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Abstract 27 

In the present work, direct electron transfer (DET) based biosensing system for the determination 28 

of glucose has been fabricated by utilizing gold binding peptide (GBP) fused flavin adenine 29 

dinucleotide-dependent glucose dehydrogenase (FAD-GDH) from Burkholderia cepacia. The GBP 30 

fused FAD-GDH was immobilized on the working electrode surface of screen-printed electrode 31 

(SPE) which consists of gold working electrode, a silver pseudo-reference electrode and a platinum 32 

counter electrode, to develop the biosensing system with compact design and favorable sensing 33 

ability. The bioelectrochemical and mechanical properties of GBP fused FAD-GDH (GDH-GBP) 34 

immobilized SPE (GDH-GBP/Au) were investigated. Here, the binding affinity of GDH-GBP on 35 

Au surface, was highly increased after fusion of gold binding peptide and its uniform monolayer 36 

was formed on Au surface. In the cyclic voltammetry (CV), GDH-GBP/Au displayed significantly 37 

high oxidative peak currents corresponding to glucose oxidation which is almost c.a. 10-fold 38 

enhanced value compared with that from native GDH immobilized SPE (GDH/Au). As well, GDH-39 

GBP/Au has shown 92.37% of current retention after successive potential scans. In the 40 

chronoamperometry, its steady-state catalytic current was monitored in various conditions. The 41 

dynamic range of GDH-GBP/Au was shown to be 3-30 mM at 30°C and exhibits high selectivity 42 

toward glucose in whole human blood. Additionally, temperature dependency of GDH-GBP/Au on 43 

DET capability was also investigated at 30-70 °C. Considering this efficient and stable glucose 44 

sensing with simple and easy sensor fabrication, GDH-GBP based sensing platform can provide 45 

new insight for future biosensor in research fields that rely on DET. 46 

 47 

Keywords: biosensor; gold binding peptide; glucose dehydrogenase; screen-printed electrode; 48 

direct electron transfer 49 

50 
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1. Introduction 51 

Remarkable progress has been made in the development of biosensor and 52 

bioelectrochemical systems to obtain (1) excellent selectivity with low contributions from 53 

interfering reactions (Ispas et al., 2012; Wang, 2008), (2) highly efficient electrical 54 

communication of enzyme with the electrode, even over small reaction areas (Holland et al., 55 

2011; Milton and Minteer, 2017; Lee et al., 2018; Lee et al., 2019), (3) small and compactly 56 

designed sensor systems that can be installed easily (Urban et al., 1991; Urban et al., 1992), 57 

and (4) minimal background ohmic resistance. There have been many efforts to satisfy those 58 

four required conditions for biosensor performance, focusing on electron transfer 59 

mechanism, biosensor design, and measurement techniques. Although there have recently 60 

been significant advances in impedimetric enzyme sensor, most of the cases are based on 61 

amperomeric enzyme sensor and three generations have been reported depending on 62 

electron acceptors (Ito et al., 2019). In particular, 3rd-generation biosensor employing the 63 

direct electron transfer (DET) principle, has been considered to be fascinating since it 64 

functions without artificial electron mediator that is toxic chemical and could possibly cause 65 

unnecessary side-reactions in complex physiological environments (Léger and Bertrand, 66 

2008).  67 

To date, several studies have reported for DET capable enzyme-electrode using various 68 

immobilization method. In the previous study from Ishida et al. (2018), FAD-GDH from 69 

Aspergillus flavus was adsorbed on the single-walled carbon nanotube layer for effective 70 

electrical contact of enzymatic cofactor and electrode surface (Ishida et al., 2018). From Ito 71 

et al. (2019), electron transfer domain of cellobiose dehydrogenase (CDH), heme b-binding 72 

cytochrome domain, was genetically fused to Aspergillus flavus derived FAD-GDH to induce 73 

a flavin-to-heme interdomain electron transfer. Thereby, non-DET type FAD-GDH has 74 

granted DET capability by the support of additional electron transfer protein (Ito et al., 75 

2019). The direct conjugation of mediating molecules such as quinone derivatives, various 76 

osmium-complexes, ferrocene derivatives, etc. was also shown to provide redox potentials 77 

appropriate for pulling electrons from the cofactor to the electrode (Babanova et al., 2014; 78 

Babanova et al., 2015). Additionally, gold nanoparticles and cytochrome c have been 79 

incorporated to facilitate electron transfer across enzyme–electrode interfaces (Ratautas et 80 

al., 2016; Algov et al., 2017). To optimize the DET at the enzyme-electrode interface, 81 

however, the final electron donor in electroactive enzymes (e.g. FAD, metallocofactor, etc.) 82 

should be controlled to face toward electrode surface and to be in close proximity with it. If 83 
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the orientation of enzymes in working electrode of enzyme-based electrochemical sensor is 84 

not properly regulated, applied potential in biosensing device would shift in positive 85 

direction, increasing the chance of oxidoreduction of co-present interferent molecules with 86 

target analyte and decreasing sensing accuracy. 87 

  To regulate the enzyme orientation for enzymatic cofactor to face toward electrode 88 

surface, the enzyme-electrode linking method and fusion site in enzyme should be 89 

considered as highly important factors. Improper linkage of amino acid could possibly occur 90 

the conformational change of enzymes following with loss of enzyme activity or widen the 91 

inter-distance between enzymatic active site and electrode surface. In the previous study, 92 

substrate-like compound (e.g. anthracene-2-diazonium, 4-azidoaniline, etc.) that interacts with the 93 

redox site of the enzyme as ligand was covalently functionalized on the electrode surface, thereby 94 

inducing a preferential orientation of the enzymatic active site towards the electrode (Martinez-95 

Ortiz et al., 2011; Arrocha et al., 2014). Although there have been many linkage methods 96 

suggested for DET at enzyme-electrode interface, however, it is still hard to precisely 97 

control the enzyme orientation in single molecule level. 98 

To overcome these hurdles, we recently reported an efficient approach for DET-capable 99 

enzyme via genetic expression of a gold binding peptide (GBP) comprising 12 amino acids 100 

(LKAHLPPSRLPS, 1.3 kDa) that form a sticky end with a specific binding affinity 101 

(microelectronic and magnetic affinity) toward a surface of specific metal. As the fusion site 102 

of GBP is the important parameter that determines the enzyme binding orientation as well as 103 

proximity of cofactor with electrode surface, the GBP has expressed C- or N-terminus of 104 

enzyme subunits and DET efficiency at each modified structures was compared and 105 

analyzed (Lee et al., 2018; Lee et al., 2019).  106 

The FAD-dependent glucose dehydrogenase (FAD-GDH) from Burkholderia cepacia 107 

which has been chosen as model enzyme is a thermostable, oxygen-independent and DET 108 

capable enzyme. This enzymatic property makes FAD-GDH practical which can be applied 109 

in various temperature. The FAD-GDH is made up of three subunits; catalytic subunit (α-110 

subunit) containing FAD as an active site; electron transfer subunit (β-subunit) in which 111 

heme-containing cytochrome c is present; and small subunit (γ-subunit) that is a firming unit 112 

for α- and β-subunits (Arrocha et al., 2014). The entire FAD-GDH complex displayed DET 113 

with a relatively low bioelectrocatalytic current and a redox potential of –460 mV (vs. 114 

Ag/AgCl) at pH 7.0. The size of the β subunit, which enabled electron transfer in the native 115 

GDH, as well as the random orientations of the enzyme, reduced the efficiency of electron 116 
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transfer to the electrodes. Algov et al. (2017) has proven that the large proteinaceous matrix 117 

of β-subunit in FAD-GDH introduces additional insulation during interfacial electron 118 

transfer and increases charge transfer resistance for interfacial electron transfer, reducing 119 

electron transfer efficiency. They have shown that the omission of β subunit in FAD-GDH is 120 

beneficial for enhancing enzymatic activity for glucose oxidation as well as direct 121 

electrocatalytic activity of enzyme-electrode via shortening electron transfer distance 122 

(Algov et al., 2017). Another previous study from Okuda-Shimazaki et al. (2008) has 123 

proven that the expression of α-subunit of FAD-GDH alone could retain almost 100% of 124 

catalytic current on electrode after 24-hour operation as well as bioactivity. Meanwhile, it 125 

was also shown that the β subunit exhibits the lowest stability among the three subunits of 126 

FAD-GDH (Inose et al., 2003). Therefore, a site-specific attachment of gold-binding peptide 127 

near the active center of the α subunit and the omission of the β subunit in FAD-GDH 128 

complex is assumed to reduce the number of electron transfer intermediates as well as 129 

shortening the electron transfer distance, achieving an efficient DET-based biosensor (Lee et 130 

al., 2018). 131 

In this study, GBP-fused FAD-GDH (GDH-GBP) derived from Burkholderia cepacia was 132 

applied on screen-printed electrode (SPE), producing GDH-GBP immobilized SPE (GDH-133 

GBP/Au). We have attempted to fabricate upgraded biosensor with enzymatic orientation 134 

controllability, DET capability and simplicity in enzyme immobilization on a compactly 135 

designed sensor system without chemical supports. We have compared electrochemical and 136 

mechanical activity of GDH-GBP with those of native GDH on electrode. Their binding 137 

affinities on Au substrate were analyzed by Quartz crystal microbalance (QCM). The 138 

binding morphology of enzymes on Au electrode were imaged by atomic force microscopy 139 

(AFM). Most importantly, the biosensing property of GDH-GBP/Au was electrochemically 140 

investigated using cyclic voltammetry and chronoamperometry. As well, GDH-GBP/Au 141 

was tested to measure glucose contents in human whole blood samples and the result was 142 

compared with conventional blood sugar assessment method to evaluate biosensor 143 

applicability in clinical diagnostics. Furthermore, the effects of temperature on the DET 144 

efficiency of biosensor was also estimated under 30-70°C. 145 

 146 

2. Materials and methods 147 

 148 

2.1. Enzyme Preparation. 149 
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Synthetic constructs that comprises GDH α-subunit with GBP (LKAHLPPSRLPS, 1.3 150 

kDa) at C-terminus and GDH γ-subunit with GBP at N-terminus were cloned into modified 151 

pET21a plasmid and transformed to E. coli BL21 - CodonPlus (DE3) - RIL (Agilent 152 

Technologies, USA). The E. coli BL21(DE3) were then cultivated, and the synthetic GDH 153 

was expressed and purified. The SDS page analysis has been reported in previous work (Lee 154 

et al., 2018; Lee et al., 2019). 155 

 156 

2.2. AFM Characterization 157 

High-resolution atomic force microscopy (AFM) was used to visualize the surface of an 158 

enzyme film on the electrode surface. Prior to AFM characterization, gold-coated silicon 159 

wafer (cut by 1 cm × 1 cm) was cleaned by being immersed in piranha solution (3:1 v/v, 160 

H2SO4:H2O2) for 10 min to remove inorganic and organic contaminants from the gold 161 

surface. Then, the Au electrode was fully incubated in 0.5 μM of native GDH and GDH-162 

GBP solution in phosphate buffer (pH 7.0) for 120 min with stirring, to immobilize target 163 

proteins on gold substrate. After incubation of gold substrate in protein solution, the 164 

unbound and weakly bound enzymes were thoroughly washed away in a stream of 165 

deionized water and blow-dried with air. AFM measurements were obtained in the non-166 

contact mode using an XEP system controller (AFM, XE-200, PSIA Corporation) (Okuda-167 

Shimazaki et al., 2008). 168 

 169 

2.3. Quartz Crystal Microbalance (QCM) Characterization 170 

The binding affinities of the native GDH and GDH-GBP on the gold electrodes were 171 

measured using a quartz crystal microbalance (QCM; SEIKO EG & G, Ltd., Japan). The 172 

change in resonance frequency of piezo-electric quartz chip is monitored during adsorption 173 

of proteins. The frequency is typically proportional to the protein mass on the electrode. 174 

Thus, the enzyme solution containing the native GDH and GDH-GBP were dropped onto 175 

the gold-coated QCM electrode. The frequency was then monitored using the WinQCM 176 

software for 120 min (Okuda-Shimazaki et al., 2008; Kacar et al., 2009). 177 

 178 

2.4. Enzyme Immobilization on Screen-printed Electrode 179 

Screen-printed electrode (SPE) was purchased from DropSens (Spain). The SPE is in 180 

three-electrode cell configuration printed on ceramic substrates (dimensions: 3.4 × 1.0 × 181 

0.05 cm; length × width × height). The working (disk-shaped 4 mm diameter) and counter 182 



 7

electrodes were made of gold ink and platinum ink, respectively. The pseudoreference 183 

electrode and the electric contacts were formed from silver. For the immobilization of 184 

enzymes, native GDH or GDH-GBP, an aliquot of enzyme solution (5μM, 30 μL) containing 185 

native GDH or GDH-GBP was dropped onto the working electrode surface of the SPE and 186 

allowed to incubate for 120 min. The enzyme solution on the SPE was gently resuspended 187 

by pipetting every 30 min. Then, the SPE was fully washed with phosphate buffer (pH 7.0) 188 

to remove weakly bound enzyme remained on the gold surface. The enzyme immobilized 189 

SPEs were installed in reactors with a working volume of 8 mL and were connected to a 190 

potentiostat (Metrohm AutoLab, Utrecht, Netherlands) through the specific DropSens 191 

connector (Spain) present in each case. 192 

 193 

2.5. Electrochemical Measurements 194 

The CV and chronoamperometry of fabricated biosensors were performed using a 195 

potentiostat (Metrohm AutoLab) in a PBS (100 mM, pH 7.0) buffer containing 100 mM 196 

glucose. The electrochemical properties were characterized using CV conducted over the 197 

potential range –800 mV to 600 mV (vs. Ag/Ag+), at a scan rate of 50 mV s–1 unless 198 

otherwise indicated. Chronoamperometry was tested by applying a continuous –200 mV 199 

potential to the working electrode up to 10 min. At the initial state of detection, the transient 200 

background currents were allowed to decay to a steady-state value and the steady-state 201 

current was recorded as result of the electrocatalytic oxidation of glucose. 202 

 203 

 204 

2.6. Determination of Glucose Contents in the Blood Samples. 205 

The fabricated glucose biosensor, GDH-GBP/Au, was used to determine the glucose 206 

concentration of the blood samples. Whole blood samples (5 samples) were obtained from 207 

National Biobank of Kyungpook National University Hospital (Daegu, Korea). The results 208 

of blood glucose concentration from the biosensor were compared with that from glucose 209 

assay kit (GAHK20; Sigma Chemical Co.). Prior to measurement of glucose contents using 210 

glucose assay kit, the blood serum was extracted after centrifugation of whole blood. The 211 

analysis was conducted in duplicate using UV–VIS spectrophotometer (V-730, Jasco, Japan) 212 

at 340 nm. 213 

 214 

3. Results and discussion 215 
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 216 

3.1. Electrochemical properties of the native- and GBP-fused FAD-GDHs on Au electrode 217 

The native GDH and GDH-GBP immobilized electrodes were characterized using CV to 218 

confirm electrochemical properties. From the Fig. 1, The anodic current of GDH-GBP/Au 219 

started to be significantly increased from –455 mV (vs. Ag/AgCl) while the that of native 220 

GDH immobilized SPE (GDH/Au) started to appear from ~0.0 V, with relatively low 221 

electrocatalytic response. The CV result of GDH-GBP/Au provided evidence for DET 222 

between the FAD center and the electrode, based on the information that FAD/FADH2 has a 223 

formal potential (E0') of –460 mV (vs. Ag/AgCl) at pH 7.0 (Holland et al., 2011). These 224 

observations proved that GDH-GBP could transfer the electrons without electron transfer 225 

subunit and chemical supports on electrode. 226 

As the peak currents in Fig. 1 of the both enzyme-electrodes are compared, oxidative peak 227 

current of GDH-GBP/Au, at c.a. -0.25 V, was almost 10 times enhanced in response to 228 

enzyme-catalyzed glucose oxidation compared to GDH/Au. Thereby, the fusion of GBP to 229 

specific site of FAD-GDH has shown to led dramatic increase in anodic current of FAD-GDH 230 

based SPE. It was also observed that the large catalytic current of GDH-GBP/Au is attributed 231 

to the glucose oxidation during comparison analysis in the presence or absence of glucose 232 

(Fig. S1). Since FAD-GDH could oxidize only D-glucose, the reactions occurring in the 233 

enzyme-electrode, GDH/Au and GDH-GBP/Au both can be summarized as: 234 

 235 

D − glucose + FAD- GDH��  →  D − glucono − 1,5 − lactone + FAD- GDH��� (1) 236 

 237 

FAD- GDH��� →  FAD- GDH�� + 2�� (2) 238 

 239 

where the subscripts ox and red refer to oxidized and reduced forms, respectively. 240 

 241 

However, unexpected oxidation peaks were appeared at 0.0 to 0.2 V (vs. Ag/AgCl, Fig. 1A) 242 

from GDH-GBP/Au. These peaks could be reasoned that enzyme is immobilized on the 243 

electrode under the thermodynamically and kinetically unfavorable condition for direct 244 

electric communications (Lee et al., 2019). Inefficient orientation of enzymes partially exists 245 

on the electrode, causing the potential shifts to be more positive potential compared with 246 

enzymes well oriented on the electrode.  247 
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Catalytic current stability was measured by monitoring the response after continuous 248 

potential scans of the GDH-GBP/Au. As shown in Fig. 1A, the current response at the GDH-249 

GBP/Au has shown little change after 20 cycles, retaining almost 92.37% of the initial 250 

catalytic current when comparing initial and final peak current (ip) in cyclic voltammogram 251 

(Table S1). These observations corroborated that over a moderate sensing operation time 252 

(seconds to minutes), the electron transfer conditions in the GDH-GBP/Au device is 253 

favorable for stable maintenance of electrocatalytic current at the enzyme-electrode interface. 254 

 255 

 256 

Fig. 1. (A) CV profiles of a bare Au electrode, GDH/Au, 1st and 20th scans of GDH-GBP/Au in the 257 

presence of 100 mM glucose in a PBS buffer (100 mM, pH 7.0). (B) Dependence of the electron 258 

transfer of GDH-GBP/Au on the scan rate (100, 80, 60, 50, 40, 30, 20, and 10 mV s–1) (inset: 259 

dependence of the peak current on root square of the scan rate). 260 

 261 

3.2. Au binding kinetics and morphological characterization of the FAD-GDHs on Au 262 

substrate 263 
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The binding kinetics of the native GDH and GDH-GBP proteins bound to the Au 264 

electrode surfaces were characterized using a quartz crystal microbalance (QCM, Fig. 2A) 265 

(Okuda-Shimazaki et al., 2008). As the incubation time of the enzyme solution lengthened, 266 

the GDH-GBP presented a steep increase in the frequency change compared with the native 267 

protein. It was shown that GDH-GBP provided a much higher gold binding activity than the 268 

native GDH, as expected. This result is corresponding to surface plasmon resonance (SPR) 269 

spectroscopy results provided in the previous work (Lee et al., 2018).  270 

Topographical information of the native GDH and GDH-GBP on Au surface was 271 

collected using high-resolution AFM (Fig. 2B). The GDH-GBP was found to be tightly 272 

packed and regularly distributed across the electrode surface, whereas the native GDH 273 

formed a more irregular film. The height of native GDH layer (8.53 ± 5.62 nm) on Au 274 

surface was higher with a larger standard deviation than that of the GDH-GBP (6.89 ± 1.97 275 

nm) layer, indicating that the native GDH tended to form multi-stacked enzyme layers, 276 

possibly due to enzymatic agglomeration along the direction perpendicular to the surface. 277 

Furthermore, the GDH-GBP formed a packed and uniform monolayer which thickness is 278 

very close to the size of a single molecule of FAD-GDH (~6 nm), suggesting that the GBP 279 

unit strongly bound and positioned to Au surface in a uniform manner and enabled the 280 

catalytic subunit of GDH-GBP to face the electrode surface (Okuda-Shimazaki et al., 2008; 281 

Lee et al., 2018). Taken together, these findings indicated that fusion of GBP to enzyme 282 

could be able to control enzymatic orientation as well as binding uniformity on the electrode 283 

surface, which is importantly required DET-based enzyme electrode.  284 

 285 
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 286 

Fig. 2. Gold binding characteristics of the native- and GBP-fused FAD-GDH. (A) Gold binding 287 

activities of the native- and GBP-fused FAD-GDH on a gold-coated quartz crystal, determined by 288 

measuring the frequency changes using quartz crystal microbalance (QCM) analysis. (B) AFM 289 

images showing the surface topographies of the native- and GBP-fused FAD-GDH system (protein 290 

concentration: 55 μg mL-1). The areas correspond to 1 μm × 1 μm scans. 291 

 292 

3.3. Amperometric response of GBP-fused FAD-GDH on screen-printed Au electrodes as a 293 

function of glucose concentration 294 

To evaluate the biosensor performance, the steady-state amperometric response of the 295 

GDH-GBP was measured on a compactly designed screen-printed Au electrode (Fig. 3). The 296 

biosensor exhibited a rapid and sensitive response to the addition of glucose. The current for 297 

GDH-GBP/Au increased after the injection of glucose and achieved 95% of the steady-298 

stated current in 5–30 s. The current was found to increase with increasing glucose 299 

concentration, with a dynamic range from 3 to 30 mM (correlation coefficient, R2 = 0.9918). 300 

The sensitivity in the linear region was determined by linear regression analysis up to 301 
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30 mM. The linear regression equation could be expressed as: I (μA) = 1.33C - 1.71 (mM). 302 

The GDH-GBP/Au yielded a sensitivity of 1.33 μA mM−1 cm−2 and a detection limit of 3.41 303 

mM (based on a signal-to-noise (S/N) of 3). The GDH-GBP/Au showed exceptional 304 

sensitivity and a low detection limit compared to the DET-based biosensor. These results 305 

indicated reliable electrocatalytic oxidation and fast enough electron exchange in the 306 

biosensor due to fuel oxidation at a low redox potential, without interference from 307 

background redox mediators (i.e., thermodynamic losses resulting from a negative change in 308 

the Gibbs free energy). 309 

 310 

 311 

Fig. 3. (A) Dependence of the steady-state catalytic current at the GDH-GBP/Au on the 0 to 200 312 

mM of glucose concentration. (Insert: Dotted trace represents the current response up to 10 mM of 313 

glucose concentration) Data fitted to the Michaelis-Menten equation by using non-linear regression 314 

analysis. (B) Schematic illustrations of the screen-printed electrode used here, the electrochemical 315 

characterization of the enzyme–electrode, and interfacial electron transfer of native- and GBP-fused 316 

FAD-GDH on surface of the screen-printed electrode (top inset: photograph of a bare screen-317 

printed electrode). 318 

 319 
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For the kinetic analyses of the GDH-GBP immobilized on gold surface, data were fitted 320 

to a Michaelis-Menten type equation and the maximum steady-state current response (imax) 321 

and apparent Michaelis-Menten constant (KM
app) for glucose were determined. Data was 322 

fitted to the Michaelis–Menten equation by using non-linear regression analysis with 323 

Sigmaplot 14.0; 324 

 325 

1/! = ($%
&''

/!(&�)(1/*) + 1/!(&�                                      (3) 326 

 327 

where C is the concentration of glucose, i is the measured current at each glucose 328 

concentration, and imax is the saturation value of the current. Here, KM
app reflected the 329 

bioactivity and affinity toward glucose of FAD-GDH on electrode.  330 

According to the non-linear regression analysis, the KM
app was calculated to be 26.91±4.31 331 

mM, much lower than that of many other matrices (Fig. 3B). The low KM
app indicated good 332 

bioactivity among the immobilized GDH molecules was preserved. Based on the calculated 333 

imax, furthermore, the electron transfer efficiency (ηET) (%) was calculated to examine the 334 

quality of developed GDH-GBP/Au in the term of percentage ratio of electroactive enzymes 335 

to surface occupied enzymes. This term refers to the ratio of the number of generated 336 

electrons from enzymatic redox reaction to the number of electrons collected by electrode and 337 

thus indicates the percentages of electroactive enzymes which practically works to transfer 338 

electrons toward electron accepter, electrode (scheme S1). This approach to evaluate the 339 

biosensor could be helpful to accurately compare obt0061ined performance from this work 340 

with others, regardless of quantitative current level, enzyme mass used, electrode size, etc. 341 

The electron transfer efficiency of GDH-GBP/Au was calculated using following equation 342 

(Vazquez Duhalt ‐ et al., 2014; Kim et al., 2016; Lee et al., 2018).:  343 

 344 

+,-  (%) =
(%�&/0��� 10���23)

(-4����351&6 10���23)
× 100 =

(%�&/0��� 90���23)

(:;<=>?>= @=A>B>AC × DEFCG< G@HH × 2 × I@J@K@C =LEHA@EA)
× 100          345 

(4) 346 

 347 

Here, it should be noted that the term, electron transfer efficiency (+,-) indicates the ratio 348 

of transferred electron number from enzymatic cofactor toward electrode vs. the number of 349 

electrons that could be generated from enzymatic cofactor based on specific activity of FAD-350 

GDH. The specific activity of enzyme was measured using the DCIP method reported in the 351 

previous study (Lee et al., 2018). The electron transfer efficiency was calculated via ratio of 352 
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theoretical current (μA) and actual measured current (μA) at the enzyme-electrode. The imax in 353 

Michaelis-Menten models was used as measured current term. The theoretical current was 354 

obtained using the specific activity (μmol min−1 mg−1) of enzyme, the enzyme mass (µg) used, 355 

and number of electrons involved in the enzymatic reaction, n. The obtained electron transfer 356 

efficiency of GDH-GBP/Au was measured to be 6.54±0.18% at 30°C. The obtained electron 357 

transfer efficiency from GDH-GBP/Au is orders of magnitude higher than previously 358 

reported DET based enzyme-electrode system. 359 

Biosensor selectivity, which indicates the ability to discriminate the interfering species 360 

from the target analyte, is an important factor for amperometric biosensor. Amperometric 361 

detection of glucose using enzyme-based biosensor is generally interfered by other sugars, 362 

such as galactose, fructose, xylose, etc. and reducing compound such as ascorbic acid, uric 363 

acid, acetaminophen, etc. those could be present in physiological condition. An interference 364 

test was carried out by injecting the potential interfering species, other sugars including 365 

galactose, fructose, xylose and reducing compound including ascorbic acid, uric acid, and 366 

acetaminophen. The two types of interfering substances which are other sugars and reducing 367 

compounds were separately tested (Fig. 4). It was shown that the additions of each 368 

interfering substance did not substantially change the response signal and the initial 369 

amperometric signal for glucose detection was almost retained, indicating excellent 370 

selectivity of the biosensor toward glucose detection. 371 

 372 
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 373 

Fig. 4. Amperometric response of GDH-GBP/Au to sequential addition of (A) 10 mM of other type 374 

sugars (fructose, galactose, and xylose) and (B) 1 mM of reducing compounds (ascorbic acid, uric 375 

acid, and acetaminophen) in PBS solution after initial addition of 100 mM of glucose at an applied 376 

potential of -0.2 V (vs. Ag/AgCl) 377 

 378 

The storage stability of biosensor for long-term period was evaluated via measuring the 379 

amperometic response after 43 days of storage of biosensor. When not in use, the biosensor 380 

was stored at 4°C in a refrigerator, after initial electrochemical test. The results are shown in 381 

Fig. S2. After 43 days of initial operation of biosensor, the response retained over 82% of the 382 

initial value. The high stability of the DET-based GDH-GBP/Au was attributed to the gold 383 

binding peptide, which provided a strong and stable binding of FAD-GDH on the electrode. 384 

In addition, the genetic engineering of FAD-GDH, which expressed GBP on the catalytic 385 

subunit of GDH, preserved the bioactivity of the native GDH and played an important role in 386 

the catalytic stability of the enzymes in the biosensor. 387 

Then, The GDH-GBP was tested with human whole blood samples for evaluating its 388 

applicability in clinical diagnostics (Heller and Feldman, 2008; González-Gaitán et al., 2017). 389 

Five whole blood samples were used to determine glucose concentration in human whole 390 
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blood. Each sample was measured with two different detection protocols in duplicate (Table 391 

S2 and S3). The blood sugar contents measured with biosensor was compared with those 392 

measured with conventional method using glucose assay kit (Table 1). In comparison of 393 

conventional method, the relative errors were shown to be less than 10%, which indicates the 394 

developed GDH-GBP/Au could be potentially used for the detection of clinical blood 395 

samples. 396 

 397 

Table 1. Assessment of blood sugar content using GDH-GBP/Au based biosensing system and 398 

conventional method. 399 

Number of 

whole blood 

samples 

Glucose concentration 

measured by HK protocols 

(mM) (a) 

Glucose concentration 

measured by GDH-GBP/Au 

based biosensor (mM) (b) 

Relative 

deviation (%)a 

1 6.68±0.01 8.17±0.36 9.19 

2 5.57±0.03 6.39±0.07 3.97 

3 5.30±0.01 6.35±0.08 8.11 

4 5.07±0.00 5.72±0.17 4.64 

5 4.72±0.01 5.22±0.22 6.49 
aRelative deviation (%) = 100×|b-a|/b (The average value was used for calculation of relative 400 

deviation.) 401 

 402 

3.4. Operating temperature effects on biosensing properties 403 

Operating temperature is one of the parameters that affects the function of enzymes. The 404 

FAD-GDH used in this work was derived from a thermophilic strain, Burkholderia cepacia, 405 

and showed a range of specific activities toward glucose oxidation at temperatures from 30 406 

to 70°C (Martinez-Ortiz et al., 2011; Gineitytė et al., 2019). The temperature-dependent DET 407 

kinetics and thermodynamics of GDH-GBP/Au and were primarily investigated using CV at 408 

temperatures of 30-70°C. Together with CV measurement, the specific activity of the free 409 

GDH-GBP was measured to analyze how the temperature change affects DET efficiency of 410 

GDH-GBP/Au. The specific activity of the GDH-GBP was shown to remain nearly constant 411 

over the range 30-50°C and dramatically decreased at temperatures of 60–70°C (Fig. S4). 412 

Interestingly, the CV results showed that GDH-GBP/Au provided a peak current that 413 

increased significantly within the range 30-50°C, while the specific activity of the free 414 

GDH-GBP is almost retained at the same temperature range. In the temperature dependent 415 
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cyclic voltammogram of GDH/Au, almost no change in anodic curve was observed, 416 

indicating that temperature dependent change in peak current of GDH-GBP/Au has 417 

occurred due to transition at the enzymatic cofactor-electrode (Fig. S5). The DET kinetics at 418 

the enzyme–electrode interface is mainly determined by the enzyme catalytic activity and 419 

interfacial electron delivery, which is strongly dependent on the proximity of the cofactor 420 

with the electrode surface. Since the generated electrons are constant at 30-50°C as the 421 

specific activity was shown not to change, elevated the DET kinetics at 30-50°C might 422 

mainly due to the enzyme structural folding on the electrode surface, affecting interfacial 423 

distance between cofactor and electrode surface. At 60–70°C, the catalytic current of GDH-424 

GBP/Au was shown to be declined and this is assumed that the DET kinetic was mainly 425 

dependent by reduced turnover rate of GDH-GBP. In addition, the onset potential of GDH-426 

GBP/Au at 30–70°C was shifted toward less positive values, regardless of the electron 427 

transfer kinetics. This negative shifts in the onset and peak potentials was ascribed to 428 

Nernstian behavior. These results show that the DET efficiency was mainly governed by the 429 

interfacial environment of the enzyme–electrode at 30–50°C and by the change in the 430 

specific activity at higher temperatures of 60–70°C (Fig. S4). 431 

The temperature dependence of amperometric signal was also obtained at various glucose 432 

concentrations ranging between 0 to 200 mM. As above, the amperometric signal of GDH-433 

GBP/Au based biosensing system at 30°C shows linearity from 3 mM to 30 mM glucose. As 434 

incubation temperature of the system increases, its dynamic range has extended with 435 

decreased low limit (up to 0.5 mM) and increased upper limit of linear detection range (up 436 

to 50 mM). Here, the KM
app, which is related to the substrate binding affinity of immobilized 437 

GDH-GBP on the electrode was calculated with non-linear regression analysis from the 438 

amperometric results shown in Fig. 5A. The electrochemical KM
app values of GDH-GBP/Au 439 

at 30, 40, 50°C were calculated to be 26.91±4.31, 23.92±3.07, and 22.32±3.07 mM, 440 

respectively, and remained relatively unchanged at 30–50°C. The temperature dependence 441 

of the electrochemical KM
app, was similar with result in specific activity of the free GDH-442 

GBP. However, the imax values increased dramatically with the incubation temperature: 443 

58.29±1.62, 76.00±1.21, and 103.53±10.17 µA at 30, 40, 50°C, respectively (Fig. 5 and 444 

Table S2). 445 

 446 
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 447 

Fig. 5. (A) Dependence of the steady-state catalytic current at the GDH-GBP/Au on the glucose 448 

concentration (0 to 200 mM) at different incubation temperatures (30, 40, and 50°C). Applied 449 

potential is -0.2 V (vs. Ag/AgCl) Data fitted to the Michaelis-Menten equation by using non-linear 450 

regression analysis. (B) Plot of KM
app of GDH-GBP/Au obtained from the glucose concentration-451 

dependent amperometric signals (green) and the specific activity of the free GBP-fused FAD-GDH 452 

of the electrolyte at 30, 40, 50°C (red). 453 

 454 

Additionally, the electron transfer efficiency of GDH-GBP/Au at each incubation 455 

temperature was calculated and compared (Table S4). Electron transfer efficiency at 30°C 456 

was shown to be 6.54±0.18%. As the incubation temperature increased gradually, the 457 

electron transfer efficiency also increased, showing 8.52±0.14% and 11.61±1.14% at 40 and 458 

50°C. The electron transfer efficiency at 50°C, obtained from enzyme–electrode incubation, 459 

was twice the value obtained at 30°C. This result demonstrated that favorable DET kinetics 460 

at elevated incubation temperatures could be ascribed to the interfacial conditions between 461 

the enzymatic cofactor and the electrode. Considering that enzymatic activity was constant 462 

at 30-50°C in the state of both free and immobilized GDH-GBP, it could be proven that 463 
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enzyme conformational change on electrode has enabled closer contact between enzymatic 464 

cofactor and electrode surface. Here, it could be known that the temperature should be 465 

importantly considered for glucose monitoring using GDH-GBP/Au depending on its 466 

application sites. 467 

 468 

4. Conclusion 469 

 470 

In this study, we demonstrated a DET-based GDH-GBP/Au system, an integration of an 471 

engineered oxidoreductase and a screen-printed electroanalytical sensing platform. The 472 

GDH-GBP/Au displayed mechanical, biochemical, and electrochemical characteristics 473 

suitable for DET based biosensing applications. The GDH-GBP/Au was capable of direct 474 

transfer of electrons toward the electrode as indicated by the significant increase in the 475 

oxidative current from a response to the enzyme-catalyzed glucose oxidation. The catalytic 476 

current was highly retained, recording 92.37% of catalytic current after successive potential 477 

scans. DET-based GDH-GBP/Au system has showed high sensitivity of 1.33 μA mM−1 478 

cm−2 within the linear range of 3 to 30 mM at 30°C and good resistance towards interfering 479 

species. In the evaluation of storage stability, current response of GDH-GBP/Au was highly 480 

retained for over one month. In the glucose determination with whole blood sample, GDH-481 

GBP/Au has shown < 10% of the relative errors, proving its potential usage for the detection 482 

of clinical blood samples. The temperature dependency of GDH-GBP/Au has been also 483 

estimated to analyze the effect of surrounding temperature of application sites. The GDH-484 

GBP/Au has been well operated in the temperature range of 30-50°C. Therefore, the 485 

produced GDH-GBP/Au electrode shows promise in the wide range biosensing 486 

applications. Furthermore, suggested technique could be potentially applied to different type 487 

of enzyme-based biosensors in which adopts various DET-capable (FAD, FMN, PQQ, or 488 

Moco dependent) oxidoreductases. 489 

 490 
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Table captions 544 

 545 

Table 1. Assessment of blood sugar content using GDH-GBP/Au based biosensing system and 546 

conventional method.  547 
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Table 1. Assessment of blood sugar content using GDH-GBP/Au based biosensing system and 548 

conventional method. 549 

Number of 

whole blood 

samples 

Glucose concentration 

measured by HK protocols 

(mM) (a) 

Glucose concentration 

measured by GDH-GBP/Au 

based biosensor (mM) (b) 

Relative 

deviation (%)a 

1 6.68±0.01 8.17±0.36 9.19 

2 5.57±0.03 6.39±0.07 3.97 

3 5.30±0.01 6.35±0.08 8.11 

4 5.07±0.00 5.72±0.17 4.64 

5 4.72±0.01 5.22±0.22 6.49 
aRelative deviation (%) = 100×|b-a|/b (The average value was used for calculation of relative 550 

deviation.) 551 
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Figure captions 552 

 553 

Fig. 1. (A) CV profiles of a bare Au electrode, GDH/Au, 1st and 20th scans of GDH-GBP/Au in the 554 

presence of 100 mM glucose in a PBS buffer (100 mM, pH 7.0). (B) Dependence of the electron 555 

transfer of GDH-GBP/Au on the scan rate (100, 80, 60, 50, 40, 30, 20, and 10 mV s–1) (inset: 556 

dependence of the peak current on root square of the scan rate). 557 

 558 

Fig. 2. Gold binding characteristics of the native- and GBP-fused FAD-GDH. (A) Gold binding 559 

activities of the native- and GBP-fused FAD-GDH on a gold-coated quartz crystal, determined by 560 

measuring the frequency changes using quartz crystal microbalance (QCM) analysis. (B) AFM 561 

images showing the surface topographies of the native- and GBP-fused FAD-GDH system (protein 562 

concentration: 55 μg mL-1). The areas correspond to 1 μm × 1 μm scans. 563 

 564 

Fig. 3. (A) Dependence of the steady-state catalytic current at the GDH-GBP/Au on the 0 to 200 565 

mM of glucose concentration. (Insert: Dotted trace represents the current response up to 10 mM of 566 

glucose concentration) Data fitted to the Michaelis-Menten equation by using non-linear regression 567 

analysis. (B) Schematic illustrations of the screen-printed electrode used here, the electrochemical 568 

characterization of the enzyme–electrode, and interfacial electron transfer of native- and GBP-fused 569 

FAD-GDH on surface of the screen-printed electrode (top inset: photograph of a bare screen-570 

printed electrode). 571 

 572 

Fig. 3. Amperometric response of GDH-GBP/Au toward sequential addition of (A) 10 mM of other 573 

type sugars (fructose, galactose, and xylose) and (B) 1 mM of reducing compounds (ascorbic acid, 574 

uric acid, and acetaminophen) in PBS solution after initial addition of 100 mM of glucose at an 575 

applied potential of -0.2 V (vs. Ag/AgCl). 576 

 577 

Fig. 5. (A) Dependence of the steady-state catalytic current at the GDH-GBP/Au on the glucose 578 

concentration (0 to 200 mM) at different incubation temperatures (30, 40, and 50°C). Applied 579 

potential is -0.2 V (vs. Ag/AgCl) Data fitted to the Michaelis-Menten equation by using non-linear 580 

regression analysis. (B) Plot of KM
app of GDH-GBP/Au obtained from the glucose concentration-581 

dependent amperometric signals (green) and the specific activity of the free GBP-fused FAD-GDH 582 

of the electrolyte at 30, 40, 50°C (red). 583 
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 584 

Fig. 1. (A) CV profiles of a bare Au electrode, GDH/Au, 1st and 20th scans of GDH-GBP/Au in the 585 

presence of 100 mM glucose in a PBS buffer (100 mM, pH 7.0). (B) Dependence of the electron 586 

transfer of GDH-GBP/Au on the scan rate (100, 80, 60, 50, 40, 30, 20, and 10 mV s–1) (inset: 587 

dependence of the peak current on root square of the scan rate). 588 

  589 
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 590 

Fig. 2. Gold binding characteristics of the native- and GBP-fused FAD-GDH. (A) Gold binding 591 

activities of the native- and GBP-fused FAD-GDH on a gold-coated quartz crystal, determined by 592 

measuring the frequency changes using quartz crystal microbalance (QCM) analysis. (B) AFM 593 

images showing the surface topographies of the native- and GBP-fused FAD-GDH system (protein 594 

concentration: 55 μg mL-1). The areas correspond to 1 μm × 1 μm scans.  595 
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 596 

Fig. 3. (A) Dependence of the steady-state catalytic current at the GDH-GBP/Au on the 0 to 200 597 

mM of glucose concentration. (Insert: Dotted trace represents the current response up to 10 mM of 598 

glucose concentration) Data fitted to the Michaelis-Menten equation by using non-linear regression 599 

analysis. (B) Schematic illustrations of the screen-printed electrode used here, the electrochemical 600 

characterization of the enzyme–electrode, and interfacial electron transfer of native- and GBP-fused 601 

FAD-GDH on surface of the screen-printed electrode (top inset: photograph of a bare screen-602 

printed electrode). 603 
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 604 

Fig. 4. Amperometric response of GDH-GBP/Au to sequential addition of (A) 10 mM of other type 605 

sugars (fructose, galactose, and xylose) and (B) 1 mM of reducing compounds (ascorbic acid, uric 606 

acid, and acetaminophen) in PBS solution after initial addition of 100 mM of glucose at an applied 607 

potential of -0.2 V (vs. Ag/AgCl)  608 
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 609 

Fig. 5. (A) Dependence of the steady-state catalytic current at the GDH-GBP/Au on the glucose 610 

concentration (0 to 200 mM) at different incubation temperatures (30, 40, and 50°C). Applied 611 

potential is -0.2 V (vs. Ag/AgCl) Data fitted to the Michaelis-Menten equation by using non-linear 612 

regression analysis. (B) Plot of KM
app of GDH-GBP/Au obtained from the glucose concentration-613 

dependent amperometric signals (green) and the specific activity of the free GBP-fused FAD-GDH 614 

of the electrolyte at 30, 40, 50°C (red). 615 



Research Highlights 

 

� DET based biosensor was developed using GBP fused FAD-GDH on SPE. 

� The fusion of GBP increased mechanical and electrical stability of FAD-GDH on 

SPE. 

� The GDH-GBP/Au exhibits high selectivity toward glucose in whole human blood 
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