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Abstract

Quantitative routine detection of fucose, whictaisancer marker, in urine is effective for
the preliminary screening of cancer. Amperometiisénsing methods have the advantage of being
simple, rapid, and precise for urinalysidowever, coexisting electroactive interferenceshsas
ascorbic acid (AA), dopamine (DA), and uric acidA)jUprevent accurate measurements. In this
work, an amperometric-fucose biosensor unaffected by interferences weagldped and utilizes
direct electron transfer type bioelectrocatalysfspgrroloquinoline quinone (PQQ)-dependent
pyranose dehydrogenase froGoprinopsis cinerea (CcPDH). The isolated PQQ domain from
CcPDH was immobilized on gold nanoparticle (AuNP)-nfied electrodes, which obtained a
catalytic current at a lower potential than thedaxion potential of the interfering compounds.
Applying an operating potential of -0.1 V vs. Agf@lg(3 M NaCl) enabled the detection of
L-fucose while completely eliminating the oxidatioh AA, DA, and UA on the electrodes. The
increase in the specific area of the electrodesmtrgasing the AUNP drop-casting time resulted in
an improvement in the sensor performance. The bsmseexhibited a linear range foffucose
detection between 0.1 mM and 1 mM (= 0.9996), including a cut-off value, the senéfjiwas
3.12 + 0.050A mM™ cm?, and the detection limit was 1381 at a signal-to-noise ratio of three.
The biosensor can be used to quantify the condentraf L-fucose at physiological levels and does
not require urine preprocessing, making it appliedb practical use for point-of-care testing with
urine.

Keywords:
enzyme biosensor; direct electron transBoelectrocatalysis; gold nanoparticle; PQQ; asicorb
acid interference
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1. Introduction

L-Fucose (6-deoxy-galactose, Fig. 1A) is present in a wide varidtgifferent organisms
(Vanhooren and Vandamme 1999). In mammals, fufequently located at the endsNsf O-,
or lipid-linked glycans or linked directly to sorpeoteins, playing an important role in a variety of
biological systems, including immunity and cand@ecker and Lowe 2003; Schneider et al. 2017).
Cancer cells have numerous changed fucosylatecamggycompared to normal tissue due to a
change in the activity of enzymes involved liFfucose metabolism, such as fucosidase and
fucosyltransferase (Adamczyk et al. 2012; KeelegleR019; Scott and Munkley 2019; Taniguchi
and Kizuka 2015). The-fucose concentration in serum increases with asingo-L-fucosidase
activity in liver cancer (Deugnier et al. 1984; Mail et al. 2016; Tatsumura et al. 197(/Fucose
is also excreted in its free form in the urine afipnts with liver cancer and cirrhosis (Endo et al
1980). Sakai et al. reported that its level alsoraases in patients with a wide variety of
malignancies (Sakai et al. 1990). Urinary freticose, therefore, clinically serves as a marker o
digestive organ cancer and cirrhosis. It may alsauseful as a marker for various hematologic
malignancies (Takubo et al. 2002).

OH
OH

(B) L-Fucose NADP* [Fe(CN)el*-
L-Fucose
dehydrogenase,
Fucono-1,5-lactone NADPH [Fe(CN)g]*
© L-Fucose Hemegep
Cytochrome
domam
Fucono-1,5-lactone

PQQgep Hemegy

L-Fucose PQQ,, d
Fucono-1 ,5-IactoneX PQQREDY
Figure 1. Chairstructure of.-fucose (6-deoxyt-galactose) (A). Reaction scheme of amperometric
L-fucose biosensors. MET of bioelectrocatalysis ifelucose oxidation by NAD(P)-dependent
L-fucose dehydrogenase (B). DET of bioelectrocaislysr L-fucose oxidation by full-length
PQQ-dependent pyranose dehydrogen&sP[DH) (C) or the isolated PQQ domain ©PDH in
this work (D). Electron pathways are shown as astow

Traditional approaches for detecting freducose include enzymatic-spectrophotometric
methods using nicotinamide adenine dinucleotide QNdependent fucose dehydrogenase (EC
1.1.1.122) (Endo et al. 1980; Sakai et al. 1990ayTand Dawson 1977), anion-exchange
high-performance liquid chromatography (HPLC) enyplg fluorescence detection (Suzuki et al.
1992) or pulsed amperometric detection (PAD) (Fremet al. 1995), and reverse-phase HPLC
monitored by UV absorbance (Fu and O'Neill 1995)loorescence emission (Anumula 1994).
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Different analytical methods have proposed quargstal microbalance (QCM) sensors that
combine Au nanoparticles (AuNPs) for signal amedifion (Wang et al. 2010). All these
techniques, however, are considered to be timewromg and laborious and require expensive
equipment. Conversely, an amperometric sensor Heantages such as quick response times,
simplicity of instrumentation, low cost, and thespibility of miniaturization. The following two
amperometric sensors have been reported forLifeeose monitoring: a sensor with a diamond
paste electrode (Stefan-van Staden et al. 2012pamhzymatic biosensor (Tsiafoulis et al. 2004).
Enzymatic biosensors are of particular interest tletheir operational simplicity and high
selectivity. Tsiafoulis et al. demonstrated an ampetric L-fucose biosensor based on mediated
electron transfer (MET)-type bioelectrocatalysis ptoged nicotinamide adenine dinucleotide
phosphate (NADP)-dependent fucose dehydrogenaseafdliss et al. 2004). In this
bioelectrocatalysis, the enzymatically regenerdt®dPH is oxidized on the electrode through
ferricyanide mediation (Fig. 1B). Direct electroartsfer (DET)-type bioelectrocatalysis, in which
enzymes can directly communicate with electrodésomit redox mediators in the catalytic reaction,
enables minimization of the overpotentials and toastruction of simple bioelectrochemical
devices. The fungal pyrroloquinoline quinone (PQI@pendent pyranose dehydrogenase from the
basidiomyceteCoprinopsis cinerea (CcPDH) is one of the redox enzymes with DET abilifyg(
1C), which consists of the catalytic PQQ domain,Naterminal cytochromé domain, and a
C-terminal family 1 carbohydrate-binding module (Matsumura et al.4200akeda et al. 2016;
Takeda et al. 2019). This enzyme specifically gaed the oxidation of-fucose and some rare
sugars, such as-arabinose and-galactose, but nai-glucose pb-galactose, and-fructose (Sakuta

et al. 2018; Takeda et al. 2015). Besides, PQQrubpe# enzymes have advantages to designing
bioelectrochemical devices over enzymes that recaiiree-cofactor like NAD(P) because PQQ is
tightly bound to the active site of the enzyme. réf@re, we have recently developed a DET-type
amperometrica-fucose biosensor by usif@cPDH (Takeda et al. 2020a).

However, ascorbic acid (AA), dopamine (DA), anccuacid (UA) are considered the most
common coexisting electroactive species in urinepeas due to their low oxidation potentials.
These compounds are easily and directly oxidizeteatlectrode, and their electrochemical signals
cause high noise in detecting the oxidation curcént-fucose. Eliminating the influence of those
interferences is required for practical use. lalso desirable to directly measure urine withoet th
pretreatment of samples to remove interferencesafaid and simple detection. Coating the sensor
with polymeric films such as Nafion reduces thenpeability of negatively charged substances
(Dalmasso et al. 2013; Matuszewski et al. 1990;adlyta et al. 2009). However, coating methods
lower the signal of the analyte and increase thparse time due to the prevention of diffusion, and
it is difficult to eliminate this influence comp#tdy. In principle, this problem can be solved by
determining an operating potential that is lowemtlthe oxidation potentials of interferences. Here,
to overcome this issue, an amperometriticose biosensor that operates at a potentialishabt
affected by AA, DA, and UA was developed for direegting in urine.

We also found DET-based bioelectrocatalysis of B@Q domain only without the
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117  cytochromeb domain (Takeda et al. 2020b). When electrons meetty transferred from PQQ to
118 the electrode without hemg an onset potential of the catalytic current dtopower. This is
119 because the redox potential of PQQ is lower thaat tbf heme b. Thus, the PQQ
120 domain-immobilized electrodes can be expected tailolthe catalytic current affucose at a low
121 potential where the oxidation of AA, DA, and UA do@ot occur. In the present study, an
122 amperometria-fucose biosensor unaffected by electroactive fietences was demonstrated and
123 utilized DET-type bioelectrocatalysis of the PQQm#in separated from full-lengticPDH (Fig.
124 1D).

125

126 2. Material and methods

127  2.1. Materials

128 The recombinant dehydrogenase domain (PQQ donesidues 240-649) dfoprinopsis
129 cinerea pyranose dehydrogenas€cPDH) was expressed iRichia pastoris and purified as
130 described in ref (Matsumura et al. 2014). The apoif of the recombinant PQQ domain was
131 reconstituted using the same procedure as for P€p@rdient alcohol dehydrogenase (Takeda et al.
132 2013). PQQ, sodium citrate, ascorbic acid, uridaand dopamine hydrochloride were purchased
133 from FUJIFILM Wako Pure Chemical Corporation (OsaBapan)L-Fucose was purchased from
134  Sigma-Aldrich (USA). 2-Mercaptoethanol was purcliafem Tokyo Chemical Industry Co., Ltd.
135 (Tokyo, Ja-pan). Hydrogen tetrachloroaurate (I#jrahydrate (HAuCls) was purchased from
136 Kanto Chemical Co., Inc. (Tokyo, Japan). The mpiirpose artificial urine was prepared with
137 reference to Sarigul et al. (Sarigul et al. 2019).

138
139 2.2. Preparation of enzyme electrodes
140 A polycrystalline gold electrode (a diameter of Trin, AuE) and gold rotating disk

141  electrode (a diameter of 3 mm, RDE) modified withNPs (AuNPs/AUESs) were used for the direct
142  bioelectrocatalysis of the PQQ domain. AuNPs wiftadicle diameter of 14-15 nm were prepared
143 by citric reduction of HAuCl, with reference to Frens (Frens 1973). AuNPs wealwid¢ated

144  following a procedure described in ref (Murata et2010). The obtained AuNP solution was
145  centrifuged (10,000 g, 30 min) in 1.5 mL Eppendtubes, and then 98% of the remaining
146  supernatant volume was discarded. The precipitat®dPs were suspended by ultrasonication as a
147  50-fold concentrated AuUNP dispersion. One microled 3.5uL of the concentrated AUNPs were
148 added dropwise onto the surface of the AUE and RB$pectively, and then air-dried. Three-time
149 and 15-time drop-casted AuNP electrodes were oddalry repeating this process 3 and 15 times,
150 respectively. The PQQ domain was immobilized onetleetrodes following previous work (Takeda
151 et al. 2020b). Briefly, AuNP-modified electrodes revecleaned in 0.5 M 50O, by cyclic

152  voltammetry between -0.2 and +1.5 V vs Ag|AgCI (3\EICI) for 20 cycles at a scan rate of 0.1 V/s
153 before modification with a self-assembled monolay®AM). SAM-modified electrodes were
154 prepared by immersion in 20 mM 2-mercaptoethanolLfb at room temperature. The surface was
155 rinsed with Milli-Q water to remove excess thiol lexules. The PQQ domain was adsorbed on the
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SAM-functionalized gold electrodes using 4D of 1 uM holo-PQQ domain in a 20 mM sodium
acetate buffer solution (pH 6.0) at 4 °C for ov@ril Before each measurement, the electrodes were
gently rinsed with the same buffer to remove weaklgorbed enzyme.

2.3. Electrochemical experiments

All electrochemical measurements were conductechgusan ALS Model 702B
electrochemical analyzer (BAS Inc., Tokyo, Japanjhwa three-electrode cell system. A
conventional three-electrode cell was used in whighatinum wire served as the counter electrode,
and Ag|AgClI (3 M NaCl) served as the referencetedde. Before the measurements,ubbling
was used to remove oxygen from the solutions ireteetrochemical cell. All the potentials cited in
this paper are with respect to the Ag|AgCl (3 M Naglectrode, with a potential of +209 mV vs.
the normal hydrogen electrode (NHE). Cyclic voltaetm (CV) measurements were performed in
100 mM acetate buffer (pH 6.0) at ambient tempeeatith the PQQ domain-immobilized 3-time
drop-casted AuNPs/AUE as used a working electrédeperometric i-t curve experiments were
carried out with the RDE secured to an RRDE-2 ditalrotator (BAS Inc., Tokyo, Japan). The
PQQ domain-immobilized AuNPs/RDEs were stirred @0 $pm during the measurements. To
prepare samples at designateducose concentrations, a stock solution iefucose was
successively added to 100 mM acetate buffer (pH 6rOthe multi-purpose artificial urine at
ambient temperature. An enzyme electrode was wseahfindependent measurement, and the data
were obtained results from triplicate independempeements.

3. Resultsand Discussion
3.1. Interference effects on the enzyme electrodes

Nanostructured electrodes were prepared by drapgasitrate-reduced AuNPs three
times on the surface and fabricated with a 2-méoedpanol self-assembled monolayer (SAM),
followed by immobilization of the PQQ domain acdogito a previous study (Takeda et al. 2020b).
We examined the amperometric responses of thregame electroactive species anducose in
this enzyme electrode. Fig. S1 shows cyclic voltamgrams (CVs) of AA, DA, and UA and
catalytic currents of-fucose oxidation in 100 mM acetate buffer at pMd. 8.he appearance of
oxidation waves in AA and UA started at approxinhat®.05 V and +0.2 V, respectively, with no
reduction waves, implying an irreversible oxidatiprocess of both AA and UA at the PQQ
domain-modified AUNP electrode. The CV of DA showeduasi-reversible electron transfer with
a midpoint potential of +0.219 V. Details of theslkectrochemical process is in the references
(Bacil et al. 2020; Huang et al. 2006; Kern 1954frfa Raj and Ohsaka 2003; Struck and Elving
1965; Zhao et al. 2006). The bioelectrocatalyticent ofL-fucose yielded an ideal sigmoidal wave
shape with an onset potential of approximately ¥.2nd a steady-state current density of 120
nA/cm? in the potential range from +0.05 to +0.4 V (F84.) (Takeda et al. 2020b).

Electrochemical oxidation of interferences would beppressed by decreasing the
operating potential; however, bioelectrocatalydithe PQQ domain becomes suspended when the

6
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potential is too low. Thus, analyses of interfeendérom three relevant electroactive species to
L-fuocose oxidation on the PQQ domain-modified Audlectrodes were performed by stepwise
decreases in the applied potential. We considdratdthe amounts of AA, DA, and UA in urine
samples were 50 mg, 1 mg, and 480 mg per 24 h,usspectively, which are taken from the high
ends of the standard ranges in the literature (&hial. 1982; Tsiafoulis et al. 2004). Assuming 1.

L of urine excretion per 24 h, concentrations df9OmM AA, 0.0046 mM DA, and 1.9 mM UA
were used to measure the amperometric responsmNd (Efucose, which is lower than the cut-off
value (0.17 mM) estimated from a 60 kg healthy ahale, was used in the experiments (Takeda et
al. 2020a). Fig. 2A compares amperometric respoos@s\, DA, UA andL-fuocose at an applied
potential of +0.3 V. The addition of 0.1 mMfucose results in a well-defined response; however
the successive addition of each interfering comdoarticularly AA, gave recognizable current
responses. At an applied potential of 0 V, therfeteng signals from DA and UA were excluded,
and AA was reduced to double digits but still disdegle (Fig. 2B). Applying a potential of -0.1 V
completely diminished the amperometric responsésAofwhile the response affucose oxidation
remained (Fig. 2C). Further injection pffucose to the electrode still showed a clear dioda
signal in the presence of interferences.
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212
213 Figure 2. Amperometric responses of the PQQ domain modifetNP rotated electrode upon

214  additions of 0.1 mM.-fucose, 1.9 mM uric acid (UA), 0.0046 mM dopam{B&d), and 0.19 mM
215 ascorbic acid (AA) in 100 mM acetate buffer, pH,&0the applied potential of (A) +0.3V, (B) 0V,
216 and (C) -0.1 V vs. Ag|AgCl (3 M NaCl). The electesdrotation rate was 500 rpm. The inset shows
217  magnification of amperometric responses at +0.3 V.
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3.2 Amperometric response of the PQQ domain-modified AuNP-electrodes

The operating potential of -0.1 V on the PQQ domaimobilized electrodes can detect
L-fucose without the oxidation reaction of AA, DAAUA. Thus, the amperometric responses of
L-fucose were studied at an applied potential of \0.for evaluating sensor properties. Fig. 3A,
inset, shows current-time plots of the rotated Pdg@ain-modified AUNPs/AUE with successive
additions of 0.1 mM and 1 mMfucose in buffer solution at pH 6.0. In the stegsvaddition of 0.1
mM L-fucose, the catalytic current density increasgitiig and approached the steady-state current
within 5 s. The linear relationship between thealyic current and the concentration is shown in
Fig. 3A. The three-time drop-casted AuNP electrafitained a current density with a linear
response in the-fucose concentration range from 0.1 mM to 1 miRf € 0.998). This range
includes a cutoff value of 0.17 mM eoffucose, as it has been assumed that a 60 kg @t
excretes 20 mg creatinine/kg and 1.5 L urine/dak€ta et al. 2020a). The sensor sensitivity was
0.91 + 0.02pA mM™ cm? (n = 3), and the detection limit was calculated to20e8 uM at a
signal-to-noise ratio of three (S/N = 3).

Other than the abovementioned AuNP electrode, wivech prepared by drop-casting AUNPs on
the AUuE surface 3 times, electrodes with 15 timegirop-castings were used (Fig. 3B). The
specific surface area increased with an increasurgber of AUNP drop-castings on the electrode,
which increased the catalytic current (i.e., sijrthle to increasing the number of immobilized
proteins on the electrode (Takeda et al. 2020BviBus research reported roughness factors (the
electroactive surface area/geometrical surface, &gaof AuNP electrodes. The electroactive
surface area of the 15-time drop-casted AuNP eldetrQ = 323 + 10) increased 5.8-fold
compared to that of the 3-time drop-casted AuNBtelde R = 56 + 1). It should be noted that the
units of current densityu@A/cmz2, j) are represented by dividing the geometrical serfarea of the
electrodes. Both electrodes display a linear respoange of 0.1 mM to 1 mM and improvement in
the sensor sensitivity and the detection limit (F3@). The sensor sensitivity of the 15-time
drop-casted AuNP electrode was 3.12 + uB5mMM™ cmi? (R? = 0.999;n = 3), and the detection
limit (S/N = 3) was calculated to be 1364, which were comparable values to those of the
full-length CcPDH-immobilized electrode at an applied potentiak8.1 V (sensor sensitivity of
4.54pA mM™ cm? with an extended linear range from 0.04 mM tor@Nl) (Takeda et al. 2020a).
Thus, the PQQ domain-modified AuNP electrode candssl as an amperometric biosensor for the
direct detection of-fucose in urine.

Furthermore, as the first step in research toweadtigal use, we attempted to quantiffucose
in artificial urine using the proposed sensor. Tindti-purpose artificial urine proposed by Sarigul
et al., which is a significantly close similarityitt human urine (Sarigul et al. 2019), was used as
artificial urine for evaluating sensor propertieggure 3C depicts amperometric response resulting
from the addition of 0.1 mM-fucose at an applied potential of -0.1 V in untdith multi-purpose
artificial urine and the corresponding calibratjunts, where a linear response was obserRéd: (
0.998). The sensor sensitivity of the PQQ domaimlifired AUNP electrode which hag of 78 + 4
was 1.69 + 0.022A mM™ cm? (n = 3), and the limit of detection (S/N = 3) was fiduto be 39.5

9
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uM. After the successive addition offucose, 0.0046 mM DA, 0.19 mM AA and 1.9 mM uri&J

no significant interference changes in the catalgtirrent were also observed. The PQQ domain
modified AuNP electrode showed reproducible reswith the standard error of all sensor
sensitivities in Fig. 3 within 2%. These resultsmiastrated the biosensor capable of measuring
L-fucose in at least artificial urine with high acaay.
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(A) 3-time drop-casting AUNPSR( =56 = 1) and (B) 15 time drop-casting AuNRs £ 323 + 10)
in 100 mM acetate buffer (p H 6.0). (C) Calibratmlots forL-fucose of the PQQ domain-modified
AuUNP rotated electrodesy(= 78 + 4) measured in artificial urine. Insets whocorresponding
amperometric responses to the sequential additicdhlomM L-fucose. All measurements were
performed an applied potential of -0.1 V vs. Ag|A¢EM NacCl) and rotation rate of 500 rpm.

4. Conclusion

In summary, an amperometniefucose biosensor that utilizes DET-type bioelexztalysis of
the PQQ domain fronccPDH has been reported for the first screeningdésancer using urine.
With an applied potential of -0.1 V, the oxidatiof AA, DA, and UA was avoided, and the
L-fucose oxidation still provided a clear catalytarrent. The PQQ domain-modified AuNP
electrode exhibited high sensitivity with a usdfokar range and a low detection limit. Due to the
lack of influence of interfering substrates, thensse can directly detect the concentration of
L-fucose in urine. As a result, pretreatment of @risamples to remove interferences or
modifications to prevent contamination to the semse not required, which leads to cost reduction
and simple measurements. This sensor is expectael wtilized in point-of-care testing for the first
screening of cancer.
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Figurelegends

Figure 1. Chairstructure ofL.-fucose (6-deoxyt-galactose) (A). Reaction scheme of amperometric
L-fucose biosensors. MET of bioelectrocatalysis fefucose oxidation by NAD(P)-dependent
L-fucose dehydrogenase (B). DET of bioelectrocatslysr L-fucose oxidation by full-length
PQQ-dependent pyranose dehydrogen@sB[DH) (C) or the isolated PQQ domain@PDH (D).
Electron pathways are shown as arrows.

Figure 2. Amperometric responses of the PQQ domain modifediP rotated electrode upon
additions of 0.1 mM.-fucose, 1.9 mM uric acid (UA), 0.0046 mM dopam{p&\), and 0.19 mM
ascorbic acid (AA) in 100 mM acetate buffer, pH,&0the applied potential of (A) +0.3 'V, (B) 0V,
and (C) -0.1 V vs. Ag|AgCI (3 M NaCl). The electesdrotation rate was 500 rpm. The inset shows
magnification of amperometric responses at +0.3 V.

Figure 3. Calibration plots for-fucose of the PQQ domain-modified AuNP rotatecateteles with
(A) 3-time drop-casting AUNPSR( =56 = 1) and (B) 15 time drop-casting AuNRs £ 323 = 10)
in 100 mM acetate buffer (p H 6.0). (C) Calibratmots forL-fucose of the PQQ domain-modified
AuUNP rotated electrodesy(= 78 + 4) measured in artificial urine. Insets whocorresponding
amperometric responses to the sequential additicdhlomM L-fucose. All measurements were
performed an applied potential of -0.1 V vs. Ag|A¢EM NacCl) and rotation rate of 500 rpm.
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Highlights
+ An amperometric L-fucose biosensor based on direct electron transfer was devel oped.
+ An isolated PQQ domain was immobilized on gold nanoparticle-modified el ectrodes.
+ Enzyme electrodes obtained catalytic currents depending on the substrate level at alow potential.

- Applying the potential of -0.1 VV completely eliminated the oxidation of AA, DA, and UA on
electrodes.

- The sensor can be used to measure L-fucose without being affected by urinary interferences.
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