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Abstract

In the present work, direct electron transfer (DBa3ed biosensing system for the determination
of glucose has been fabricated by utilizing golddmg peptide (GBP) fused flavin adenine
dinucleotide-dependent glucose dehydrogenase (FRBEHGrom Burkholderia cepaciaThe GBP
fused FAD-GDH was immobilized on the working elede surface of screen-printed electrode
(SPE) which consists of gold working electrodeihges pseudo-reference electrode and a platinum
counter electrode, to develop the biosensing systim compact design and favorable sensing
ability. The bioelectrochemical and mechanical prtips of GBP fused FAD-GDH (GDH-GBP)
immobilized SPE (GDH-GBP/Au) were investigated. &jethe binding affinity of GDH-GBP on
Au surface, was highly increased after fusion dfiganding peptide and its uniform monolayer
was formed on Au surface. In the cyclic voltammé@y), GDH-GBP/Au displayed significantly
high oxidative peak currents corresponding to gdecoxidation which is almost c.a. 10-fold
enhanced value compared with that from native GDbhobilized SPE (GDH/Au). As well, GDH-
GBP/Au has shown 92.37% of current retention afeccessive potential scans. In the
chronoamperometry, its steady-state catalytic atirveas monitored in various conditions. The
dynamic range of GDH-GBP/Au was shown to be 3-30 atM30°C and exhibits high selectivity
toward glucose in whole human blood. Additionalgmperature dependency of GDH-GBP/Au on
DET capability was also investigated at 30-70 °©nsidering this efficient and stable glucose
sensing with simple and easy sensor fabricationH@&BP based sensing platform can provide
new insight for future biosensor in research figlds rely on DET.

Keywords: biosensor; gold binding peptide; glucakEhydrogenase; screen-printed electrode;

direct electron transfer



ol
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83

1. Introduction

Remarkable progress has been made in the develbpraénbiosensor and
bioelectrochemical systems to obtain (1) excelks=iectivity with low contributions from
interfering reactions (Ispast al, 2012; Wang, 2008), (2) highly efficient elecaiic
communication of enzyme with the electrode, eveser @mnall reaction areas (Hollaetal,,
2011; Milton and Minteer, 2017; Lext al, 2018; Leeet al, 2019), (3) small and compactly
designed sensor systems that can be installe¢ édsbbanet al, 1991; Urbaret al, 1992),
and (4) minimal background ohmic resistance. Thearee been many efforts to satisfy those
four required conditions for biosensor performandecusing on electron transfer
mechanism, biosensor design, and measurement geeiAlthough there have recently
been significant advances in impedimetric enzymes@e most of the cases are based on
amperomeric enzyme sensor and three generations begn reported depending on
electron acceptors (Itet al, 2019). In particular, %generation biosensor employing the
direct electron transfer (DET) principle, has bemmsidered to be fascinating since it
functions without artificial electron mediator thattoxic chemical and could possibly cause
unnecessary side-reactions in complex physiologizelironments L(éger and Bertrand,
2008)

To date, several studies have reported for DET lapanzyme-electrode using various
iImmobilization method. In the previous study froghibdaet al. (2018), FAD-GDH from
Aspergillus flavuswas adsorbed on the single-walled carbon nanotes for effective
electrical contact of enzymatic cofactor and elstr surface (Ishidat al, 2018). From Ito
et al. (2019), electron transfer domain of cellobioseydiebgenase (CDHhemeb-binding
cytochrome domainywas genetically fused taspergillus flavusierived FAD-GDH to induce
a flavin-to-heme interdomain electron transfer. rEbg, non-DET type FAD-GDH has
granted DET capability by the support of additioe&ctron transfer protein (Itet al,
2019).The direct conjugation of mediating molecules sashquinone derivatives, various
osmium-complexes, ferrocene derivatives, etc. iss shown to provide redox potentials
appropriate for pulling electrons from the cofadirthe electrodeBabanoveet al, 2014,
Babanovaet al, 2015) Additionally, gold nanoparticles and cytochrornehave been
incorporated to facilitate electron transfer acreegyme—electrode interfaceRatautaset
al., 2016; Algovet al, 2017) To optimize the DET at the enzyme-electrode fats,
however, the final electron donor in electroacevzymes (e.g. FAD, metallocofactor, etc.)

should be controlled to face toward electrode serfand to be in close proximity with it. If
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the orientation of enzymes in working electrodeenzyme-based electrochemical sensor is
not properly regulated, applied potential in bicseg device would shift in positive
direction, increasing the chance of oxidoreductbrro-present interferent molecules with
target analyte and decreasing sensing accuracy.

To regulate the enzyme orientation for enzymatdactor to face toward electrode
surface, the enzyme-electrode linking method ansiofu site in enzyme should be
considered as highly important factors. Impropekdige of amino acid could possibly occur
the conformational change of enzymes following vabss of enzyme activity or widen the
inter-distance between enzymatic active site aedtedde surface. In the previous study,
substrate-like compound (e.g. anthracene-2-dianonitazidoaniline, etc.) that interacts with the
redox site of the enzyme as ligand was covalenthetionalized on the electrode surface, thereby
inducing a preferential orientation of the enzymatctive site towards the electrodd&tinez-
Ortiz et al, 2011; Arrocheet al, 2014).Although there have been many linkage methods
suggested for DET at enzyme-electrode interfacevekier, it is still hard to precisely
control the enzyme orientation in single molecebeel.

To overcome these hurdles, we recently reportedffarient approach for DET-capable
enzymevia genetic expression of a gold binding peptide (GB&hprising 12 amino acids
(LKAHLPPSRLPS, 1.3 kDa) that form a sticky end with specific binding affinity
(microelectronic and magnetic affinity) toward afage of specific metal. As the fusion site
of GBP is the important parameter that determiheshzyme binding orientation as well as
proximity of cofactor with electrode surface, th&8/shas expressed C- or N-terminus of
enzyme subunits and DET efficiency at each modifsidictures was compared and
analyzed (Leet al, 2018; Leeet al, 2019).

The FAD-dependent glucose dehydrogenase (FAD-GDbin fBurkholderia cepacia
which has been chosen as model enzyme is a thebt®sbxygen-independent and DET
capable enzyme. This enzymatic property makes FAI{@ractical which can be applied
in various temperature. The FAD-GDH is made uphoéé¢ subunits; catalytic subunit- (
subunit) containing FAD as an active site; electt@nsfer subunitgsubunit) in which
heme-containing cytochroneas present; and small subunitqubunit) that is a firming unit
for a- andfg-subunits Arrochaet al, 2014) The entire FAD-GDH complex displayed DET
with a relatively low bioelectrocatalytic currenhdh a redox potential of —460 m\g|
Ag/AgCl) at pH 7.0. The size of thesubunit, which enabled electron transfer in thievea

GDH, as well as the random orientations of the emeyreduced the efficiency of electron
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transfer to the electrodes. Algeval.(2017) has proven that the large proteinaceousxmat
of p-subunit in FAD-GDH introduces additional insulatiaduring interfacial electron
transfer and increases charge transfer resistamcmterfacial electron transfer, reducing
electron transfer efficiency. They have shown thatomission of subunit in FAD-GDH is
beneficial for enhancing enzymatic activity for ghse oxidation as well as direct
electrocatalytic activity of enzyme-electrodéa shortening electron transfer distance
(Algov et al, 2017). Another previous study from Okuda-Shinkazzt al (2008) has
proven that the expression @fsubunit of FAD-GDH alone could retain almost 100%6
catalytic current on electrode after 24-hour operaais well as bioactivity. Meanwhile, it
was also shown that thiesubunit exhibits the lowest stability among theeéhsubunits of
FAD-GDH (Inoseet al, 2003) Therefore, a site-specific attachment of golddimg peptide
near the active center of tlesubunit and the omission of tifesubunit in FAD-GDH
complex is assumed to reduce the number of eledtarsfer intermediates as well as
shortening the electron transfer distance, achieaimefficient DET-based biosensor (Lete
al., 2018).

In this study, GBP-fused FAD-GDH (GDH-GBP) deriviedm Burkholderia cepaciavas
applied on screen-printed electrode (SPE), produGBbH-GBP immobilized SPE (GDH-
GBP/Au). We have attempted to fabricate upgradeddrisor with enzymatic orientation
controllability, DET capability and simplicity innrgyme immobilization on a compactly
designed sensor system without chemical supporshde compared electrochemical and
mechanical activity of GDH-GBP with those of natié&®H on electrode. Their binding
affinities on Au substrate were analyzed by Quarygstal microbalance (QCM). The
binding morphology of enzymes on Au electrode weraged by atomic force microscopy
(AFM). Most importantly, the biosensing property@DH-GBP/Au was electrochemically
investigated using cyclic voltammetry and chronoarometry. As well, GDH-GBP/Au
was tested to measure glucose contents in humate whand samples and the result was
compared with conventional blood sugar assessmesthad to evaluate biosensor
applicability in clinical diagnostics. Furthermorthe effects of temperature on the DET

efficiency of biosensor was also estimated underGC.

2. Materials and methods

2.1. Enzyme Preparation.
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Synthetic constructs that comprises Glaksubunit with GBP (LKAHLPPSRLPS, 1.3
kDa) at C-terminus and GDpisubunit with GBP at N-terminus were cloned intodified
pET2l1la plasmid and transformed Eo coli BL21 - CodonPlus (DE3) - RIL (Agilent
Technologies, USA). The&. coli BL21(DE3) were then cultivated, and the synth&lH
was expressed and purified. The SDS page analgsibden reported in previous work (Lee
et al, 2018; Leeet al, 2019).

2.2. AFM Characterization

High-resolution atomic force microscopy (AFM) wased to visualize the surface of an
enzyme film on the electrode surface. Prior to AENaracterization, gold-coated silicon
wafer (cut by 1 cm x 1 cm) was cleaned by being éms®d in piranha solution (3:1 v/v,
H,SO,:H20O,) for 10 min to remove inorganic and organic contemts from the gold
surface. Then, the Au electrode was fully incubate®.5 M of native GDH and GDH-
GBP solution in phosphate buffer (pH 7.0) for 12 with stirring, to immobilize target
proteins on gold substrate. After incubation of dgslubstrate in protein solution, the
unbound and weakly bound enzymes were thoroughlghec away in a stream of
deionized water and blow-dried with air. AFM measuents were obtained in the non-
contact mode using an XEP system controller (AFM-200, PSIA Corporation)dkuda-
Shimazakiet al.,, 2008)

2.3. Quartz Crystal Microbalance (QCM) Char acterization

The binding affinities of the native GDH and GDH-BB®n the gold electrodes were
measured using a quartz crystal microbalance (QSMKO EG & G, Ltd., Japan). The
change in resonance frequency of piezo-electrictgwhip is monitored during adsorption
of proteins. The frequency is typically proportibna the protein mass on the electrode.
Thus, the enzyme solution containing the native Gintd GDH-GBP were dropped onto
the gold-coated QCM electrode. The frequency wa® timonitored using the WinQCM
software for 120 min@kuda-Shimazaket al, 2008; Kacaet al., 2009)

2.4. Enzyme Immobilization on Screen-printed Eledér

Screen-printed electrode (SPE) was purchased froop&2ns (Spain). The SPE is in
three-electrode cell configuration printed on cdaBubstrates (dimensions: 3.4 x 1.0 x
0.05 cm; length x width x height). The working (dshaped 4 mm diameter) and counter

6



183
184
185
186
187
188
189
190
191
192
193
194

195
196
197
198
199
200
201
202
203
204
205

206
207
208
209
210
211
212
213
214
215

electrodes were made of gold ink and platinum irdspectively. The pseudoreference
electrode and the electric contacts were formednfsilver. For the immobilization of
enzymes, native GDH or GDH-GBP, an aliquot of eneysalution (&M, 30 L) containing
native GDH or GDH-GBP was dropped onto the workatectrode surface of the SPE and
allowed to incubate for 120 min. The enzyme soluttm the SPE was gently resuspended
by pipetting every 30 min. Then, the SPE was fulbshed with phosphate buffer (pH 7.0)
to remove weakly bound enzyme remained on the gotthce. The enzyme immobilized
SPEs were installed in reactors with a working waduof 8 mL and were connected to a
potentiostat (Metrohm AutoLab, Utrecht, Netherlgndisrough the specific DropSens

connector (Spain) present in each case.

2.5. Electrochemical M easurements

The CV and chronoamperometry of fabricated biosenswere performed using a
potentiostat (Metrohm AutoLab) in a PBS (100 mM, @BH) buffer containing 100 mM
glucose. The electrochemical properties were chetiaed using CV conducted over the
potential range —800 mV to 600 mVs( Ag/Ag*), at a scan rate of 50 mV'sunless
otherwise indicated. Chronoamperometry was teste@gdplying a continuous —200 mV
potential to the working electrode up to 10 mintlAe initial state of detection, the transient
background currents were allowed to decay to adgtetate value and the steady-state

current was recorded as result of the electrodatadyidation of glucose.

2.6. Deter mination of Glucose Contentsin the Blood Samples.

The fabricated glucose biosensor, GDH-GBP/Au, wssduto determine the glucose
concentration of the blood samples. Whole bloodpes(5 samples) were obtained from
National Biobank of Kyungpook National Universityospital (Daegu, Korea). The results
of blood glucose concentration from the biosenserencompared with that from glucose
assay kit (GAHK20; Sigma Chemical Co.). Prior toasierement of glucose contents using
glucose assay kit, the blood serum was extracted eéntrifugation of whole blood. The
analysis was conducted in duplicate using UV-VI&csmphotometer (V-730, Jasco, Japan)
at 340 nm.

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

The native GDH and GDH-GBP immobilized electrodeavcharacterized using CV to
confirm electrochemical properties. From the Fig.The anodic current of GDH-GBP/Au
started to be significantly increased from —455 (v¥. Ag/AgCl) while the that of native
GDH immobilized SPE (GDH/Au) started to appear frerd.0 V, with relatively low
electrocatalytic response. The CV result of GDH-GBP provided evidence for DET
between the FAD center and the electrode, basdbdeomformation that FAD/FADKhas a
formal potential E°) of —460 mV ¢s. Ag/AgCl) at pH 7.0 Kolland et al, 201). These
observations proved that GDH-GBP could transfer dlextrons without electron transfer
subunit and chemical supports on electrode.

As the peak currents in Fig. 1 of the both enzyteeteodes are compared, oxidative peak
current of GDH-GBP/Au, at c.a. -0.25 V, was almaét times enhanced in response to
enzyme-catalyzed glucose oxidation compared to @IDHThereby, the fusion of GBP to
specific site of FAD-GDH has shown to led dramaticrease in anodic current of FAD-GDH
based SPHt was also observed that the large catalytic euroé GDH-GBP/Au is attributed

to the glucose oxidation during comparison analysige presence or absence of glucose
(Fig. S1). Since FAD-GDH could oxidize only D-gle®s the reactions occurring in the
enzyme-electrode, GDH/Au and GDH-GBP/Au both casilrmamarized as:

D — glucose + FAD-GDH,, — D — glucono — 1,5 — lactone + FAD-GDH,.; (1)

FAD- GDH,,; — FAD-GDH,, + 2e~ (2)

where the subscripts ox and red refer to oxidizetlraduced forms, respectively.

However, unexpected oxidation peaks were appedred @#o 0.2 V ys. Ag/AgCl, Fig. 1A)
from GDH-GBP/Au. These peaks could be reasoned éhayme is immobilized on the
electrode under the thermodynamically and kindycainfavorable condition for direct
electric communications (Lest al, 2019). Inefficient orientation of enzymes pdlyia&xists
on the electrode, causing the potential shifts ¢onibre positive potential compared with

enzymes well oriented on the electrode.
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Catalytic current stability was measured by momigprthe response after continuous
potential scans of the GDH-GBP/Au. As shown in Hig, the current response at the GDH-
GBP/Au has shown little change after 20 cyclesaingtg almost 92.37% of the initial
catalytic currenwwvhen comparing initial and final peak curreny {n cyclic voltammogram
(Table S1). These observations corroborated that avmoderate sensing operation time
(seconds to minutes), the electron transfer camdtiin the GDH-GBP/Au device is

favorable for stable maintenance of electrocatalgtirrent at the enzyme-electrode interface.

A 150 — bare Au

E = GDH/Au
= (1st scan) GDH-GBP/Au
1 00 - 7> = (20th scan) GDH-GBP/Au

50 A

11 A

0 4

-50 1

'100 v ] v ] v 1 v 1 ' 1 ' 1
-06 04 -02 00 02 04 0.6

E /V (vs. Ag/AgCl)

100 A————— , : :
06 04 -02 00 02 04 0.6

E/V (vs. Ag/AgCl)

Fig. 1. (A) CV profiles of a bare Au electrode, GDH/AU! and 28'scans of GDH-GBP/Au in the
presence of 100 mM glucose in a PBS buffer (100 mpM,7.0). (B) Dependence of the electron
transfer of GDH-GBP/Au on the scan rate (100, 8D, B0, 40, 30, 20, and 10 mVs (inset:

dependence of the peak current on root squareecfdan rate).

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

substrate
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The binding kinetics of the native GDH and GDH-GBRoteins bound to the Au
electrode surfaces were characterized using azmjueystal microbalance (QCM, Fig. 2A)
(Okuda-Shimazaket al, 2008) As the incubation time of the enzyme solutiongidened,
the GDH-GBP presented a steep increase in thedreyuchange compared with the native
protein. It was shown that GDH-GBP provided a mhighher gold binding activity than the
native GDH, as expected. This result is correspuntth surface plasmon resonance (SPR)
spectroscopy results provided in the previous wWhdeet al, 2018).

Topographical information of the native GDH and GIGBP on Au surface was
collected using high-resolution AFM (Fig. 2B). TIGDH-GBP was found to be tightly
packed and regularly distributed across the eldetrsurface, whereas the native GDH
formed a more irregular film. The height of nati&G®H layer (8.53 = 5.62 nm) on Au
surface was higher with a larger standard deviatkan that of the GDH-GBP (6.89 + 1.97
nm) layer, indicating that the native GDH tendedfdaom multi-stacked enzyme layers,
possibly due to enzymatic agglomeration along tinection perpendicular to the surface.
Furthermore, the GDH-GBP formed a packed and umifaronolayer which thickness is
very close to the size of a single molecule of FBDH (-6 nm), suggesting that the GBP
unit strongly bound and positioned to Au surfaceaimniform manner and enabled the
catalytic subunit of GDH-GBP to face the electredeface Qkuda-Shimazaket al, 2008;
Lee et al, 2018). Taken together, these findings indicatet fusion of GBP to enzyme
could be able to control enzymatic orientation &l as binding uniformity on the electrode

surface, which is importantly required DET-basedyeme electrode.

10
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Fig. 2. Gold binding characteristics of the native- and &B$&d FAD-GDH. (A) Gold binding
activities of the native- and GBP-fused FAD-GDH agold-coated quartz crystal, determined by
measuring the frequency changes using quartz trystaobalance (QCM) analysis. (B) AFM
images showing the surface topographies of thearatind GBP-fused FAD-GDH system (protein

concentration: 55g mL™). The areas correspond tgah x 1um scans.

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

function of glucose concentration

To evaluate the biosensor performance, the steafly-amperometric response of the
GDH-GBP was measured on a compactly designed sprasted Au electrode (Fig. 3). The
biosensor exhibited a rapid and sensitive resptind®e addition of glucose. The current for
GDH-GBP/Au increased after the injection of gluca@sel achieved 95% of the steady-
stated current in 5-30 s. The current was foundntwease with increasing glucose
concentration, with a dynamic range from 3 to 30 ifeltrelation coefficient®? = 0.9918).

The sensitivity in the linear region was determir®d linear regression analysis up to

11
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30mM. The linear regression equation could be expeess:! (vA) = 1.33C - 1.71 (mM).
The GDH-GBP/Au yielded a sensitivity of 1.38 mM™ cmi? and a detection limit of 3.41
mM (based on a signal-to-noise (S/N) of 3). The GBGBIP/Au showed exceptional
sensitivity and a low detection limit compared he tDET-based biosensor. These results
indicated reliable electrocatalytic oxidation arastf enough electron exchange in the
biosensor due to fuel oxidation at a low redox pbé&k, without interference from
background redox mediatorise(, thermodynamic losses resulting from a negatiangke in

the Gibbs free energy).

A 60 -

11 LA

0 50 100 150 200

C/mM
Immbilization of |  Working
B enzymes on WE 4 electrode (WE)

Current Counter
/}e/lectrode (CE)

Reference
electrode (RE)

Glucose Glucose

Easy
installation
to reactor

Current

Time
| MB,.q
— J G8p 5 2y
Signal detection from E'ec"‘é‘::lem'ca'
enzymatic redox reaction

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

Potentiostat

mM of glucose concentration. (Insert: Dotted tremgresents the current response up to 10 mM of
glucose concentration) Data fitted to the Micha®Menten equation by using non-linear regression
analysis. (B) Schematic illustrations of the scrpanted electrode used here, the electrochemical
characterization of the enzyme—electrode, andfated electron transfer of native- and GBP-fused
FAD-GDH on surface of the screen-printed electrdig inset: photograph of a bare screen-

printed electrode).
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For the kinetic analyses of the GDH-GBP immobilizesdgold surface, data were fitted
to a Michaelis-Menten type equation and the maxinst@ady-state current responsg.d
and apparent Michaelis-Menten constak;¥? for glucose were determined. Data was
fitted to the Michaelis—Menten equation by usingnilioear regression analysis with

Sigmaplot 14.0;

1/i = (Kﬁpp/imax)(l/c) + 1/imax 3)

where C is the concentration of glucose,is the measured current at each glucose
concentration, andmax is the saturation value of the current. Helg,**P reflected the
bioactivity and affinity toward glucose of FAD-GDdh electrode.

According to the non-linear regression analysie K**® was calculated to be 26.91+4.31
mM, much lower than that of many other matriceg)(BB). The lowKy*"" indicated good
bioactivity among the immobilized GDH molecules wasserved. Based on the calculated
Imax, furthermore, the electron transfer efficiengy (%) was calculated to examine the
quality of developed GDH-GBP/Au in the term of partage ratio of electroactive enzymes
to surface occupied enzymes. This term refers & rdtio of the number of generated
electrons from enzymatic redox reaction to the nemab electrons collected by electrode and
thus indicates the percentages of electroactivgreez which practically works to transfer
electrons toward electron accepter, electrode (seh81). This approach to evaluate the
biosensor could be helpful to accurately comparn®@dilined performance from this work
with others, regardless of quantitative curreneleenzyme mass used, electrode size, etc.
The electron transfer efficiency of GDH-GBP/Au weeculated using following equation
(Vazquez Duhalet al, 2014;Kim et al, 2016; Leeet al, 2019.:

(Measured current) (Measured Current)

100 =

(Theoretical current) - (Specific activity x Enzyme mass X n X Faraday constant)

ner (%) = X100

(4)

Here, it should be noted that the term, electrangfer efficiency ;) indicates the ratio
of transferred electron number from enzymatic ciatoward electrodes. the number of
electrons that could be generated from enzymafactor based on specific activity of FAD-
GDH. The specific activity of enzyme was measursihgi the DCIP method reported in the
previous study (Leet al, 2018). The electron transfer efficiency was gltedvia ratio of
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theoretical currentdd) and actual measured currenf\j at the enzyme-electrode. Thexin
Michaelis-Menten models was used as measured ¢uean. The theoretical current was
obtained using the specific activitymiol min* mg™?) of enzyme, the enzyme masgs) used,
and number of electrons involved in the enzymigaction,n. The obtained electron transfer
efficiency of GDH-GBP/Au was measured to be 6.548% at 30°C. The obtained electron
transfer efficiency from GDH-GBP/Au is orders of gmitude higher than previously
reported DET based enzyme-electrode system.

Biosensor selectivity, which indicates the abiliby discriminate the interfering species
from the target analyte, is an important factor donperometric biosensor. Amperometric
detection of glucose using enzyme-based biosessgenerally interfered by other sugars,
such as galactose, fructose, xylose, etc. and imglaompound such as ascorbic acid, uric
acid, acetaminophen, etc. those could be preseapityisiological condition. An interference
test was carried out by injecting the potentiakifdring species, other sugars including
galactose, fructose, xylose and reducing compooaliding ascorbic acid, uric acid, and
acetaminophen. The two types of interfering sulzganvhich are other sugars and reducing
compounds were separately tested (Fig. 4). It waswvs that the additions of each
interfering substance did not substantially chanige response signal and the initial
amperometric signal for glucose detection was alntesained, indicating excellent

selectivity of the biosensor toward glucose detecti
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Fig. 4. Amperometric response of GDH-GBP/Au to sequeiitlition of (A) 10 mM of other type
sugars (fructose, galactose, and xylose) and (BMLof reducing compounds (ascorbic acid, uric
acid, and acetaminophen) in PBS solution afterainiddition of 100 mM of glucose at an applied
potential of -0.2 V{s.Ag/AgCl)

The storage stability of biosensor for long-ternmiguk was evaluatedia measuring the
amperometic response after 43 days of storageoskehsor. When not in use, the biosensor
was stored at 4°C in a refrigerator, after inigddctrochemical test. The results are shown in
Fig. S2. After 43 days of initial operation of barsor, the response retained over 82% of the
initial value. The high stability of the DET-bas&DH-GBP/Au was attributed to the gold
binding peptide, which provided a strong and stdheling of FAD-GDH on the electrode.
In addition, the genetic engineering of FAD-GDH, igth expressed GBP on the catalytic
subunit of GDH, preserved the bioactivity of theivea GDH and played an important role in
the catalytic stability of the enzymes in the biosw.

Then, The GDH-GBP was tested with human whole bleathples for evaluating its
applicability in clinical diagnosticsHeller and Feldman, 2008; Gonzalez-Gadral., 2017)

Five whole blood samples were used to determineogkl concentration in human whole
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blood. Each sample was measured with two diffedetéction protocols in duplicate (Table
S2 and S3). The blood sugar contents measuredbiogdensor was compared with those
measured with conventional method using glucosayakd (Table 1). In comparison of
conventional method, the relative errors were shtiwloe less than 10%, which indicates the
developed GDH-GBP/Au could be potentially used tbe detection of clinical blood

samples.

Table 1. Assessment of blood sugar content using GDH-GBRiAsed biosensing system and

conventional method.

Number  of Glucose concentration Glucose concentration Reltive
whole blood measured by HK protocols measured by GDH-GBP/Au o
_ deviation (%)?

samples (mM) (a) based biosensor (mM) (b)

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 5.7240.17 4.64

5 4.72+0.01 5.22+0.22 6.49

®Relative deviation (%) = 100x|b-a|/b (The averagéue was used for calculation of relative

deviation.)

3.4. Operating temperatur e effects on biosensing properties

Operating temperature is one of the parametersafifetts the function of enzymes. The
FAD-GDH used in this work was derived from a thephitic strain,Burkholderia cepacia
and showed a range of specific activities towartcgse oxidation at temperatures from 30
to 70°C Martinez-Ortizet al, 2011; Gineity et al, 2019) The temperature-dependent DET
kinetics and thermodynamics of GDH-GBP/Au and waimarily investigated using CV at
temperatures of 30-70°C. Together with CV measungnthe specific activity of the free
GDH-GBP was measured to analyze how the temperahaege affects DET efficiency of
GDH-GBP/Au. The specific activity of the GDH-GBP svahown to remain nearly constant
over the range 30-50°C and dramatically decreaseengperatures of 60—70°C (Fig. S4).
Interestingly, the CV results showed that GDH-GB®/provided a peak current that
increased significantly within the range 30-50°Qhilev the specific activity of the free

GDH-GBP is almost retained at the same temperaturge. In the temperature dependent
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cyclic voltammogram of GDH/Au, almost no change anodic curve was observed,
indicating that temperature dependent change irk pprarent of GDH-GBP/Au has
occurred due to transition at the enzymatic cofaetectrode (Fig. S5). The DET kinetics at
the enzyme—electrode interface is mainly determimgdhe enzyme catalytic activity and
interfacial electron delivery, which is stronglypssdent on the proximity of the cofactor
with the electrode surface. Since the generatedreles are constant at 30-50°C as the
specific activity was shown not to change, elevdtesl DET kinetics at 30-50°C might
mainly due to the enzyme structural folding on #hectrode surface, affecting interfacial
distance between cofactor and electrode surfac60AT0°C, the catalytic current of GDH-
GBP/Au was shown to be declined and this is assutimgidthe DET kinetic was mainly
dependent by reduced turnover rate of GDH-GBP diiteon, the onset potential of GDH-
GBP/Au at 30-70°C was shifted toward less positraéues, regardless of the electron
transfer kinetics. This negative shifts in the danaed peak potentials was ascribed to
Nernstian behavior. These results show that the Bfidiency was mainly governed by the
interfacial environment of the enzyme—electrode3@+50°C and by the change in the
specific activity at higher temperatures of 60—7QFg. S4).

The temperature dependence of amperometric sigaskgo obtained at various glucose
concentrations ranging between 0 to 200 mM. As apthe amperometric signal of GDH-
GBP/Au based biosensing system at 30°C shows ltgdeom 3 mM to 30 mM glucose. As
incubation temperature of the system increasesdytsamic range has extended with
decreased low limit (up to 0.5 mM) and increasedeunpimit of linear detection range (up
to 50 mM). Here, th&y*®, which is related to the substrate binding affirif immobilized
GDH-GBP on the electrode was calculated with naedr regression analysis from the
amperometric results shown in Fig. 5A. The eledtemicalKy,"P values of GDH-GBP/Au
at 30, 40, 50°C were calculated to be 26.91+4.3.92+3.07, and 22.32+3.07 mM,
respectively, and remained relatively unchange80a50°C. The temperature dependence
of the electrochemicay®P, was similar with result in specific activity dii¢ free GDH-
GBP. However, thanax values increased dramatically with the incubatiemperature:
58.29+1.62, 76.00+1.21, and 103.53+10dA at 30, 40, 50°C, respectively (Fig. 5 and
Table S2).
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Fig. 5. (A) Dependence of the steady-state catalytic otra¢ the GDH-GBP/Au on the glucose
concentration (0 to 200 mM) at different incubatimmperatures (30, 40, and 50°C). Applied
potential is -0.2 V\(s. Ag/AgCl) Data fitted to the Michaelis-Menten egoatby using non-linear
regression analysis. (B) Plot &f;,*** of GDH-GBP/Au obtained from the glucose conceitrat
dependent amperometric signals (green) and thefispactivity of the free GBP-fused FAD-GDH
of the electrolyte at 30, 40, 50°C (red).

Additionally, the electron transfer efficiency of DBI-GBP/Au at each incubation
temperature was calculated and compared (TableE3dgtron transfer efficiency at 30°C
was shown to be 6.54+0.18%. As the incubation teatpes increased gradually, the
electron transfer efficiency also increased, shgvlirb2+0.14% and 11.61+1.14% at 40 and
50°C. The electron transfer efficiency at 50°C anttd from enzyme—electrode incubation,
was twice the value obtained at 30°C. This resaifhanstrated that favorable DET kinetics
at elevated incubation temperatures could be asttib the interfacial conditions between
the enzymatic cofactor and the electrode. Congidahat enzymatic activity was constant
at 30-50°C in the state of both free and immobdizeDH-GBP, it could be proven that
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enzyme conformational change on electrode has edahbser contact between enzymatic
cofactor and electrode surface. Here, it could bewn that the temperature should be
importantly considered for glucose monitoring usi@PH-GBP/Au depending on its
application sites.

4. Conclusion

In this study, we demonstrated a DET-based GDH-@BRYystem, an integration of an
engineered oxidoreductase and a screen-printedradealytical sensing platform. The
GDH-GBP/Au displayed mechanical, biochemical, arndcteochemical characteristics
suitable for DET based biosensing applications. GidH-GBP/Au was capable of direct
transfer of electrons toward the electrode as atdat by the significant increase in the
oxidative current from a response to the enzymabkgzed glucose oxidation. The catalytic
current was highly retained, recording 92.37% aélyéic current after successive potential
scans. DET-based GDH-GBP/Au system has showed deghitivity of 1.33uA mM™
cm 2 within the linear range of 3 to 30M at 30°C and good resistance towards interfering
species. In the evaluation of storage stabilityrent response of GDH-GBP/Au was highly
retained for over one month. In the glucose deteation with whole blood sample, GDH-
GBP/Au has shown < 10% of the relative errors, prgws potential usage for the detection
of clinical blood samples. The temperature depecylasi GDH-GBP/Au has been also
estimated to analyze the effect of surrounding tnaipire of application sites. The GDH-
GBP/Au has been well operated in the temperatungeraof 30-50°C. Therefore, the
produced GDH-GBP/Au electrode shows promise in thele range biosensing
applications. Furthermore, suggested techniqueddoeilpotentially applied to different type
of enzyme-based biosensors in which adopts vari2ia$-capable(FAD, FMN, PQQ, or

Moco dependenxidoreductases.
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546  Table 1. Assessment of blood sugar content using GDH-GBHRiAsed biosensing system and
547  conventional method.
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Table 1. Assessment of blood sugar content using GDH-GBRiAsed biosensing system and

conventional method.

Number of Glucose concentration

whole blood measured by HK protocols

Glucose concentration
measured by GDH-GBP/Au

Relative

deviation (%)®

samples (mM) (a) based biosensor (mM) (b)

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

®Relative deviation (%) = 100x|b-a|/b (The

deviation.)

averaghuer was used for calculation of relative
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Figure captions

Fig. 1. (A) CV profiles of a bare Au electrode, GDH/AG! and 28 scans of GDH-GBP/Au in the
presence of 100 mM glucose in a PBS buffer (100 pM,7.0). (B) Dependence of the electron
transfer of GDH-GBP/Au on the scan rate (100, 80, B, 40, 30, 20, and 10 mVs (inset:

dependence of the peak current on root squarescfdain rate).

Fig. 2. Gold binding characteristics of the native- and &B&ed FAD-GDH. (A) Gold binding
activities of the native- and GBP-fused FAD-GDH agold-coated quartz crystal, determined by
measuring the frequency changes using quartz trystaobalance (QCM) analysis. (B) AFM
images showing the surface topographies of theerxatind GBP-fused FAD-GDH system (protein
concentration: 5%g mL™). The areas correspond tgah x 1xm scans.

Fig. 3. (A) Dependence of the steady-state catalytic atiraé the GDH-GBP/Au on the 0 to 200
mM of glucose concentration. (Insert: Dotted tremgresents the current response up to 10 mM of
glucose concentration) Data fitted to the Micha®snten equation by using non-linear regression
analysis. (B) Schematic illustrations of the scrpented electrode used here, the electrochemical
characterization of the enzyme—electrode, andfattel electron transfer of native- and GBP-fused
FAD-GDH on surface of the screen-printed electrdibp inset: photograph of a bare screen-
printed electrode).

Fig. 3. Amperometric response of GDH-GBP/Au toward seqgakatdition of (A) 10 mM of other
type sugars (fructose, galactose, and xylose) Bhd (MM of reducing compounds (ascorbic acid,
uric acid, and acetaminophen) in PBS solution dftgétial addition of 100 mM of glucose at an
applied potential of -0.2 W6.Ag/AgCl).

Fig. 5. (A) Dependence of the steady-state catalytic oura¢ the GDH-GBP/Au on the glucose
concentration (0 to 200 mM) at different incubatimmperatures (30, 40, and 50°C). Applied
potential is -0.2 V\(s. Ag/AgCl) Data fitted to the Michaelis-Menten egoatby using non-linear
regression analysis. (B) Plot &f,**" of GDH-GBP/Au obtained from the glucose conceidrat
dependent amperometric signals (green) and thefispactivity of the free GBP-fused FAD-GDH
of the electrolyte at 30, 40, 50°C (red).
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585  Fig. 1. (A) CV profiles of a bare Au electrode, GDH/AU" and 28'scans of GDH-GBP/Au in the
586  presence of 100 mM glucose in a PBS buffer (100 mMI,7.0). (B) Dependence of the electron
587  transfer of GDH-GBP/Au on the scan rate (100, 8D, B0, 40, 30, 20, and 10 mVs (inset:
588 dependence of the peak current on root squarescfdhin rate).
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591  Fig. 2. Gold binding characteristics of the native- and &Bsed FAD-GDH. (A) Gold binding
592  activities of the native- and GBP-fused FAD-GDH agold-coated quartz crystal, determined by
593 measuring the frequency changes using quartz trystaobalance (QCM) analysis. (B) AFM
594  images showing the surface topographies of theeraéind GBP-fused FAD-GDH system (protein

595  concentration: 55g mL™). The areas correspond tauh x 1um scans.
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599  glucose concentration) Data fitted to the Micha®lenten equation by using non-linear regression
600  analysis. (B) Schematic illustrations of the scrpénted electrode used here, the electrochemical
601  characterization of the enzyme—electrode, andfated electron transfer of native- and GBP-fused
602 FAD-GDH on surface of the screen-printed electrdig inset: photograph of a bare screen-
603  printed electrode).
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605  Fig. 4. Amperometric response of GDH-GBP/Au to sequeniiklition of (A) 10 mM of other type
606  sugars (fructose, galactose, and xylose) and (@MLof reducing compounds (ascorbic acid, uric
607  acid, and acetaminophen) in PBS solution afteraingtddition of 200 mM of glucose at an applied
608  potential of -0.2 Vys.Ag/AgCl)
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610  Fig. 5. (A) Dependence of the steady-state catalytic atira¢ the GDH-GBP/Au on the glucose
611  concentration (0 to 200 mM) at different incubatimmperatures (30, 40, and 50°C). Applied
612  potential is -0.2 V\{s. Ag/AgCl) Data fitted to the Michaelis-Menten egoatby using non-linear
613  regression analysis. (B) Plot &f,**° of GDH-GBP/Au obtained from the glucose concerdrat
614  dependent amperometric signals (green) and thefispactivity of the free GBP-fused FAD-GDH
615  of the electrolyte at 30, 40, 50°C (red).
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Research Highlights

DET based biosensor was devel oped 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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