2 nanoparticles are finely dispersed and 

stable after 12 hr, whereas in toluene precipitate before 1 hr 

(Fig S1†). The high viscosity of the DES that confers stability for 

SiO2NPs and permits controlled surface functionalization 

process. In the second step, supporting the AuNPs onto the 

SiO2 NPs was accomplished by immobilizing Au
3+

 ions on the 

NH2
-
 modified SiO2NPs followed by in-situ chemical reduction 

of Au
3+

 to Au
0
 using sodium borohydride (NaBH4) for 1 hr at 

60°C (Scheme1). 

Scheme 1. (a) Schematic illustration displaying the DES-

mediated amine-functioanlization of SiO2NPs (green), which 

allows stable attachment of small AuNPs (yellow) to obtain Au-

SiO2 NPs and covalent immobilization of glucose oxide (GOx; 

blue) onto the Au-SiO2NPs surface. 

a) 
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Fig 1. (a) SEM image of as-synthesized SiO2 nanoparticles, (b) 

corresponding size-distribution histogram. 

 

     Fig. 1 displays the scanning electron microscopy (SEM) 

images of the bare SiO2 NPs. Fig. 1a,b shows highly 

homogeneous spherical SiO2 NPs with an average diameter of 

ca.152 nm. In addition, transmission electron microscopy 

(TEM) analysis was performed to characterize the morphology 

and composition of the as-synthesized Au-SiO2 NPs. Fig. 2 a, b 

shows low-resolution TEM images of the as-prepared Au-

SiO2NPs, which confirm the high density of small AuNPs 

uniformly attached onto the entire surface of SiO2NPs. The 

average particles size of the supported AuNPs was calculated 

to be ca.5.2 nm (Fig. S2†). Typical high-resolution (HR-TEM) 

image of Au-SiO2NPs indicates that the small crystalline AuNPs 

are intimately coupled with the SiO2 surface (Fig. 2c). The 

calculated lattice spacing of ∼2.36 Å is ascribed to the (111) 

plane of the face centered cubic (fcc) structure of the AuNPs.
3
 

The number of Au atoms was estimated from the STEM image 

of a single AuNP (Fig S3†). The result shows that a single 

particle contains 8.1x10
3
 atoms in which 21% of the atoms are 

situated on the outer surface of the single Au nanoparticle.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In addition, the elemental distribution of the Au-SiO2NPs was 

examined by energy dispersive X-ray spectroscopy (EDX) as 

presented in Fig. 2d. The EDX-elemental mapping shows SiO2 

nanoparticles (green) located in the core while the Au (red) 

elements are exclusively seen around the SiO2NPs, which are 

homogeneously distributed over the entire surface. 

        The UV-vis absorption spectra of the as-prepared bare 

SiO2 and Au-SiO2 NPs were recorded after the synthesis 

process as shown in Fig. 2e.  No surface plasmon resonance 

(SPR) peak appears for the template SiO2 nanoparticles 

whereas the SPR peak appears at ∼529 nm for the Au-SiO2NPs 

due to the presence of smaller AuNPs coupled to NH2-

SiO2NPs.
15,44

 As seen in the inset of Fig. 2e, the formation of 

metallic AuNPs on the NH2-SiO2 is clearly perceptible by the 

color change of the particle solution from white to deep red 

color. Notably, the resultant nanoparticles are highly stable, 

which is conferred by the high viscosity of DES. The powder X-

ray diffraction (pXRD) pattern of the bare SiO2 and Au-SiO2NPs  

(Fig. 2f) show the appearance of weak diffraction peak which 

can be indexed to the amorphous phase of SiO2NPs; the four 

well-resolved diffraction peaks at 38, 44.4, 64.6 and 77.7 

degrees correspond to the planes (111), (200), (220) and (311) 

respectively of face-centered cubic (fcc) structure of metallic 

AuNPs (JCPDS card no. 19-0629).
15

  

         The surface functionalization and the chemical state of 

the Au-SiO2NPs was further examined by X-ray photoelectron 

spectroscopy (XPS) analysis. The XPS survey scan for the Au-

SiO2NPs reveals the presence of Si, O, N, Au and C peaks (Fig. 

S4†). In the N 1s region, the spectrum was fitted using two 

singlets centered at 400.10 and 402.73 eV (Fig. 3a), which are 

mainly associated with the presence of amine (NH2) 

functionality on the surface, as a result of successful 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Fig 2. TEM images of (a, b) AuNPs supported SiO2NPs. (c) HR-TEM images of the single AuNPs, and d) HAADF-STEM image and 

corresponding EDX-elemental mapping of the Au-SiO2NPs showing Au elements (red), Si (green) and overlapped (red+green).(e) 

UV-vis absorption spectra of as-prepared SiO2NPs and Au-SiO2 NPs in DES. The inset shows a photograph of the corresponding 

nanoparticles. (f) X-ray diffraction (XRD) pattern of bare SiO2 NPs and Au-SiO2 NPs. 
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a) b)

c) d)

functionalization of SiO2 with NH2 groups.
45

 Fig. 3b shows the 

high-resolution XPS spectrum of Si 2P region with the peak 

centered at 103.13 eV related to Si
4+

 from the oxide 

nanoparticles. The Au 4f core-levels were fitted using two 

doublets with a spin-orbit separation of 3.66 eV (Fig. 3c). The 

first doublet centered at 83.6 eV is associated with Au
0
 while 

the second one centered at 85.35 eV is associated with Au
3+

, 

respecgtively.
46,47

 The specific surface area (SSA), and mean 

pore diameter of the SiO2 and Au-SiO2NPs were measured  

using the well-known Bruner-Emmett-Teller (BET) method.
48

 

The N2 adsorption/desorption measurements on bare and 

functionalized NPs show typical hysteresis loops of porous 

feature (Fig. 3d). Interestingly, compared with the bare 

SiO2NPs, the BET surface area and pore diameter of Au-SiO2 

NPs are increased: SSA from 25.58 m
2
g

-1
 to 32.1 m

2
g

-1
 and the 

average pore diameter from 47.03 to 81.49 nm, respectively 

(Inset of Fig. 3d). The significant increase in the pore size may 

result from the strong coupling of the surface bounded smaller 

AuNPs onto SiO2 surface, significant decrease in the surface 

roughness
49

 and formation of small cavities between two 

nearby NPs.
38

 As a result, the average pore size is increased. 

 

Fig 3. Structural characterization of Au-SiO2 NPs. (a-c) Core-

level XPs spectra of Si 2p (a), N 1s (b), and Au 4f (c) spectra for 

the Au-SiO2 NPs. (d) N2-absorption-desorption isotherms of the 

SiO2 and Au-SiO2NPs. The inset in (d) shows the pore-size 

distribution of the Au-SiO2NPs.  

 

Covalent immobilization of GOx and characterization 

The covalent immobilization of GOx enzymes onto the Au-

SiO2NPs was achieved by further surface functionalization with 

APTES to provide surface exposed -NH2 groups on the surface 

and then covalent conjugation via glutaraldehyde (GA) as 

bifunctional cross-linker molecule (Scheme 1).
50,51

 Specifically, 

the NH2 exposed surface was reacted with the GA molecules, 

thereby forming C-N bond between NH2 exposed Au-SiO2NPs 

and on the other end linking with the GOx containing-NH2 

groups.
52

 The covalent conjugation can lead to connecting 

AuNPs with the FAD co-factor unit of GOx, which serves as a 

“bridge” to enhance the charge transport during the enzymatic  

 

Fig 4. (a) AFM image showing covalently immobilized GOx 

enzyme to the amine functionalized AuNPs-SiO2NPs via 

glutaraldehyde (GA) cross-linker molecule. (b) FT-IR spectra of 

bare SiO2 and Au-SiO2NPs with varied surface functionalization 

steps as indicated. Inset showing magnified spectra from the 

marked region.  

 

reaction.
38,51

 Fig. 4a shows the atomic force microscopy (AFM) 

topographical image after attachment of GOx onto Au-

supported SiO2NPs. As seen from Fig. 4a, the GOx enzymes are 

attached on the surface of the amine-modified Au-SiO2NPs, 

suggesting a good binding affinity. Further, we carried out 

Fourier transform infrared spectroscopy (FT-IR) presented in 

Fig. 4b to confirm the surface functionalization and covalent-

conjugation of GOx enzymes. The FT-IR peaks of the bare SiO2 

are sharp centered at 950 cm
-1

 associated to the asymmetric 

vibration of Si-OH and at 795 and 1050 cm
-1

 associated with 

symmetric and asymmetric vibrations of Si-O, respectively.
50

 

After surface functionalization of SiO2 and Au-SiO2NPs with 

APTES in DES at 60º C, the small increase in the peak intensity 

at 1596 cm
-1

 corresponds to N-H bond in the primary amines. 

Additionally, a peak at 3295 cm
-1

 and two additional peaks at 

2922 and 2853 cm
-1

 newly appear which are assigned to the 

stretching vibration of N-H, and C-H asymmetric and 

symmetric stretching vibrations of APTES, respectively.
53

 Upon 

covalent immobilization of GOx enzymes via GA cross-linker 

molecule, the peak intensity at 1632 cm
-1

 significantly 

increases compared to the Au-SiO2NP peaks; the additional 

peak at 1596 cm
-1

 is assigned to the stretching vibration of C-N 

linkage, suggesting covalent-conjugation between the enzyme 

and the surface exposed NH2 groups.
29, 50, 52

 In addition to the 

FT-IR spectra, zeta-potential measurements are in good 

agreement with the surface functionalization steps (Table S1). 

The bare SiO2NPs exhibit negative surface charge (-38.62±1 

mV), which turn into positive value of 24.9±0.5 mV after the 

surface modification with amine groups. The AuNPs-supported 

SiO2NPs show decreases in the surface charge from 24.9±0.5 

mV to 1.37±0.8 mV. This significant reduction in the surface 

charge indicates that the most of the amine groups are 

attached to the AuNPs. Upon immobilization of GOx to the Au-

SiO2NPs, the zeta-potential value is inverted again to -4.24±0.4 

mV arising from the slightly negative charge of the GOx 

enzymes. This surface-charge difference for the surface 

modification steps is consistent with previous reports.
50

 These 

results unambiguously confirm the covalent coupling of GOx 

enzyme on the Au-SiO2NPs surface. 
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b)

a)

DET of Au-SiO2NPs/GOx-modified GCE electrode 

      The GOx functionalized Au-SiO2NP-modified glassy carbon 

electrode (GCE) was used as working electrode in testing for 

DET in electrochemical sensing of glucose. The amperometric 

glucose detection was studied using cyclic voltammetry (CV) in 

a phosphate buffer solution (PBS). Fig. 5 compares the CVs for 

different electrodes such as the bare GCE, SiO2NP/GCE, Au-

SiO2NP/GCE, Au-SiO2NP-GOx/GCE and covalently 

functionalized Au-SiO2NP-GOx/GCE electrodes in N2-saturated 

(PBS, pH 7.4). The CV results indicate that the bare GCE, 

SiO2NP/GCE and Au-SiO2NP/GCE do not show any redox peaks 

in the interested potential range in the CV cycle, whereas the 

Au-SiO2NPs/GOx/GCE shows two well-defined redox peaks of 

cathodic (Epc) peak potential at -0.49 V and anodic (Epa) peak 

potential of -0.42 V, respectively. The observed redox peaks 

are associated to the standard oxidation and reduction 

potential values of FAD/FADH2 of GOx in a neutral solution.
54

 

The CV curve for the covalently functionalized GOx in Fig. 5 

displays a significant increase in intensity as well as slight 

negative-shift. These changes are due to the APTES-

functionalized Au-SiO2NP surface effectively linked to the FAD-

active sites of GOx through the GA cross-linker, resulting in 

decrease in the distance between the FAD-GOx and the 

electrode surface and enhancement in the charge transport.
51

 

This result indicates that the FAD-GOx on the Au-

SiO2NP/GOx/GC electrode undergoes quasi-reversible redox 

reaction and can promote the DET process between the GOx 

and the electrode surface. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 5. The comparison of CV curves for different modified 

electrodes measured in N2-saturated PBS (pH= 7.4) at a scan 

rate of 50 mVs
-1

. 

 

The DET process can be described by the following 

expression.
37,55

 

             

D-glucose + GOx (FAD) → D-glucono-1,5-lactone + GOx (FADH2),        (1) 

                   GOx (FADH2) → GOx (FAD) + 2H+ +2e-                                     (2) 

 

Where, FAD and FADH2 are the oxidized and reduced forms of 

the redox center of GOx enzyme. It is well known that the GOx 

is a homodimer containing its cofactor (FAD) bound to its two 

identical 80-kDa subunits, which can easily undergo enzymatic 

reaction upon addition of glucose.
56

 Upon introduction of 

glucose, the FAD center of the GOx reacts with D-glucose and 

converts into D-glucono-1-5-lactone and two protons and two 

electrons are transferred from the glucose to FAD, which 

reduces into FADH2. Subsequently, the FADH2 can oxidize back 

to FAD in the absence of oxygen or electrochemical mediators, 

typically referred as the occurrence of DET.
51

 

      The electroactive enzyme surface density ( Γ, mol/ cm
2
) on 

the modified electrode was evaluated according to the 

following  expression:
57

 

                                                   Γ = Q/nFA                                (3) 

Where, Q is the charge involved in the reaction (obtained by 

integrating the anodic peak and dividing by the scan rate of 50 

mVs
-1

), n is the number of transferred electrons (n = 2), F is the 

Faraday constant and A is the geometric area of the GCE 

electrode used (0.07 cm
-2

). The estimated immobilized enzyme 

coverage via simple physical adsorption and covalent-

conjugation on the electrode is 7.94x10
-8

 mol/ cm
2 

and 

8.65x10
-8

 mol/ cm
2
, respectively. The covalent linkage 

improves the enzyme coverage, and the value is higher than 

the previously reported value for covalent conjugation with 

AuNPs supported on the M13 Bacteriophage (4.74x10
−8

 

mol/cm
2
),

58
 hierarchical 1-D TiO2 nanostructures (6.8x10

-10
 

mol/cm
2
)
54

 and pyrroloquinoquinone (PQQ)/GOx (1.7 x10
-12

 

mol/cm
2
).

59
  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 6. (a) CVs of AuNPs-SiO2/GOx-GC electrode measured with 

(a) N2-saturated, (b) air-saturated, and (c) O2-saturated 0.1 M 

of neutral PBS solution. (b) CVs of the Au-SiO2NPs/GOx/GC 

electrode operated in air-equilibrated neutral PBS with 

increasing glucose concentration (1-10 mM) at a sweep rate: 

50 mVs
-1

. 
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This significant enhancement in the enzyme surface coverage 

may result from the combined effect of both effective covalent 

linkage of GOx on the high-surface area template SiO2NPs and 

supported AuNPs on the SiO2NP template which further 

enhances the active surface area.
60

   

         Fig. 6a compares the CVs of an Au-SiO2NPs/GOx-GC 

electrode in N2-saturated, air-equilibrated, and O2-saturated 

PBS solutions. In the N2-saturated condition, a pair of redox 

peaks originated from the FAD/FADH2 is seen (Fig. 6a, line a). 

In the air-equilibrated solution, a significant increment in the 

cathodic peak current but a decrease in the anodic current is 

observed (Fig. 6a, line b) due to the reduction of dissolved O2 

and the redox FAD for yielding FADH2. In addition, the 

reduction current is higher in O2-saturated solution compared 

with the N2-saturated, and air-saturated solutions (Fig. 6a, line 

c). Such high reduction current could arise from the higher 

amount of dissolved O2- in the PBS solution that will compete 

with the oxidation reaction occurring for FADH2 by oxygen.
26,51

 

To study the direct electron transfer process of the Au-

SiO2/GOx/GC electrode, we measured CVs with different 

concentrations of glucose in both air-equilibrated and O2-

saturated PBS solutions. Fig. 6b shows the CVs of an Au-

SiO2NP/GOx/GC electrode in air-saturated condition for 

glucose concentration from 1 to 10 mM where the cathodic 

reduction peak current decreases and reaches saturation. The 

respective calibration plot (inset of Fig. 6b) exhibits a linear 

range between 1-7 mM and saturates after 7 mM.  

       Fig. 7a depicts the CV in oxygen-saturated 0.1 M neutral 

PBS solution at a scan rate of 50 mVs
-1

 for various 

concentrations of glucose. The reduction current gradually 

decreases upon increasing the glucose concentration glucose 

and exhibits a linear relationship in the concentration range of 

0.2-8 mM (Inset in Fig.7a) and then reaches saturation. The 

linear decrease in the cathodic current for different glucose 

concentrations arises from the electrocatalytic reduction of 

the FAD in the modified electrode by dissolved oxygen.
54

 The 

sensitivity of the biosensor is estimated to be 9.69µA mM
-1

cm
-

2
. The sensitivity and the linear range of the biosensor exceed 

those of most other nanomaterial based DET systems for 

detecting glucose as presented in Table 1. Such sensitivity 

enhancement can be attributed not only due to the excellent 

immobilization capacity of the SiO2NP support and 

electrocatalytic properties of the supported AuNPs but also 

due to the site-specific conjugation of GOx, resulting in 

“electrical wiring” of the FAD-cofactor in GOx through the 

AuNPs. Consequently, the electrically interconnected networks 

serve as an electrical bridge to make the electron transport 

more efficient. Furthermore, the amperometric response of 

the Au-SiO2NPs/GOx/GC electrode with successive injection of 

1 mM of glucose (Fig. S5a†). No changes in the reduction 

current for the SiO2NP/GOx-GC electrode is seen, whereas the 

electrode constructed using Au-SiO2NP/GOx/GC electrodes 

shows clear changes upon each addition of 1 mM of glucose. 

Notably, the response in the reduction current is at the low 

glucose concentrations ranging from 0.2 mM-1.5 mM (Fig. 

S5b†). 

 

Fig 7. CVs of the Au-SiO2/GOx/GCE modified electrode with 

various glucose concentrations in 0.1 M of PBS under O2-

saturated condition. Scan rate 50 mVs
-1

. inset showing the 

current-glucose concentration calibration plot. 

 

      To further validate the AuNP-mediated electron transfer, 

we conducted a control experiment by varying the 

concentration of supported AuNPs on SiO2NPs. TEM images 

show that the attachment of AuNPs on SiO2NPs has a linearly 

dependence on the Au precursor concentration in the DES (Fig. 

S6†). Fig.  8a shows the sensitivity of the Ag-SiO2NP/GOx-GC 

electrodes as a function of AuNP loading. The sensitivity 

increases linearly with the AuNP loading from 8.23 to 20.89 µA 

mM
-1 

(from 0.25 to 2 mg of AuNP loading). The sensitivity is 

low at low AuNP concentrations due to the limited availability 

of AuNPs that are conjugated with the FAD-unit of the GOx. 

The sensitivity reaches a maximum at higher AuNP loading of 

20.89 µA at 2 mg. Interestingly, at higher AuNP concentrations, 

the immobilized GOx are effectively contacted through AuNPs, 

and thus the sensitivity is significantly enhanced. In addition, 

previous studies
31,61

 have shown that the sensitivity of the 

biosensor also depends on the immobilized GOx fraction. Thus, 

we evaluated the biosensor performance by varying 

immobilized GOx concentration. Fig. 8b, shows that the 

sensitivity increases with GOx concentration until 20 mg/ ml, 

peaking at 12.76 µA mM
-1

. Interestingly, the sensitivity drops 

above 20 mg/ ml. This phenomenon is because there are 

limited covalently conjugated GOx at low GOx concentrations 

that are involved in the enzymatic reaction. At higher 

concentrations (above 20 mg/ml), significantly higher GOx 

imposes steric hindrances between adjacent GOx molecules at 

the curved Au-SiO2NP surfaces and partial GOx bound through 

physical adsorption. This is confirmed by the appearance of 

reduction peak in the redox potential at 0.25 V vs. SCE 

reference electrode (Fig. S7†), associated with the redox 

potential of free GOx.
26

 This result is consistent with our the 

previous study,
29

 where the sensitivity drastically drops for 

GOx concentrations above ~20-30 mg/ml. Overall, these 

results confirm the DET mechanism in the Au-SiO2NPs/GOx/GC 

electrode and importance of the surface-supported AuNPs in 
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achieving electrically favorable enzyme/nanoparticle interface 

for efficient direct electron transfer.  

 

Fig 8. (a) Dependencies of sensitivity for glucose detection by 

varying the AuNPs loading onto SiO2NPs support, and (b) 

concentration of immobilized GOx, respectively. 

 

Interference, stability and serum sample analysis 

The Au-SiO2NPs/GOx/GC electrode exhibits excellent 

selectivity toward glucose detection. Fig. 9a shows the effect 

of most common interfering species such as ascorbic acid (AA), 

citric acid (CA), lactic acid (LA), and fructose. Addition of 

different interfering substances (0.5 mM of AA, 0.3 mM of CA, 

0.3 mM of LA, and 0.5 mM of fructose) does not show any 

changes in the reduction current, whereas an apparent change 

in the current upon introduction of 1 mM of glucose into the 

solution is seen, suggesting excellent  

 

 

 

 

 

 

 

Fig 9. (a) Amperometric response of Au-SiO2NPs/GOx-GC 

electrode to 1 mM of glucose and in the presence of different 

interfering substances such as 0.3 mM AA, 0.5 mM CA, 0.5 mM 

LA, and 0.5 mM of fructose at -0.5 V. (b) Stability of the Au-

SiO2NPs/GOx-GCE for a week-long period. 

 

selectivity of the biosensor. This effect is mainly due to the 

enzymatic reaction occurring selectively between the 

immobilized GOx and the glucose resulting in two electrons 

being directly transferred to the electrode surface. 

Furthermore, we evaluated the stability of the biosensor for a 

one-week period (Fig. 9b) and the sensor retained about 79 % 

of its original response and exhibited almost the same 

reduction current with identical conditions after one week, 

suggesting excellent stability for practical applications. Finally, 

to investigate the suitability of the biosensor in real samples, 

we evaluated glucose detection in human serum. For detection 

 

 

electrodes 

 

sensitivity  

(µA cm
-2 

mM
-1

) 

detection limit 

(µM) 

linear range (mM)      

     ref 

 

CNDs/GOx 

 

6.28 

 

1.07 

 

0-0.64 

 
28

 

 

Nafion/GOx-X-APTES/BDD 

 

- 

 

30 

 

0.035-8 

 
51

 

 

DMIm/Au25/GOx 

 

0.21 

 

- 

 

1-6 

 
61

 

 

1-D TiO2/GOx 

 

9.9 

 

- 

 

0.2-1  

 
54

 

 

PMA/diamond/GOx 

 

0.006 

 

1 

 

0-3 

 
62

 

 

GR/CNT/ZnONPs/GOx 

 

5.36 

 

4.5 

 

0.01-6.5 

 
63

 

 

HNT/AgNPs/GOx 

 

5.2 

 

- 

 

0.2-6 

 
45

 

 

CS/Pd@Pt NC/GOx 6.82 0.2 1-6 
64

 

SiO2/AuNPs/GOx  9.69  0.2 0.2-7 this  

work 

 
a
BDD: boron-doped diamond; CNDs: carbon nanodots, DMI: 1-decyl-3-methylimidazolium; TiO2: Titanium dioxide; PMA: 

poly (methacrylic acid); GR: graphene; CNT: carbon nanotubes; HNT: holloysite nanotubes. 

Table 1. Comparison of analytical performance of different metal nanoparticles based enzyme electrodes for electrochemical glucose 

biosensor.
a
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of glucose in human serum samples, first the standard glucose 

(1mM) was introduced, followed by addition of human serum 

(50 µL), and again with 1mM of glucose were subjected (Figure 

S8†). The results showed that the response signal was slightly 

less compared than that of standard glucose due to the matrix 

effect caused by human serum. The recovery rate of the 

glucose for the second injection is about 85 %, demonstrating 

that the modified electrode can be apply to determine the 

glucose level in human serum. 

Conclusions  

     We have described a simple and green synthetic strategy 

for the preparation of Au-SiO2 NPs in a non-aqueous DES. We 

have systematically investigated the effect of surface 

modification and immobilization of GOx enzyme with the Au-

SiO2NPs via covalent linkage and implemented the strategy for 

glucose biosensing. The fabricated modified electrode based 

on Au-SiO2NPs/GOx/GC electrode can promote DET and yield 

excellent glucose sensing performance such as high sensitivity, 

wide linear range and high specificity. The enhanced charge 

transfer is due to the site-specific conjugation of the enzyme 

leading to efficient electrical wiring between small AuNPs and 

the FAD-co-factor unit as a “bridge” resulting in significantly 

improved charge transfer between the enzyme and the 

electrode surface. The present green approach for the 

preparation of AuNPs on the SiO2NP surface and surface 

modification for electrically wiring the biomolecules represent 

a promising strategy for potential applications in mediator-free 

third generation enzymatic biosensors or enzyme-based 

biofuel cells. 
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