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Abstract: Non-enzymatic saccharide sensors are of great interest in diagnostics, but their non-selectivity
limits their practical diagnostic abilities. In this study, we investigated the electrochemical oxidation
of monosaccharides at nanoporous gold (NPG) catalysts with different contributions of surface
crystallographic orientations. Fructose elicited no clear electrochemical response, but glucose,
galactose, and mannose produced clear oxidative current. The onset potentials for oxidation of
these saccharides depended on the surface atomic structure of the NPG. The oxidation potential was
approximately 100 mV less positive at the Au(100)-enhanced NPG than at the Au(111)-enhanced NPG.
Furthermore, the voltammetric responses significantly differed among the saccharides. Galactose was
oxidized at less positive potential and exhibited a higher current response than the other saccharides.
This tendency was enhanced in the presence of chloride ions. These features enabled the selective and
sensitive detection of galactose at an NPG electrode without enzymes under physiological conditions.
A linear range of 10 uM to 1.8 mM was obtained in the calibration plot, which was comparable to
those in previously reported enzymatic galactose sensors. Thus, we demonstrated that controlling
the crystallographic orientation on the nanostructured electrode surface is useful in developing
electrochemical sensors.
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1. Introduction

Naturally occurring sugars such as glucose and galactose are involved in many biological processes.
The accurate detection of these monosaccharides is critically important in clinical chemistry, food science,
human nutrition, and fermentation industries [1,2]. Diabetes mellitus is a chronic and serious disease
caused by disorders in carbohydrate metabolism, and characterized by abnormally high blood
glucose levels. Determining glucose level is important for the diagnosis and treatment of diabetes.
Elevated galactose levels are also symptomatic of certain diseases such as galactosemia, galactosuria,
and other metabolic disorders [3,4]. Galactosemia is a genetically inherited metabolic disorder caused by
the absence of enzyme involved in galactose metabolism. This disease is normally treated by restricting
dietary galactose. As dairy products are the most common food sources of galactose, they should
be avoided by patients with galactosemia [5]. In normal adults, the galactose concentration should
be less than 0.28 mM. For neonates less than 5 days old, if the galactose concentration in the blood
exceeds 1.11 mM, galactosemia can be fatal [6]. Thus, determination of galactose is also significant
in diagnostics.

Levels of saccharide (especially glucose) can now be measured by simple and rapid methods
on various sensing platforms. The electrochemical method is well-suited to this purpose [7-10].
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Enzymes are frequently used as sensing agents owing to their excellent selectivity, and their activity,
selectivity, and stability/durability have been improved by enzyme engineering [11-13]. On the other
hand, non-enzymatic electrochemical sensing for glucose has been reported, where glucose is directly
oxidized at the electrode surface [14-18], although that for galactose is very limited. This strategy
resolves the stability issues of enzymes stemming from their intrinsic properties. Electrodes composed
of nanomaterials have been selected for non-enzymatic glucose oxidation because the nanostructures
increase the number of lowly coordinated surface atoms, and hence their electrocatalytic activity [19-23].
There has been increasing interest in using nanoporous gold (NPG) in electrocatalysis as an electrode
for applications such as sensors and reactors owing to its high conductivity, chemical inertness,
physical stability, and large surface area [24]. Glucose oxidation studies using NPG electrodes have
also been reported for its sensing applications [20,21]. Improvements in various electrocatalytic
reactions including glucose oxidation have been revealed using NPG [20,21,24-26], indicating its
efficacy and potency. However, selectivity in sensing application is generally limited. On the other
hand, the atomic surface structure (i.e., the surface crystallographic orientation) is another important
determinant of the catalytic activity of an electrode, and the suitable orientation differs depending
on the target substances [27-29]. However, the effect of the surface orientation in the NPG structure
on electrochemical saccharide oxidation has not been discussed. Fairly recently, we reported a facile
method able to control the composition of the surface crystallographic orientations of NPG catalysts [30].

In the present study, we examined the electrochemical oxidation of monosaccharides at two
kinds of NPG with different compositions of surface crystallographic orientations, and found that
their oxidation behaviors depended on the surface atomic structure. Furthermore, the electrochemical
responses significantly differed among the saccharides. Based on these characteristics, we developed a
selective and non-enzymatic galactose sensing platform (Figure 1).
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Figure 1. Schematic representation of NPG (right) fabrication from a commercially available gold
electrode (left) for galactose sensing in this study. AA stands for ascorbic acid.

2. Materials and Methods

2.1. Materials and Chemicals

A gold disk, Pt wire, and Ag|AgCl|saturated KCl electrodes were purchased from Bioanalytical
Systems Inc. (West Lafayette, IN, USA). D-glucose, D-galactose, D-mannose, D-fructose, ascorbic acid,
and dialysis membrane (size 36) were obtained from FUJIFILM Wako Pure Chemical Co. (Osaka, Japan).
Human serum was purchased from Sigma-Aldrich (St. Louis, MO, USA). All reagents were of the best
available grade and were used as received with no further purification. All solutions were prepared
with purified water (Millipore, 18 MQ cm™?).

2.2. Preparation of NPG with Different Facet Contributions

NPG was prepared by simply applying an anodization potential as previously reported [30].
A gold disk electrode (g = 3 mm) was polished with 1.0 and 0.125 um of diamond slurries followed by
a 0.05 um of alumina slurry until a clear mirrorlike surface was obtained. The polished electrode was
electrochemically cleaned in 0.5 M H>SO;, solution at potentials between —0.2 to 1.5 V (vs. Ag|AgCl).
The cleaned electrode was placed in a 35 or 500 mM HCl solution, then anodized under an appropriate
potential to fabricate a nanoporous structure. Before anodization, the passivation potential of the
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electrode was evaluated by linear sweep voltammetry. The gold surface had been passivated by the
formation of an oxide layer, as indicated by a sudden current drop [30-32]. Referring to the literature,
the anodization potential for NPG construction was determined as 10-40 mV more negative than the
passivation potential [30-32]. The morphology of the NPG surface was characterized by scanning
electron microscopy (SEM) (5-4300 FE-SEM, Hitachi Ltd., Tokyo, Japan). The electrochemical (actual)
surface area was evaluated from the reductive charge of gold oxides in cyclic voltammograms obtained
in 0.5 M H,SO4 [33]. The roughness factor (R¢) was calculated by dividing the electrochemical surface
area by the geometrical area of the gold disk electrode. The R¢ values of NPG electrodes were arranged
to be around 6 by controlling the anodization time.

2.3. Electrochemical Measurements

All electrochemical experiments were carried out using an ALS model 660D electrochemical
analyzer (CH Instruments Inc., Austin, TX, USA) with a standard three-electrode configuration.
The working, counter, and reference electrodes in this configuration were NPG, Pt wire,
and Ag|AgCl|saturated KCI, respectively. All potentials were represented versus Ag|AgCl|saturated KCl.
All saccharide measurements were conducted in a 0.1 M phosphate buffer solution (pH 7.5) in the
presence or absence of 0.1 M NaCl at 25 °C. The cyclic voltammetric responses of the monosaccharides
were obtained at monosaccharide concentrations between 1 and 10 mM. The solution was bubbled
with Ar (99.999%) before each measurement. Amperometry was conducted at a certain potential
while stirring the solution. The current densities of the saccharides at the NPG electrode were
obtained by dividing the observed current by the electrochemical (actual) surface area (calculated as
stated above). In the recovery test, the serum sample was diluted 100 times and spiked with three
concentrations of galactose. The amperometric response was recorded at the NPG electrode covered
with a dialysis membrane.

3. Results and Discussion

3.1. Effect of Surface Crystallographic Orientation of NPG on Glucose Electrochemistry

Previously, we reported that NPG electrodes prepared from solutions of 35 and 500 mM HCl
(NPG-35 and NPG-500) exhibit different contributions of surface atomic structure and crystallographic
orientation [30]. The NPG-35 and NPG-500 electrodes were enriched in the Au(111) and Au(100)
orientations, respectively. The different concentrations of HCl gave different passivation potentials and
hence anodization potentials (Figure S1), which led to differentiable dissolution rates of the deposited
gold atoms by disproportionation of AuCl,~ in the anodization process. The formation of different
contributions of the facets in NPG was suggested to result from the different reorganization time to
form thermally stable Au(111) facets from the less stable facets, such as Au(100), in deposited atoms.
To investigate the effects of surface crystallographic orientation on the electrochemical oxidation
properties of glucose, we conducted voltammetry tests at NPG-35 and NPG-500. Figure 2a,b shows the
morphologies of the NPG-35 and NPG-500 electrodes, respectively, along with the corresponding cyclic
voltammograms (Figure 2d,e) of 10 mM glucose in 0.1 M phosphate buffer (pH 7.5). Figure 2¢,f shows the
morphology and cyclic voltammogram of the planar (non-anodized) gold electrode. The morphologies
of both NPGs were composed of similarly sized ligaments (~50 nm) and nanoporous structures spread
homogeneously in wide regions (Figure S2). The atomic force microscopy (AFM) image of NPG is also
shown in Figure S3. Despite their similar morphologies, the two NPGs produced significantly different
voltammetric responses to glucose oxidation. NPG-35 exhibited two main anodic peaks, one around
0V and the other around 0.3 V. The shape of the voltammetric curve resembled that of the planar
gold electrode, but the current density was approximately three times larger and the onset oxidation
potential was approximately 50 mV less positive than those of the planar electrode. NPG-500 also
yielded a multipeak voltammogram with a larger current density than planar gold. It is important to
note that the onset potential of NPG-500 was less positive (by more than 100 mV) than those of NPG-35
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and planar electrodes. These results indicate that the NPG structure increases electrocatalytic activity
for glucose oxidation, and that the oxidation potential depends on the crystallographic orientation of
the NPG surface.
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Figure 2. Surface morphologies of (a) NPG-35, (b) NPG-500, and (c) planar (non-anodized) gold
electrodes observed by SEM, and (d—f) their corresponding voltammograms of 10 mM glucose in 0.1 M

phosphate buffer (pH 7.5) obtained at 20 mV s71. Dotted lines were the voltammograms obtained
without glucose.

Hsiao et al., studied electrochemical oxidation of glucose using single crystal gold surfaces and
clarified that the crystallographic orientation significantly affects the oxidation current density and
the onset potential [34]. The voltammograms of single-crystal Au(111) and Au(100) reportedly show
one main peak, which is approximately 120 mV less positive for Au(100) than for Au(111). In general,
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an NPG structure cannot form a monolithic surface orientation because it lacks high-index facets and
surface steps/kinks that maintain the curvature of its three-dimensional bicontinuous porosity [35].
NPG structures with different contributions of low-index facets have been prepared by the anodization
method described above [30] and other dealloying methods [35]. Thus, the multipeaks observed in the
voltammograms of glucose oxidation at NPG-35 and NPG-500 are reasonable. Furthermore, the less
positive onset potential at NPG-500 with an Au(100)-enhanced surface than at NPG-35 with an
Au(111)-enhanced surface is consistent with observations of single-crystal electrodes [34]. With its
highly negative onset potential and high catalytic activity, NPG-500 is more promising in practical
applications than NPG-35, because it should be less vulnerable to interference by easily oxidizable
substances in body fluids such as blood and urine. Thus, controlling the surface atomic structure can
effectively improve the catalytic properties of a nanomaterial-based electrode. The voltammetric shape
of glucose catalysis at NPG-500 resembles that of a previous report, in which the NPG electrode was
prepared by anodization in 1 M KCl solution [36]. This similarity suggests similar surface orientations
of the NPG electrodes in [36] and the present study to some extent.

3.2. Electrochemistry of Monosaccharides at the NPG Electrode

Above, we confirmed the improved electrochemical responses for glucose oxidation at the
fabricated NPG electrodes. Here, we investigate the electrochemistry of other monosaccharides
(galactose, mannose, and fructose) at the electrodes. Figures 3 and 4 show the voltammetric responses
of NPG-500 and NPG-35, respectively, to glucose and the additional monosaccharides at concentrations
of 1, 3, and 10 mM in 0.1 M phosphate buffer solution (pH 7.5). In the presence of fructose (even at
10 mM), the voltammetric curves of the NPG-500 (Figure 3d) and NPG-35 (Figure 4d) electrodes were
almost flat, resembling that of blank buffer solution. Such almost inactive electrochemical oxidation for
fructose was previously reported for a gold single-crystal electrode [34]. Meanwhile, other saccharides
showed a clear, concentration-dependent oxidation current in the voltammogram. Similar to the
glucose case described above, the oxidation currents of galactose and mannose appeared at a less
positive potential at NPG-500 than at NPG-35 (Figure 3b,c and Figure 4b,c), again confirming the
effect of the atomic surface structures. Significantly, the oxidation current density and onset potential
differed among the glucose, galactose, and mannose oxidations. For clarity, the relationship between
the concentration and current density for saccharides is summarized in Figure S4. The current density
induced by 10 mM saccharide at NPG-500 and —0.2 V increased in the order of galactose > glucose
> mannose. The galactose and glucose exhibited 3.5 and 1.9 times larger current densities than
that of mannose. The negativity of the onset potentials followed the same order as the oxidation
current density. Moreover, the less inhibition by C1~ at NPG-500 compared with NPG-35 was observed
as described below, indicating that electrochemical oxidation at NPG-500 was maximized for galactose.
Therefore, the NPG-500 electrode surface is expected to enable selective and sensitive detection
of galactose.

Electrochemical oxidation of glucose has been extensively reported at various electrodes.
Glucose oxidation at noble metal electrodes is suggested to occur through interactions between the
hemiacetal group of glucose and the incipient hydrous oxide on the electrode surface, which mediates
the reaction [1,14,34,37]. First, the hydrogen bound to the C1 carbon atom is dehydrogenated with
one electron transfer. This process is the rate-determining step, as revealed by the isotope effect.
Then, the resultant radical species is further oxidized to form gluconolactone. Xia et al. reported that
the voltammograms of NPG electrodes have multicoupling peaks between —0.3 and 0.3 V (vs. saturated
calomel electrode (SCE)) in a phosphate buffer solution, which correspond to chemisorption/desorption
of OH™ or H,O to form AuOH [31]. Similar peaks were observed for the present NPG-500 as shown in
Figure 2e (dotted gray line), suggesting that a similar mechanism occurs at NPG-500. NPG-35 also
exhibited such peaks in the buffer; however, the ratio of those peak currents (i.e., shape of the
voltammogram) was different from that of NPG-500 (dotted gray lines in Figure 2d,e). The peak current
at less positive potential (around —0.2 V) was larger for NPG-500 than NPG-35. This would be a reason
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for the different voltammetric behaviors for the oxidation of saccharides at NPG-35 and NPG-500.
The pH dependence of the galactose voltammogram also coincides with the aforementioned mechanism.
With increasing pH, the oxidation current density increased (Figure S5). Such an effect was reported
for electrochemical oxidation of glucose at a gold electrode [38], where it was promoted at higher pH
due to more favorable chemisorption of hydroxide ions, facilitating the adsorption of glucose on the
Au surface and resulting in reduced activation energy for oxidation of glucose. The aforementioned
mechanism is further supported by no clear electrochemical response to the oxidation of fructose,
which lacks a hydrogen atom bound to the C1 atom. According to the mechanism, the electrochemical
oxidation favors the hydrogen axially bound to C1 over the equatorially bound hydrogen [1,14].
Considering the predominance of the (3-anomer for galactose and glucose and the x-anomer for
mannose [39], the larger electrochemical oxidation responses of glucose and galactose (that possess
an axial hydrogen at the C1 atom) than of mannose (with an equatorial hydrogen atom at the same
position) additionally fit the aforementioned mechanism. However, this mechanism cannot explain the
more efficient electrochemical oxidation of galactose than glucose, as these molecules possess similar
structures of their hemiacetal group. Judging from the different conformations of the hydrogen and
hydroxy groups at the C4 atom of these monosaccharides, this hydrogen or hydroxy group might be
involved in the interaction with the electrode surface. The results indicate that this interaction favors
galactose. The detailed explanation of this observation is under investigation.
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Figure 3. Cyclic voltammograms of (a) glucose, (b) galactose, (c) mannose, and (d) fructose in
0.1 M phosphate buffer (pH 7.5) obtained at an NPG-500 electrode with a scan rate of 20 mV s~1.
Concentrations of each saccharide: 0 mM (dashed gray line), 1 mM (solid light gray line), 3 mM (solid
gray line), and 10 mM (solid black line).



Sensors 2020, 20, 5632 7 of 14

160 160
4100 & 100
g g
o (9]
! el
. o
40 40
-10 -10
-0.7 04 0 03 0.7 -0.7 04 0 0.3 0.7
E (V vs. Ag|AgCl) E (V vs. Ag|AgCl)
(@) (c)
160 160
100 100
g g
o o
< <
> 3
.\ "\
40 40
—_—
-10 -10
-0.7 04 0 03 0.7 -0.7 04 0 03 0.7
E (V vs. Ag|AgCl) E (V vs. Ag|AgCl)
(b) (d)

Figure 4. Cyclic voltammograms of (a) glucose, (b) galactose, (¢) mannose, and (d) fructose in
0.1 M phosphate buffer (pH 7.5) obtained at an NPG-35 electrode with a scan rate of 20 mV s
Concentrations of each saccharide: 0 mM (dashed gray line), 1 mM (solid light gray line), 3 mM (solid
gray line), and 10 mM (solid black line).

3.3. Effect of CI” Ions on the Electrochemistry of Monosaccharides at the NPG Electrode

Biological fluids are typified by large concentrations of C1~ (100 mM in blood samples). As the
intended application of the proposed sensors is biological sampling, suppression of the saccharide
oxidation current by CI~ adsorption to the gold surface is a major concern [27,36]. To investigate
how Cl~ affects the electrochemical response to saccharide oxidation at NPG-500, the voltammetric
measurements were repeated in a phosphate buffer containing 0.1 M NaCl. Figure 5 displays
the obtained voltammograms of each saccharide at different concentrations (1, 3, and 10 mM). As
observed in the absence of CI~, fructose yielded no faradaic currents under the present conditions,
reconfirming its inactiveness for electrochemical oxidation. The other saccharides delivered a lower
oxidation current than in the absence of CI~ (see Figure 3). This observation is consistent with previous
reports on the electrochemical oxidation of glucose [27,36]. In the lower potential region (around
—0.2 V), the current density of glucose and mannose decreased by more than 95% from their levels
in the absence of Cl”. Importantly, the corresponding decrease in current density at this potential
for galactose was approximately 65%, and the oxidation peak remained prominent. These results
not only support the preferential interaction of the electrode surface with galactose over glucose, but
also imply that the NPG-500 electrode selectively and non-enzymatically detects galactose under
physiological conditions. The CI~ effect on electrochemical response of galactose at NPG-35 was also
conducted (Figure S6). Comparing voltammograms with and without CI~ clearly showed much larger
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inhibition of the oxidation current density compared with that of NPG-500 electrode, indicating that
NPG-500 is favorable to sensitive galactose detection under physiological conditions.
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Figure 5. Cyclic voltammograms of (a) glucose, (b) galactose, (c) mannose, and (d) fructose in 0.1 M
phosphate buffer (pH 7.5) containing 0.1 M NaCl. Voltammograms were obtained at an NPG-500
electrode with a scan rate of 20 mV s™1. The saccharide concentrations were varied as 0 mM (dotted
gray line), 1 mM (solid light gray line), 3 mM (solid gray line), and 10 mM (solid black line).

3.4. Non-Enzymatic Detection of Galactose With Ammperometry and Interference Effects

The efficacy of NPG-500 for galactose detection was assessed in a practical amperometry study.
First, we investigated the effect of applied potential on the amperometric anodic current density.
Figure 6a shows the observed current densities for 2 mM glucose, galactose, mannose, and 0.2 mM
ascorbic acid (AA, the major interference in blood), in the presence of 0.1 M NaCl at different potentials.
Galactose detection was hardly interfered by the other saccharides and AA under applied potentials
between —0.1 and —0.4 V, indicating its non-enzymatic and selective detection by NPG-500. At more
positive potentials, the current densities of glucose and AA considerably increased, and obviously
interfered with the galactose signals. Lower potentials reduced the interference effect, as expected.
Figure 6b shows a representative amperogram obtained at —0.1 V. After galactose addition, the current
increased and reached a steady state within 10 s. The stable current response after successive addition
of 2 mM saccharides confirmed no significant fouling on the electrode surface. To further confirm the
interference effect, amperometry with altered addition of analytes was performed. Figure S7 shows the
amperogram obtained at the same conditions in Figure 6b except for the sequence of addition. While the
lastly added galactose exhibited a prominent current signal, it was less from glucose, mannose, and AA.
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Besides, the repeated injection of galactose showed a similar current increase. These coincide with the
prominent response for galactose at NPG-500 in the presence of 0.1 M NaCl, as described above.
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Figure 6. (a) Effect of applied potentials on the amperometric oxidative currents at NPG-500 for 2 mM
galactose, glucose, mannose, and 0.2 mM AA in a 0.1 M phosphate buffer (pH 7.5) containing 0.1 M NaCl.
Error bars indicate the standard deviations of triplicate independent measurements. (b) Representative
amperogram obtained at —0.1 V under the same conditions as (a), with successive addition of 2 mM
galactose, 2 mM glucose, 2 mM mannose, and 0.2 mM AA, indicated by the arrows at 100 s intervals.

To prepare a calibration plot for galactose detection, we performed amperometric measurements at
—0.1 V, of which potential showed relatively lower standard deviations, less interference effect,
and higher current density, with successive additions of galactose at different concentrations.
The amperogram and calibration curve are presented in Figure 7a,b, respectively. The calibration
plot was linear from 10 uM to 1.8 mM, with a sensitivity of 1.0 pA em™2 mM™! and a correlation
coefficient of 0.998. The limit of detection (LOD) was estimated to be 5.0 mM. To assess the analytical
performance of the present sensing system, the characteristic parameters such as LOD, linear range,
sensitivity, response time, working potential, and enzyme requirement were compared with earlier
electrochemical galactose sensors (Table 1). Although the sensitivity is lower compared to some
enzymatic sensors, the other parameters are comparable and less positive working potential enabling
less interference effects was achieved. Thus, the potency of the present non-enzymatic type galactose
sensor was indicated because it has an advantage of no requirements of the enzyme reagents such as
galactose oxidase and dehydrogenase.

The calibration curve at the NPG-35 electrode was also plotted in Figure 7b (square symbol)
to show the importance in surface orientation. The LOD and sensitivity were 100 uM and 0.2 uA
cm~2 mM™!, respectively. Thus, the superiority of NPG-500 compared with NPG-35 was clearly shown
under the physiological conditions, indicating the efficacy of control for the surface crystallographic
orientation in NPG structure to develop efficient electrochemical sensors. To clarify the maintenance
for the predominant crystallographic orientation at the NPG-500 surface, the voltammetric responses
in H,SOy solution before and after seven amperometric measurements of galactose were investigated
(Figure S8A). The oxidation (oxide film formation) peak potential of the gold surface is known as an
indicator for the low-index crystal planes, Au(111), Au(100), and Au(110) [49]. The voltammograms
obtained showed a larger peak at 1.15 V, which corresponds to the Au(100) surface, and were almost
identical before and after amperometric measurements, revealing the predominant crystallographic
orientation remains during saccharide sensing. This result also suggests the repeatable use of the
present NPG electrode. The reproducibility is another key index for the electrode system to serve as a
promising sensor. To investigate this, the current responses of five different electrodes in amperometry
to 2 mM galactose in 0.1 M phosphate buffer (pH 7.5) containing 0.1 M NaCl (triplicate measurements
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of each electrode) were compared (Figure S8B) and the relative standard deviation was estimated to be
only 4.2%.
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Figure 7. (a) Amperometric response of the NPG-500 electrode to successive additions of galactose in a
stirred solution of 0.1 M phosphate buffer (pH 7.5) containing 0.1 M NaCl. Measurements were taken
at —0.1 V. The inset is an enlargement of the response in the lower concentration region. (b) Calibration
curve obtained from the amperograms at NPG-35 (square) and NPG-500 (circle), relating the relationship
between current intensity and galactose concentration. Error bars indicate the standard deviations of
triplicate independent measurements.

Table 1. Comparison of characteristics for various amperometric galactose sensors.

Linear Response  Working

Electrode Enzyme LOD (uM) Range (mM) Sensitivity Time (s)  Potential (V) @ Ref.
1,3-DAB|Res|Pt GalOx 50.0 0.05-6.0 - 18 +0.7 [40]
1
C0304(GraphenelGCE  GalOx 3.0 0.009-0.6 gri HAmMM 15 +0.7 [41]
-1
Co304]MWCNTS|GCE ~ GalOx 0.9 0.009-1.0 i&‘fz”A mM 15 +0.7 [41]
-1
PEG|Polyanion|Pt GalOx - 0.0-24.0 ifffz‘A mM <40 +0.4 [42]
PEP|Au GalOx 250 2.0-16.0 1.8 A mM-! 5 +0.7 [43]
-1
Laponite clay|Pt GalOx 1.0 0.001-1.6 ffr'ﬁzmA mM 5 +0.6 [44]
-1
NADP*|Os|CPE GADH 200 1.0-3.0 ‘1:H71 HAmMM - +0.15 [45]
-1
CHIT|PGE GalOx 50.0 0.05-25 70 A mM 2 +1.1 [46]
-1
Microtubeles|ITO GalOx 10 0.1-1.0 SiZZuA mM 30-40 +0.60 [47]
-1
CHITSWCNTIGCE ~ GalOx 25 Up to 1.0 gf_@“A mM - —04 [48]
1
NPG none 5.0 0.01-1.8 irg HAmMM 10 -0.1 This work

2Vvs. AglAgCl. 1,3-DAB 1,3-diaminobenzene, Res resorcinol, GalOx galactose oxidase, MWCNTs multiwalled carbon
nanotubes, PEG poly(ethylene glycol), PEP poly(N-glycidylpyrrole-co-pyrrole), Os osphendione, CHIT chitosan,
ITO indium tin-oxide, SWCNT single-walled carbon nanotubes.

3.5. Recovery Test of Galactose in a Serum Sample

The practical applicability of the present method was assessed in recovery tests of a human serum
sample spiked with standard galactose solution. The human serum was diluted by a factor of 100
and the NPG electrode was covered by a dialysis membrane to minimize fouling of its surface and/or
decomposition of the spiked galactose. The serum was spiked with galactose at three concentrations
(10, 100, and 1000 uM) and the amperometric measurements were conducted at the NPG-500 electrode.
The obtained current was compared with that obtained in the buffered solution (calibration curve),
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and the recovery was determined from the current ratio. The galactose recovery was 86-101% and
the relative standard deviations of the three replicated measurements were below 7.9% (Table 2).
This result indicates the reliability and efficacy of the present surface-controlled NPG electrode for
galactose sensing. It should be noted that when the blood sample with or without dilution (e.g.,
100 times) is applied directly to the present sensor system to achieve rapid analysis without other
procedures, improvement in linear range property or in inhibition of the electrode surface fouling
should be required.

Table 2. Recovery test in diluted human serum samples spiked with galactose.

Added (uM) Found (uM) Recovery (%) RSD (%, n =3)
10 8.6 86 5.2
100 90 90 7.9
1000 1010 101 4.5

4. Conclusions

In this report, we investigated the electrochemical oxidation of monosaccharides at NPG electrodes
with controlled contributions of their surface crystallographic orientations. The efficacy of the saccharide
reactions was higher at the Au(100)-enhanced NPG surface than at the Au(111)-enhanced NPG surface.
Interestingly, the electrochemical properties of the monosaccharides significantly differed at the NPG
electrode, and the oxidative reaction was more pronounced for galactose than the other saccharides,
enabling the non-enzymatic selective detection of galactose. The present results indicate that the
crystallographic orientation control of nanostructured materials can achieve efficient catalysis for
electrochemical reactions. Since the present method to control surface crystallographic orientation is
facile, it would be useful to develop effective electrodes for sensing applications.

Supplementary Materials: The following are available online at http://www.mdpi.com/1424-8220/20/19/5632/s1,
Figure S1: Representative linear sweep voltammograms of gold electrodes in 35 and 500 mM HCI solutions,
Figure S2: SEM images of NPG-35 and NPG-500 in the 12 X 9.5 um region, Figure S3: AFM images of an NPG
electrode, Figure S4: Relationship between saccharide concentration and current density obtained from the
voltammograms in Figures 24, Figure S5: Cyclic voltammograms of NPG-500 in 0.1 M phosphate buffer solution
of pH 6.0, 7.0 and 8.0 in the presence of 2 mM at galactose, Figure S6: Cyclic voltammograms of 10 mM galactose at
NPG-35 in the presence of 0.1 M NaCl, Figure S7: Representative amperogram obtained at —0.1 V with successive
additions of 0.2 mM AA, 2 mM mannose, 2 mM glucose, and 2 mM galactose, Figure S8: Cyclic voltammograms
of NPG-500 in 0.5 M H,SO4 solution before and after seven amperometric measurements, and current densities of
five different NPG-500 electrodes by amperometric measurements at —0.1 V.

Author Contributions: Conceptualization, Y.M.; methodology, YM. and M.L; validation, Y. M. and S.K.; formal
analysis, Y.M., S.K. and M.L; investigation, Y.M., S.K. and M.I; data curation, Y.M., S.K. and M.I,; writing—original
draft preparation, Y.M.; writing—review and editing, M.I; supervision, Y.M.; project administration, Y.M.; funding
acquisition, Y.M. All authors have read and agreed to the published version of the manuscript.

Funding: This work was partially supported by the JSPS KAKENHI Grant Number JP19K07024.

Acknowledgments: Authors thank Natsuko Kibe (National Institute of Advanced Industrial Science and
Technology (AIST)) for the SEM measurements of the electrode surfaces and Enago (www.enago.jp) for the English
language review.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Toghill, K.E.; Compton, R.G. Electrochemical non-enzymatic glucose sensors: A perspective and an evaluation.
Int. ]. Electrochem. Sci. 2010, 5, 1246-1301.

2. Lin,H,;Li, S.X; Xu, C.X,; Pang, M.L.; Wang, S.L. Simultaneous determination of galactose, glucose, lactose and
galactooligosaccharides in galactooligosaccharides raw materials by highperformance anion-exchange
chromatography with pulsed amperometric detection. Food Chem. 2018, 263, 29-36. [CrossRef] [PubMed]


http://www.mdpi.com/1424-8220/20/19/5632/s1
www.enago.jp
http://dx.doi.org/10.1016/j.foodchem.2018.04.092
http://www.ncbi.nlm.nih.gov/pubmed/29784319

Sensors 2020, 20, 5632 12 of 14

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Coelho, A.L; Berry, G.T.; Rubio-Gozalbo, M.E. Galactose metabolism and health. Curr. Opin. Clin. Nutr.
Metab. Care 2015, 18, 422-427. [CrossRef] [PubMed]

Lai, K.; Elsas, L.J.; Wierenga, K.J. Galactose toxicity in animals. [ubmb Life 2009, 61, 1063-1074. [CrossRef]
Sharma, S.K,; Singhal, R.; Malhotra, B.D.; Sehgal, N.; Kumar, A. Langmuir-Blodgett film based biosensor for
estimation of galactose in milk. Electrochim. Acta 2004, 49, 2479-2485. [CrossRef]

Li, M.L,; Yang, J.; Ou, Y.N.; Shi, Y;; Liu, L.; Sun, C.Q.; Zheng, H.Z.; Long, Y.J. Peroxidase-like activity of
2,7 '—difluorofluorescein and its application for galactose detection. Talanta 2018, 182, 422-427. [CrossRef]
Sehit, E.; Altintas, Z. Significance of nanomaterials in electrochemical glucose sensors: An updated
review (2016-2020). Biosens. Bioelectron. 2020, 159, 112165. [CrossRef]

Picher, M.M.; Kupcu, S.; Huang, C.J.; Dostalek, J.; Pum, D.; Sleytr, U.B.; Ertl, P. Nanobiotechnology advanced
antifouling surfaces for the continuous electrochemical monitoring of glucose in whole blood using a
lab-on-a-chip. Lab Chip 2013, 13, 1780-1789. [CrossRef]

Bae, CW.; Toi, P.T.; Kim, B.Y.; Lee, W.I; Lee, H.B.; Hanif, A.; Lee, E.H.; Lee, N.E. Fully stretchable
capillary microfluidics-integrated nanoporous gold Electrochemical sensor for wearable continuous
glucose monitoring. ACS Appl. Mater. Interfaces 2019, 11, 14567-14575. [CrossRef]

Kanyong, P.; Krampa, FD.; Aniweh, Y.; Awandare, G.A. Enzyme-based amperometric galactose biosensors:
A review. Microchim. Acta 2017, 184, 3663-3671. [CrossRef]

Lee, I; Loew, N.; Tsugawa, W.; Lin, C.E.; Probst, D.; La Belle, ].T.; Sode, K. The electrochemical behavior
of a FAD dependent glucose dehydrogenase with direct electron transfer subunit by immobilization on
self-assembled monolayers. Bioelectrochem. 2018, 121, 1-6. [CrossRef] [PubMed]

Tremey, E.; Stines-Chaumeil, C.; Gounel, S.; Mano, N. Designing an O-2-Insensitive glucose oxidase for
improved electrochemical applications. ChemElectroChem 2017, 4, 2520-2526. [CrossRef]

Yu, E.H.; Prodanovic, R.; Guven, G.; Ostafe, R.; Schwaneberg, U. Electrochemical oxidation of glucose
using mutant glucose oxidase from directed protein evolution for biosensor and biofuel cell applications.
Appl. Biochem. Biotechnol. 2011, 165, 1448-1457. [CrossRef] [PubMed]

Hwang, D.W,; Lee, S.; Seo, M.; Chung, T.D. Recent advances in electrochemical non-enzymatic glucose
sensors—A review. Anal. Chim. Acta 2018, 1033, 1-34. [CrossRef]

Sridara, T.; Upan, J.; Saianand, G.; Tuantranont, A.; Karuwan, C.; Jakmunee, J. Non-enzymatic amperometric
glucose sensor based on carbon nanodots and copper oxide nanocomposites electrode. Sensors 2020, 20, 808.
[CrossRef]

Shen, N.N.; Xu, H.J.; Zhao, W.C.; Zhao, Y.M.; Zhang, X. Highly responsive and ultrasensitive non-enzymatic
electrochemical glucose sensor based on au foam. Sensors 2019, 19, 1203. [CrossRef]

Arul, P; Gowthaman, N.S.K.; Abraham John, S.; Tominaga, M. Tunable electrochemical synthesis of 3D
nucleated microparticles like Cu-BTC MOF-carbon nanotubes composite: Enzyme free ultrasensitive
determination of glucose in a complex biological fluid. Electrochim. Acta 2020, 354, 136673. [CrossRef]
Guo, Q.H,; Liu, D.; Zhang, X.P; Li, L.B.; Hou, H.Q.; Niwa, O.; You, T.Y. Pd-Ni alloy nanoparticle/carbon
nanofiber composites: Preparation, structure, and superior electrocatalytic properties for sugar analysis.
Anal. Chem. 2014, 86, 5898-5905. [CrossRef]

Dhara, K.; Mahapatra, D.R. Electrochemical nonenzymatic sensing of glucose using advanced nanomaterials.
Microchim. Acta 2018, 185, 49. [CrossRef]

Pei, Y.J.; Hu, M.; Tu, EH,; Tang, X.Y,; Huang, W.; Chen, S.; Li, Z.L.; Xia, Y. Ultra-rapid fabrication of highly
surface-roughened nanoporous gold film from AuSn alloy with improved performance for nonenzymatic
glucose sensing. Biosens. Bioelectron. 2018, 117, 758-765. [CrossRef]

Zhou, C.H.; Xia, Y,; Huang, W.; Li, Z.L. A rapid anodic fabrication of nanoporous gold in NH4Cl solution for
nonenzymatic glucose detection. J. Electrochem. Soc. 2014, 161, H802-H808. [CrossRef]

Jena, B.K; Raj, C.R. Enzyme-free amperometric sensing of glucose by using gold nanoparticles. Chem. Eur. ].
2006, 12, 2702-2708. [CrossRef] [PubMed]

Si, P; Huang, Y.J.; Wang, T.H.; Ma, ].M. Nanomaterials for electrochemical non-enzymatic glucose biosensors.
RSC Adv. 2013, 3, 3487-3502. [CrossRef]

Bhattarai, ].K.;; Neupane, D.; Nepal, B.; Mikhaylov, V.; Demchenko, A.V,; Stine, K.J. Preparation, modification,
characterization, and biosensing application of nanoporous gold using electrochemical techniques.
Nanomaterials 2018, 8, 171. [CrossRef] [PubMed]


http://dx.doi.org/10.1097/MCO.0000000000000189
http://www.ncbi.nlm.nih.gov/pubmed/26001656
http://dx.doi.org/10.1002/iub.262
http://dx.doi.org/10.1016/j.electacta.2004.01.024
http://dx.doi.org/10.1016/j.talanta.2018.02.020
http://dx.doi.org/10.1016/j.bios.2020.112165
http://dx.doi.org/10.1039/c3lc41308j
http://dx.doi.org/10.1021/acsami.9b00848
http://dx.doi.org/10.1007/s00604-017-2465-z
http://dx.doi.org/10.1016/j.bioelechem.2017.12.008
http://www.ncbi.nlm.nih.gov/pubmed/29291433
http://dx.doi.org/10.1002/celc.201700646
http://dx.doi.org/10.1007/s12010-011-9366-0
http://www.ncbi.nlm.nih.gov/pubmed/21915588
http://dx.doi.org/10.1016/j.aca.2018.05.051
http://dx.doi.org/10.3390/s20030808
http://dx.doi.org/10.3390/s19051203
http://dx.doi.org/10.1016/j.electacta.2020.136673
http://dx.doi.org/10.1021/ac500811j
http://dx.doi.org/10.1007/s00604-017-2609-1
http://dx.doi.org/10.1016/j.bios.2018.07.021
http://dx.doi.org/10.1149/2.0741412jes
http://dx.doi.org/10.1002/chem.200501051
http://www.ncbi.nlm.nih.gov/pubmed/16429473
http://dx.doi.org/10.1039/c2ra22360k
http://dx.doi.org/10.3390/nano8030171
http://www.ncbi.nlm.nih.gov/pubmed/29547580

Sensors 2020, 20, 5632 13 of 14

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Sukeri, A.; Bertotti, M. Nanoporous gold surface: An efficient platform for hydrogen evolution reaction at
very low overpotential. J. Braz. Chem. Soc. 2018, 29, 226-231. [CrossRef]

Van der Zalm, J.; Chen, S.; Huang, W.; Chen, A.C. Review-recent advances in the development of nanoporous
Au for sensing applications. J. Electrochem. Soc. 2020, 167, 037532. [CrossRef]

Cho, S.; Shin, H.; Kang, C. Catalytic glucose oxidation on a polycrystalline gold electrode with an
amalgamation treatment (TM 05092). Electrochim. Acta 2006, 51, 3781-3786. [CrossRef]

Mezzavilla, S.; Horch, S.; Stephens, LE.L.; Seger, B.; Chorkendorff, I. Structure sensitivity in the electrocatalytic
reduction of CO, with gold catalysts. Angew. Chem. Int. Ed. 2019, 58, 3774-3778. [CrossRef]

Shen, K.C,; Jia, C.G.; Cao, B.X.; Xu, H.; Wang, J.; Zhang, L.C.; Kim, K.; Wang, W.M. Comparison of catalytic
activity between Au(110) and Au(111) for the electro-oxidation of methanol and formic acid: Experiment
and density functional theory calculation. Electrochim. Acta 2017, 256, 129-138. [CrossRef]

Mie, Y.; Takayama, H.; Hirano, Y. Facile control of surface crystallographic orientation of anodized nanoporous
gold catalyst and its application for highly efficient hydrogen evolution reaction. J. Catal. 2020, 389, 476-482.
[CrossRef]

Deng, Y.P; Huang, W.; Chen, X,; Li, Z.L. Facile fabrication of nanoporous gold film electrodes. Electrochem. Commun.
2008, 10, 810-813. [CrossRef]

Kim, M.; Kim, J. Effect of pH on Anodic formation of nanoporous gold films in chloride solutions: Optimization
of anodization for ultrahigh porous structures. Langmuir 2014, 30, 4844—-4851. [CrossRef] [PubMed]
Lukaszewski, M.; Soszko, M.; Czerwinski, A. Electrochemical methods of real surface area determination of
noble metal electrodes—an Overview. Int. |. Electrochem. Sci. 2016, 11, 4442-4469. [CrossRef]

Hsiao, M.W.; Adzic, R.R; Yeager, E.B. Electrochemical oxidation of glucose on single crystal and polycrystalline
gold surfaces in phosphate buffer. J. Electrochem. Soc. 1996, 143, 759-767. [CrossRef]

Wang, Z.L.; Ning, S.C.; Liu, P; Ding, Y.; Hirata, A.; Fuyjita, T.; Chen, M.W. Tuning surface structure of
3D nanoporous gold by surfactant-free electrochemical potential cycling. Adv. Mater. 2017, 29, 170361.
[CrossRef]

Xia, Y.; Huang, W.; Zheng, J.F,; Niu, Z.J.; Li, Z.L. Nonenzymatic amperometric response of glucose on a
nanoporous gold film electrode fabricated by a rapid and simple electrochemical method. Biosens. Bioelectron.
2011, 26, 3555-3561. [CrossRef]

Burke, L.D. Premonolayer oxidation and its role in electrocatalysis. Electrochim. Acta 1994, 39, 1841-1848.
[CrossRef]

Feng, D.; Wang, F.; Chen, Z.L. Electrochemical glucose sensor based on one-step construction of gold
nanoparticle-chitosan composite film. Sens. Actuators B 2009, 138, 539-544. [CrossRef]

Ouellette, R.J.; Rawn, J.D. Organic Chemistry, 2nd ed.; Academic Press: Cambridge, MA, USA, 2019;
pp. 889-928.

Manowitz, P; Stoecker, PW.; Yacynych, A.M. Galactose biosensors using composite polymers to prevent
interferences. Biosens. Bioelectron. 1995, 10, 359-370. [CrossRef]

Dalkiran, B.; Erden, P.E.; Kilic, E. Electrochemical biosensing of galactose based on carbon materials:
Graphene versus multi-walled carbon nanotubes. Anal. Bioanal. Chem. 2016, 408, 4329-4339. [CrossRef]
Sung, W.J.; Bae, Y.H. Glucose oxidase, lactate oxidase, and galactose oxidase enzyme electrode based on
polypyrrole with polyanion/PEG/enzyme conjugate dopant. Sens. Actuators B 2006, 114, 164-169. [CrossRef]
Senel, M.; Bozgeyik, I.; Cevik, E.; Abasiyanik, M.F. A novel amperometric galactose biosensor based on
galactose oxidase-poly(N-glycidylpyrrole-co-pyrrole). Synth. Met. 2011, 161, 440—-444. [CrossRef]
Charmantray, F.; Touisni, N.; Hecquet, L.; Mousty, C. Amperometric biosensor based on galactose oxidase
immobilized in clay matrix. Electroanalysis 2013, 25, 630-635. [CrossRef]

Maestre, E.; Katakis, I.; Narvaez, A.; Dominguez, E. A multianalyte flow electrochemical cell: Application to
the simultaneous determination of carbohydrates based on bioelectrocatalytic detection. Biosens. Bioelectron.
2005, 21, 774-781. [CrossRef]

Sharma, M.; Yadav, P.; Sharma, M. Novel electrochemical sensing of galactose using GalOXNPs/CHIT
modified pencil graphite electrode. Carbohydr. Res. 2019, 483, 107749. [CrossRef]

Lee, K.N.; Lee, Y; Son, Y. Enhanced sensitivity of a galactose biosensor fabricated with a bundle of conducting
polymer microtubules. Electroanalysis 2011, 23, 2125-2130. [CrossRef]


http://dx.doi.org/10.21577/0103-5053.20170132
http://dx.doi.org/10.1149/1945-7111/ab64c0
http://dx.doi.org/10.1016/j.electacta.2005.10.042
http://dx.doi.org/10.1002/anie.201811422
http://dx.doi.org/10.1016/j.electacta.2017.10.026
http://dx.doi.org/10.1016/j.jcat.2020.06.023
http://dx.doi.org/10.1016/j.elecom.2008.03.003
http://dx.doi.org/10.1021/la500732z
http://www.ncbi.nlm.nih.gov/pubmed/24702611
http://dx.doi.org/10.20964/2016.06.71
http://dx.doi.org/10.1149/1.1836536
http://dx.doi.org/10.1002/adma.201703601
http://dx.doi.org/10.1016/j.bios.2011.01.044
http://dx.doi.org/10.1016/0013-4686(94)85173-5
http://dx.doi.org/10.1016/j.snb.2009.02.048
http://dx.doi.org/10.1016/0956-5663(95)96854-R
http://dx.doi.org/10.1007/s00216-016-9532-x
http://dx.doi.org/10.1016/j.snb.2005.04.027
http://dx.doi.org/10.1016/j.synthmet.2010.12.025
http://dx.doi.org/10.1002/elan.201200274
http://dx.doi.org/10.1016/j.bios.2005.01.014
http://dx.doi.org/10.1016/j.carres.2019.107749
http://dx.doi.org/10.1002/elan.201100183

Sensors 2020, 20, 5632 14 of 14

48. Tkac, J.; Whittaker, ].W.; Ruzgas, T. The use of single walled carbon nanotubes dispersed in a chitosan matrix
for preparation of a galactose biosensor. Biosens. Bioelectron. 2007, 22, 1820-1824. [CrossRef]

49. Jeyabharathi, C.; Ahrens, P.; Hasse, U.; Scholz, F. Identification of low-index crystal planes of polycrystalline
gold on the basis of electrochemical oxide layer formation. J. Solid State Electrochem. 2016, 20, 3025-3031.
[CrossRef]

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



http://dx.doi.org/10.1016/j.bios.2006.08.014
http://dx.doi.org/10.1007/s10008-016-3228-1
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Materials and Chemicals 
	Preparation of NPG with Different Facet Contributions 
	Electrochemical Measurements 

	Results and Discussion 
	Effect of Surface Crystallographic Orientation of NPG on Glucose Electrochemistry 
	Electrochemistry of Monosaccharides at the NPG Electrode 
	Effect of Cl– Ions on the Electrochemistry of Monosaccharides at the NPG Electrode 
	Non-Enzymatic Detection of Galactose With Ammperometry and Interference Effects 
	Recovery Test of Galactose in a Serum Sample 

	Conclusions 
	References

