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1. Introduction

Saccharides are important constituents and play an important
role of vital activity for all living organisms in nutrition, metab-
olism, and immunity. Monosaccharides, starting with glucose,
fructose and galactose, are absorbed in the body as the final
decomposed product in a metabolism. Therefore, the control
of sugar concentrations in a body is meaningful from both the
perspectives of nutritional healthcare and diagnostic medical
care, such as diabetes mellitus. In addition, it has been proved
that polysaccharides, which are synthesized as diverse sugar
chains, play an important role for the intra- and intercellular
signaling transduction and the cell–cell recognition from the
viewpoint of glycotechnology in the recent years.[1] Also in the
food engineering field the interest in not only natural sugars
but also artificial sweeteners are increasing in terms of food
safety and health trends. Moreover, it is known that the con-
centration of nucleotide sugars such as inosinic acid, which is
a kind of “Umami”, is closely related to food quality.[2] From
these backgrounds, a novel detection technique of saccharides
at a higher sensitivity is desirable in the fields of clinical diag-
nosis, food industry, and biochemistry.

In the present state, glucose sensors, saccharimeters, K-value
assays and so on are used as conventional saccharide sensors,
where enzymatic,[3] electrochemical,[4] chromatographic detec-
tion methods have been developed.[5] Among them, an enzy-
matic glucose sensor is a typical and prevailing saccharide
sensor because of its high sensitivity and selectivity. Enzymatic
glucose detection has the advantage that a sugar can bind to

the enzyme specifically even in biological fluids such as blood
and urine. However, there are still plenty of room for improv-
ing intermediates such as the glucose oxidase redox system,
enzymatic stability, and limitation of sensitivity. From these
reason, non-enzymatic saccharide sensors have been studied
and developed in the field of analytical technology.[6]

Phenylboronic acid (PBA) and its derivatives have been
mainly applied in non-enzymatic biosensing systems substitut-
ing for enzymatic saccharide sensors. PBA can reversibly bind
to saccharides and polyols, so that the reaction had been ana-
lyzed by various techniques, such as spectrometric absorp-
tion,[7] fluorescence,[8] circular dichroism,[9] and optical meth-
ods.[10] The equilibrium of PBA based on diol binding with sac-
charides is indicated by Scheme 1.[11] When the diol group in

a substrate interacts with PBA, the boron atom, which forms
nonionic and electron-deficient states with tertiary structure, is
changed into a boron anion composed of an electron-rich
state with quarternary structure. Detection of glucose using
PBA derivatives has been much reported, and there has also

Scheme 1. Equilibrium between the phenylboronic acid derivative and the
diol.

We report the surface and electrical characteristics of a phenyl-
boronic acid (PBA)-coated gate field effect transistor (FET) bio-
sensor for a highly sensitive detection of various saccharides.
4-mercaptophenylboronic acid (MPBA) was self-assembled on
a Au extended-gate electrode, which was used as a saccharide
recognition substrate of the PBA–FET. The binding affinity of
PBA with various monosaccharides and disaccharides were
evaluated by the amount of voltage changes on the Au gate

surface in response to sugar concentrations using the PBA–FET.
The specific diol-binding of PBA with saccharides induces mo-
lecular charges onto PBA, resulting in the detection of charges
at a lower concentration of 50 mm. In particular, the binding af-
finities of PBA with the saccharides contributes to the different
electrical signals. The platform based on the PBA–FET is useful
for a convenient and highly sensitive detection of various sac-
charides in the fields of food engineering and medicine.
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been some reports about the affinity of PBA with various
sugars. Springsteen and Wang calculated the binding con-
stants between PBA and various saccharides from changes in
the fluorescent intensity, which were obtained by the competi-
tion method in sample solutions containing Arizarin Red S, al-
though the binding affinity of the fluorescent dye may be dif-
ferent from that of most saccharides.[12]

A field effect transistor (FET)-based biosensor is a non-la-
beled, rapid and quantitative method to detect ionic or biomo-
lecular charges.[13] The principle of FET has been expected to
be applied as a highly sensitive biosensor because of its detec-
tion mechanism by which small charge variations of biomole-
cules can be amplified as the voltage shift at the surface of
gate electrode. In the previous works, in which PBA derivatives
have been modified and functionalized for FET devices, PBA-
coupled FET devices with AlGaN/GaN heterostructures and
a PBA-copolymerized gel-based FET were developed for sac-
charide sensing.[14] Especially, the extended-gate FET allows the
selection of various kinds of materials or structures as the gate
electrode because the sensing site can be separated from
a segment of semiconductor.[15] In the present study, 4-mercap-
tophenylboronic acid self-assembled monolayer (MPBA–SAM)
was formed by the interaction between Au and thiol group on
the surface of Au extended-gate as shown in Figure 1 a. We
report the fundamental electrical properties of PBA–FET bio-
sensor for various saccharide sensing, focusing on the surface
properties of MPBA–SAM-coated Au gate electrode and the af-
finity of PBA with various saccharides.

2. Results and Discussion

2.1. Evaluation of MPBA–SAM on Au Gate Surface

To fabricate the PBA–FET biosensor, MPBA was synthesized by
the Au–thiol self-assembly method as a saccharide recognition
membrane. The sputtered Au surface was cleaned by UV
ozone and immediately immersed in 1 mm MPBA/ethanol solu-
tion, so as not to be contaminated by airborne organic com-
pounds. The successful and stable formation of MPBA was
checked by contact-angle measurement and ellipsometric anal-
ysis. The result of the contact-angle measurement showed that
the water static contact angle was 54.8�0.68 for the MPBA–
SAM formed on the Au substrate, but 86.5�1.18 for the Au
substrate that was treated by UV ozone and immersed in etha-
nol without MPBA for the same time as the MPBA–SAM treat-
ment, as shown in Figure 2. It is clear that the Au surface treat-

Figure 1. Schematic illustration of PBA–FET structure for sugar recognition. a) Structure of PBA–FET, composed of an extended-gate FET with Au substrate. 4-
mercapto-PBA–SAM is chemically tethered to the surface of Au substrate and interacts with diol of sugar. b) Chemical structures of saccharides used in this
study. Carbon position number of pyranose and furanose ring noted from reducing-end carbon which is involved with anomerization. Fructose and 2-deoxyri-
bose are depicted as pyranose and furanose conformation according to each equilibrium state in a solution.

Figure 2. Photographs of dropped water on a) Au surface and b) PBA–SAM
treated Au surface. The water contact angles with their standard deviation
are shown.
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ed by MPBA–SAM became hydrophilic even though the value
of the contact angle was quite large, as it is known that hy-
droxyl end-groups turn SAMs superhydrophilic.[16] It was pre-
sumed that the hydrophobic surface of the phenyl group af-
fected the contact angle to some extent, but the hydroxyl
groups of MPBA were on the outermost surface. The thickness
of the MPBA–SAM was calculated by ellipsometric analysis, as
shown in Figure 3. Two parameters, Y, the azimuth of p- and
s-polarized light, and D, the phase difference between them,
were obtained by the polarization state changes of reflected
light from the sample. Compared to the spectra of the un-
modified Au surface and the PBA–SAM-treated Au surface, the
spectra of the azimuth were obviously changed after the PBA–
SAM treatment in Figure 3 a, and the spectra of the phase dif-
ference were slightly shifted for the PBA–SAM treated Au sur-
face, indicating the thin layer on the Au surface, as shown in
Figure 3 b. The thickness of the MPBA–SAM was calculated as
1.096�0.094 nm by the Cauchy dispersion model on the as-
sumption of 1 nm of roughness on the Au substrate. The
result showed that the MPBA molecules were stably integrated
onto the Au surface. Moreover, the adsorption of MPBA on the
Au surface was monitored by use of the QCM-D method. Both
frequency and dissipation changes are shown in Figure 4. After
the introduction of MPBA in the ethanol solution, the frequen-
cy decreased drastically and the dissipation increased slightly
with thiol–Au binding. From these responses for the MPBA ad-
sorption, the immobilization density of self-assembled MPBA
was calculated to be about 0.84 �2 per molecule according to
the Sauerbrey equation.[17] This result indicates that the density
was relatively high but reasonable for SAMs based on thiol–Au
binding. On the other hand, the dissipation shift seems to be
slight because the MPBA layer was formed as a thin monolay-
er. These surface properties obtained by the contact angle, the

ellipsometric and the QCM-D analyses show that the MPBA–
SAM was formed precisely and densely on the Au gate surface,
resulting in stable electrical signals of FET biosensor caused by
the diol binding with saccharides.

2.2. Potential Response for Saccharide Recognition Using
PBA–FET Biosensor

The detection principle of a FET sensor is based on the poten-
tiometric detection of charge density changes at the gate elec-
trode, on which specific binding between target and probe
molecules is made for molecular recognition. Basically, ionic or
molecular charges at the gate interact electrostatically with
electrons in silicon crystal through the thin gate insulator and

Figure 3. Ellipsometric spectra for Au surface and PBA–SAM-treated Au surface. Blue and red colors are spectra for the Au surface and the PBA–SAM-treated
Au surface, respectively. Solid, dashed, and dotted lines corresponded to the spectra of the incidence angles 658, 708 and 758, respectively. a) Azimuth (Y)
spectra of Au surface and PBA–SAM-treated Au surface. The spectra between 800 nm and 1690 nm wavelength are enlarged. In the enlarged figure (inset),
green lines indicate experimental spectra of PBA–SAM treated Au surface for each incident light angle, and red lines show model-fitted spectra of each exper-
imental spectra by using WVASE32 software. b) Phase-difference (D) spectra of Au surface and PBA–SAM-treated Au surface. The wavelengths of incident
light are from 193 nm to 1690 nm, and the angles of incidence are 658, 708, and 758.

Figure 4. Real-time monitoring of adsorption of MPBA molecules on Au sur-
face using QCM-D. Frequency and dissipation shifts were continuously moni-
tored at room temperature and at flow rates of 100 mL min�1 until around
2000 seconds. The result of QCM-D are the normalized frequencies calculat-
ed from seventh overtone (35 MHz) for fundamental frequency. The MPBA
molecule is introduced in the ethanol solution at the time indicated by the
arrow.
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induce electrical signals by the field effect, resulting in a Vout

change at constant ID (Figure 1 a). The time course of Vout for
the diol binding of saccharides with PBA was investigated in
a phosphate-buffered saline (PBS) solution (pH 7.4) using the
PBA–FET biosensors. Figure 5 shows the time course of Vout for
the monosaccharides glucose and fructose. The final concen-
trations of each saccharide were increased from 50 mm to
40 mm in a step-by-step manner. The results indicate that the
Vout shifted in the negative direction by about 10 mV at most
in a staircase pattern between 50 mm to 20 mm for either mon-
osaccharide. This is because the PBA molecule at the quarter-
nary state (state 4 in Scheme 1) based on the diol binding was
negatively charged on the surface of Au gate electrode, result-
ing in the depression of Vout at constant ID. However, an irregu-
lar phenomenon was observed at a higher concentration of
40 mm. Vout changed inversely in the positive direction upon
adding glucose and fructose (40 mm). It is surmised that the
equilibrium of PBA–diol binding was transferred from the quar-
ternary to the tertiary state (state 3 or 1 in Scheme 1) due to
the excess amount of saccharide substrates. Ayyub et al. re-
ported about fructose detection using a block copolymer film
containing PBA, which induced unexpected signals in wave-
length shifts at higher concentrations of not only fructose, but
also glucose.[18]

The number of ion charges could be calculated from the sur-
face potential changes using the PBA–FET biosensor. The inter-
action between the glucose molecules and the PBA electrode
could be directly transduced into the electrical signal using the
FET device. The change in surface charge density could be de-
tected as the surface potential shift of the FET. The surface po-
tential shift after the binding of glucose molecules with PBA
molecules, DVFET, is expressed in Equation (1), where DQglu�PBA

is the charge per unit area of the charged PBA membrane, and
Ci is the gate capacitance per unit area:

DVFET ¼ DQglu�PBA=C i ð1Þ

Since DVFET = 10 mV for the binding of glucose with PBA and
Ci = 4.3 � 10�4 F m�2 for the FET, the amount of charges increas-
ing after glucose–PBA binding on the Au electrode was calcu-
lated as 4.3 � 10�6 C m�2. As a result of that, the amount of diol
binding of glucose-PBA was calculated as 2.7 �
109 charges cm�2, because the diol binding would induce the
increase of a negative charge in a PBA molecule based on the
equilibrium reaction (state 4 in Scheme 1). The estimated
amount of PBA by the FET was lower than that by the QCM-D
analysis. This is because the charged PBA molecules were
based on the equilibrium reaction so that all of immobilized
PBA molecules were not recognized using the FET biosensor.
On the other hand, the QCM-D sensor would have detected
the mass change of PBA molecules totally immobilized on the
Au substrate regardless of molecular charges. Actually, the
measurement experiments were performed in a solution of
pH 7.4. Considering that the pKa of the equilibrium between
stages 1 and 2 shown in Scheme 1 is 8.8, most of the PBA mol-
ecules modified on the gate surface would not be ionized at
a pH of 7.4.[19] Additionally, the equilibrium reaction shifts from
stage 1 to stage 4 through stage 3 after the introduction of
glucose, resulting in an increase of charged PBA molecules
based on the diol binding. However, the amount of ionized
PBA molecules would still be small at a pH of 7.4 (lower than
the pKa of 8.8). Therefore, the number of reacted molecules
based on the surface potential change using the FET principle
would have been calculated as smaller than that of PBA–SAM
estimated by use of the QCM-D sensor.

Figure 6 shows the relation between gate voltage shift (DV)
and logarithm of sugar concentration, in which the straight-
line approximations were drawn so that the coefficient of de-
termination (R2) became the maximum value possible in the
range of 50 mm to 20 mm. These experiments were repeated at
least three times against each saccharide. As monosaccharides,
glucose and its epimer, galactose and mannose, were used to
start. Fructose was used as furanose, which is a typical saccha-
ride in the food industry. Sucrose and lactose were used as dis-
accharides, which are composed of different kinds of monosac-
charides: sucrose is represented by b-fructofuranosyl-(2!1)-a-
glucopyranoside and lactose by b-d-galactopyranosyl-(1!4)-d-
glucopyranoside. Moreover, the components of nucleotide,
ribose and deoxyribose were used as furanose as well. In
Figure 6, the gradients of the approximation line largely
changed at the concentrations of more than 2 mm. In Fig-
ure 6 a, the relation between DV and sugar concentration of
four kinds of mono-saccharides such as glucose, galactose,
fructose, and mannose, were indicated. The slope of approxi-
mate formula and R2 are shown in Table 1. At up to 2 mm of
each saccharide, all the types of saccharide showed similar
slopes, between 6.41 and 8.38. On the other hand, a clear dif-
ference in slope was found among the four kinds of saccha-
rides at 2 mm to 20 mm. In glucose, almost no change in slope
value was found in the range of 50 mm to 20 mm, while the
slope value slightly increased for galactose. In fructose and
mannose, the linear slopes at more than 2 mm were about
three times larger than those at 50 mm to 2 mm. It was consid-
ered that the binding mechanism of saccharides to MPBA–

Figure 5. Time course of gate voltage for addition of monosaccharides in
the range of 50 mm to 40 mm concentration at room temperature. Red for
glucose and green for fructose. At the arrowed points, the sample solutions
were introduced onto the PBA–FET.
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SAM coated on the Au surface would be different at different
sugar concentrations. At above 2 mm sugar concentration,
fructose and mannose has higher affinities to PBA compared
to glucose and galactose using the PBA–FET. This result is con-
firmed by earlier reports by Springsteen and Wang[12] and by
Ayyub et al.[18] As they had discussed, the 1,2-cis-diol structure
in fructose preferentially bonds to two hydroxyl groups of bor-
onic acid without steric barrier. Figure 7 shows the three-di-
mensional conformation of MPBA (Figure 7 a), b-glucose (Fig-
ure 7 b) and b-mannose (Figure 7 c) which were modeled by
PyMOL software (DeLano Scientific LLC) from Protein Data
Bank (PDB) files with little modification.[20] Structural discrimina-
tion between glucose and mannose was found only for the
conformation of the hydroxyl group at C2 in spite of the ap-
parent difference for potential response in the range of over
2 mm. Considering the previous report as well,[21] it was expect-
ed that two hydroxyl groups in PBA (Figure 7 a) form preferen-
tially 1,2-cis-diol binding compared with 1,3-cis-diol binding for
the glucose or mannose structures (Figure 7 b or Figure 7 c),
because the distance of each hydroxyl group in PBA is close to
that of the hydroxyl groups in each structure. On that point,
the expectation is also valid for the binding mechanism of gal-
actose with PBA. In addition, the anomeric carbon which is lo-
cated at C1 has an effect on the affinity to PBA. In the case of
either the glucose or galactose molecules, the hydroxyl groups

are alternately formed at C1 so that 1,3-cis-diol exists mainly in
b-glucose as a major anomer, and the remaining a-glucose
forms a 1, 2-cis-diol structure.[22] On the other hand, mannose
forms a cis-diol structure at C2�C3 in either a- or b-mannose,
besides doing that at C1�C2 in case of b-mannose, which is
formed partially as equilibrium of isomeric form in an aqueous
solution.[22] Fructose forms a 1,2-cis-diol structure at C1�C2 as
a ketose. In aqueous solution, it is known that fructose is
mainly formed as b-fructopyranose, and secondarily as b-fruc-
tofuranose. In either case, PBA is likely to bind with the 1,2-cis-
diol of fructose. From these assumptions, the potential re-
sponse for mannose or fructose is higher than that for glucose
and galactose.

Figure 6 b shows the evaluation of DV evaluated by addition
of various amounts of the disaccharides, sucrose and lactose.

Figure 6. Gate-voltage shift for concentration change of saccharides. a) Potential responses for four kinds of mono-saccharides were investigated for the
single logarithmic plots of concentration. b) Potential responses for two kinds of disaccharides were investigated for the single logarithmic plots of concentra-
tion. c) Potential responses for two kinds of monosaccharides constituting nucleotides were investigated for the single logarithmic plots of concentration.
The approximation line is indicated as a dotted line in the range of 50 mm to 2 mm, and as solid line in the range of 2 mm to 20 mm.

Table 1. Slope and correlation coefficient (R2) based on approximate for-
mula for potential response in the range of lower or higher sugar concen-
trations in Figure 6.

Saccharide Approximate sugar concentration range formula
50 mm–2 mm 2 mm–20 mm
Slope value R2 Slope value R2

glucose 8.38 0.993 8.51 0.997
galactose 8.00 0.970 10.58 0.998
fructose 7.58 0.970 22.43 0.984
mannose 6.41 0.982 20.65 0.983
sucrose 7.77 0.965 26.23 0.984
lactose 9.33 0.971 41.93 0.967
ribose 7.55 0.989 20.65 0.991
2-deoxyroribose 6.25 0.990 41.06 0.964

Figure 7. Three-dimensional conformation of 4-mercaptophenylboronic
(MPBA) acid (a), b-glucose (b), and b-mannose (c) which were modeled by
PyMOL software from PDB files with little modification. Boron atom and
carbon numbers correspond to the IUPAC recommendation are indicated
such as B and C1 to C6. The distances between each oxygen atom of boron-
ic acid and each hydroxyl group of glucose or mannose were indicated as
dotted line.
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The linear slopes for sucrose and lactose recognition using the
PBA–FET were 7.77 and 9.33 from 50 mm to 2 mm respectively,
and those were quite different at over 2 mm, where they were
26.2 for sucrose and 41.9 for lactose. The slope for lactose rec-
ognition was larger than that for sucrose at the higher concen-
trations. It was possible to consider that the C1 carbon of
a unit of glucose in a lactose molecule, which is the more
highly reactive aldehyde carbon, remains without the involve-
ment of glycosidic linkage so that the reducing-end of lactose
is able to form a diol structure with C2 and act as Lewis base,
resulting in the higher affinity to boronic acid as Lewis acid.

Figure 6 c shows DV for changes in the concentrations of
the nucleotides of ribose and 2-deoxyribose, which include the
structure of sugar. The linear slopes of ribose and 2-deoxyri-
bose are 7.55 and 6.25 at 50 mm to 2 mm, respectively, while
the slopes at over 2 mm increases drastically: 20.6 for ribose
and 41.1 for 2-deoxyribose. The potential responses for these
nucleotides are similar to those for other sugars at 50 mm to
20 mm. At above 2 mm, the affinity to 2-deoxyribose is higher
than that to ribose even though ribose forms a 2,3-cis-diol at
C2�C3 but a hydroxyl group at C2 was deleted in 2-deoxyri-
bose. This might be because 2-deoxyribose forms 2-deoxyribo-
pyranose as a major isomer, which contains the 3,4-cis-diol at
the C3�C4 position, so that two hydroxyl groups of boronic
acid are able to combine more easily to deoxyribose.[22, 23]

Moreover, it was predicted that the diol of boronic acid might
be likely to interact with the 3,4-cis-diol of 2-deoxyribopyra-
nose without the effect of steric hindrance owing to the ab-
sence of a hydroxyl group at the C2 position. Thus, the PBA–
FET biosensor is expected to realize a simple and highly sensi-
tive detection of the nucleotide substances of DNA, RNA and
ATP as well as mono- and disaccharides.

Considering the potential responses for all kinds of mono-
saccharides within the higher concentration range, the affinity
of saccharides with PBA were divided into groups from their
slopes of approximate formula (Table 1). In the case of mono-
saccharides in the range of 2 mm to 20 mm, the slopes of fruc-
tose, mannose, and ribose are about 2-fold, and those of 2-de-
oxyribose about 4-fold greater than those of glucose and gal-
actose. It is considered that the different affinities of saccha-
rides with PBA were caused by factors such as cis-conforma-
tion of the two hydroxyl groups and distance between them,
the ratio of the a/b anomers to the reducing ends, and steric
barriers of the hydroxyl groups or axial hydrogens. In particu-
lar, the distance between two adjacent hydroxyl groups for cis-
diol was closer to the distance between hydroxyl groups in
PBA than that for trans-diol, and that in furanose satisfied
more specifically diol-binding with PBA compared to that in
pyranose. Moreover, the axial hydrogens, which were bound to
each carbon in a sugar ring, would cause steric hindrance and
electrostatic repulsion.[18, 21, 22] It would be possible to identify
the specific sugar from the affinity profile using the PBA–FET
sensor.

The slopes in the DV–sugar-concentration plots for several
saccharides were found to change largely at around 2 mm.
That reason has not been clarified in detail, but we presumed
that the densely packed PBA molecules on the Au electrode

would interact with nearby other PBA molecules by oxygen-to-
boron binding.[24] That is, the self-binding of PBA on the Au
substrate might dissociate depending on the sugar concentra-
tion. If the sugar concentrations were less than 2 mm, the at-
tachment of every saccharides to the densely packed PBA layer
would cause diol binding based on the equilibrium reaction,
but the self-binding of PBA might be kept due to the lower
concentration of saccharides, resulting in the reduction of reac-
tion sites. On the other hand, the affinities of diol-binding for
each saccharide with PBA molecule should contribute to the
electrical signals of PBA–FET biosensor accompanied by the
dissociation of self-binding of PBA upon increasing their con-
centrations more than 2 mm. However, further examination
would be needed for clarifying the detection modes on the
substrate at the lower concentrations.

In case of glucose sensing, La Belle calculated the limited
lowest detection (LLD) and obtained a value of 43.4 mm from
the result of experimental measurement in the range of
200 mm to 1 mm using the existing glucose sensor, which was
integrated by glucose oxidase and a microfluidic system.[25] In
this study, we calculated the detection limit against each sac-
charide from the single logarithmic plots in the range of 50 mm

to 2 mm shown in Figure 6 using the Kaiser limit.[26] Table 2
shows the calculated value of detection limit for each saccha-

ride. Considering the calculated results, the PBA–FET biosensor
would have the ability to detect various saccharides at concen-
trations of more than about 10 mm at least, and in particular
allow the detection of glucose at lower concentrations of
a few mM. In the case of glucose sensing, the enhancement of
the detection limit was expected because of direct detection
of molecular charges, without an intervening enzymatic reac-
tion, based on the field effect using the PBA–FET, compared to
the improved amperometric and coulometric principle com-
bined with a glass capillary, which enables the detection of
10 mm glucose at 50 8C, and 50 mm glucose at room tempera-
ture.[27] Compared to conventional glucose sensors, the sensi-
tivity of the present PBA–FET is closer to the minimum level of
sugar concentration. Additionally the device structure is simple
without enzyme, but could be further improved by designing
device materials, and modifying functional membranes. The

Table 2. Detection limit[a] of PBA-coated gate FET against each saccha-
ride.

Saccharide Detection limit [mm]

glucose 2.3
galactose 7.0
fructose 7.5
mannose 8.7
sucrose 7.9
lactose 9.8
ribose 2.7
2-deoxyribose 2.6

[a] The detection limit was calculated statistically using Kaiser the limita-
tion from the data of semi-logarithmic plots in the range of 50 mm to
2 mm sugar concentrations in Figure 6.

� 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim ChemElectroChem 2014, 1, 1647 – 1655 1652

CHEMELECTROCHEM
ARTICLES www.chemelectrochem.org

www.chemelectrochem.org


PBA–FET is able to detect various saccharides electrochemically
with high sensitivity regardless of sugar variation so that it
would be useful for studying sugar chains consisting of many
kinds of saccharides. Therefore, the PBA–FET should be func-
tionalized so as to enhance its specificity at lower sugar con-
centrations for medical applications such as microbial detec-
tion sensors and sugar-chain-recognition sensors. As the sur-
face modification for selective detection, the molecular tem-
plated hydrogel was prepared on the gate’s sensing surface in
order to detect glucose selectively in this paper, particularly.
The surface potential changes of PBA–FETs were investigated
for the addition of 10 mm glucose and fructose respectively, as
shown in Figure 8 a and Figure 8 b. For each saccharide mea-
surement, the gate surfaces were modified by the glucose-
templated hydrogel (Glu-templated gel) or the polymerized hy-
drogel without glucose (w/o Glu-templated gel), respectively.
In the case of the introduction of glucose (Figure 8 a), the sur-
face potential of the PBA–FET with the Glu-templated gel shift-
ed by the amount of about 80 mV, which was about five times
larger than that for w/o Glu-templated gel. On the other hand,
the electrical signal of PBA–FET with the Glu-templated gel
was enough smaller (about 40 mV) for the addition of fructose
than that of glucose, and additionally the Glu-templated gel-
based sensor enabled to suppress the signal for fructose com-
pared to the w/o Glu-templated gel-based one (Figure 8 b).
The resulted surface potential changes indicated that the Glu-
templated gel was effective for the selective detection and the
enhancement of affinity of glucose by modifying the gate sur-
face of PBA–FET, although the original PBA–FET showed
a higher affinity of fructose with PBA rather than that of glu-
cose (Figure 6). Thus, the molecular-templated hydrogel on the
PBA–FET biosensor will be useful for the selective detection of
various saccharides in the fields of food engineering and medi-
cal application in the future.

3. Conclusions

This paper demonstrated the fundamental electrical character-
istics of phenylboronic acid (PBA)-coated gate field effect tran-

sistor (FET) biosensor in order to detect directly various saccha-
rides such as monosaccharides (pyranose: glucose, galactose,
fructose, and mannose, furanose: ribose and 2-deoxyribose)
and disaccharides (sucrose and lactose). The original data in
this paper showed two significant facts: 1) the surface proper-
ties of a sensing electrode with self-assembled PBA, which
were investigated by contact angle, ellipsometer, quartz crystal
microbalance (QCM) and FET; 2) the direct and highly sensitive
detection of saccharides using the FET with PBA. The specific
diol binding of PBA with saccharides induced the molecular
charges of PBA, resulting in the detection of charges at
a lower concentration of 50 mm based on the principle of field
effect. In particular, the binding affinities of PBA with them
contributed to the different electrical signals using the PBA–
FET biosensor. Moreover, we have found the possibility to
induce the selectivity of saccharide sensing by modifying the
molecular-templated hydrogel on the PBA–FET gate surface.
The platform based on the PBA–FET biosensor is useful for
a convenient and highly sensitive detection method of various
saccharides in the fields of food engineering and medical ap-
plications in the future.

Experimental Section

Materials

The schematic illustration of the structure of PBA–FET is shown in
Figure 1 a. MPBA was purchased from Sigma–Aldrich (Unite States).
The metal oxide semiconductor (MOS)-FET used in this study was
an n-channel depletion mode FET composed of Si substrate. Mono-
saccharides: d-glucose, d-galactose, d-fructose, d-mannose, d-
ribose, and d-2-deoxyribose; disaccharides: sucrose and lactose
were purchased from Wako Pure Chemical Industries, Ltd. (Japan)
and their structures were shown in Figure 1 b. Ultrapure water (UL
Pure, Komatsu Electronics Co. , Ltd. , Japan) was used in all
experiments.

Preparation of Au Gate Electrode with SAM

A gold thin film as the gate electrode was prepared by sputtering
(approximately 100 nm thickness), following sputtering Ti film

Figure 8. Time course of surface potential change using glucose-templated hydrogel (Glu-templated gel, red line) and polymerized hydrogel without glucose
(w/o Glu-templated gel, blue line) for addition of 10 mm glucose (a) and fructose (b).
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(approx. 15 nm thickness) on a glass slide (Matsunami Glass Ind.,
Ltd. , Japan). After a polycarbonate ring (18 mm inner diameter/
20 mm outer diameter) was encapsulated by the epoxy resin (ZC-
203T, Pelnox Ltd. , Japan) on the Au surface, the Au surface was
treated with MPBA, resulting in the formation of SAM. 1 mm MPBA
was diluted with ethanol, in which the Au substrate was immersed
after treated by use of UV ozone cleaner (MEIWAFOSIS Co., Ltd. ,
Japan) to remove organic compounds. After the surface treatment
for SAM formation, the Au substrates were washed in ethanol
twice and in water once and subsequently dried at 110 8C for
1 min.

Measurement of Contact Angle for MPBA–SAM on Au
Surface

The formation of SAM was checked by the measurement of static
water contact angle using a CA-W automatic contact-angle meter
(Kyowa Interface Science, Japan). Ultrapure water drops of 2 mL
were placed onto the surface of each sample in an ambient envi-
ronment. They were monitored using a charge-coupled device
(CCD) camera, and the captured images were analyzed using
FAMAS software (Kyowa Interface Science) to determine the static
contact angle. The contact angle was calculated as the average
values based on the images taken ten times at different positions.

Estimation of MPBA–SAM Thickness on Au Surface using the
Spectroellipsometric Method

The thickness of the SAM was analyzed by an ellipsometric mea-
surement using a rotating ellipsometer analyzer (model M2000U, J.
A. Woollam Co., Inc. , U. S. A.) and WVASE32 software. The wave-
length of incident light was from 193 to 1690 nm, and the angle of
incidence was 65, 70, and 758 for all experiments. For the calcula-
tion of layer thickness, the refractive index of the SAM was as-
sumed as 1.50, and considered as the roughness of 1 nm on the
Au substrate. The ellipsometric analysis was capable to measure
thin films between 0.1 and 1000 nm thickness on the basis of
0.1 nm of a typical sample. To create the most realistic model for
the sample, the optical properties of the Au substrate, which was
immersed in ethanol without MPBA, were measured after handling
in the same way as the samples.

QCM-D Analysis for MPBA–SAM on Au Surface

The QCM sensors used in this study were 14 mm diameter discs,
and optically polished AT-cut quartz crystals with Au coating
(10 mm diameter) on both sides. The sensors operated at a funda-
mental frequency of 4.95 (f0) MHz. The frequency at multiple over-
tones was measured simultaneously. In this study, the results
shown were the normalized frequencies calculated from the sev-
enth overtone (f7/7). Before the measurement, the measurement
solution of ethanol was passed through the QCM flow module for
30 min to obtain a stable baseline. MPBA molecules were solved in
ethanol.

Real-Time Monitoring of Saccharide-PBA Binding Using
Extended-Gate FET

The electrical properties of the extended Au gate FET biosensor
was measured by a real-time monitoring analyzer. The PBS (phos-
phate buffer saline) buffer (pH 7.4) of 1.5 mL was poured into the
SAM/Au gate surface equipped with a polycarbonate ring of
20 mm diameter, and equilibrated until the gate surface voltage
was stabilized. After the stabilization of surface voltage in the PBS

buffer, the sample solutions were gradually added to become from
50 mm to 40 mm in a total volume of several hundred mL. In order
to remove the effect of sample addition on the electrical signal,
the introduced volume was determined as 1/100 against the
whole volume of measurement solution. The time course of the
surface potential at the Au gate surface was monitored using the
custom-made potential analyzer (GFS-301–4CH, Radiance Ware,
Japan). The surface potential (Vout) was monitored at a gate voltage
(VG) of 1 V and a drain–source current (ID) of 700 mA using the cir-
cuit used in the previous work.[15]

Molecular-Templated Hydrogel for Selective Detection of
PBA-Coated Gate FET

Hydrogel was copolymerized on the Au gate surface coated by the
PBA–SAM. Monomer solution was prepared including 0.1 g of 2-hy-
droxyethylmethacrylate (HEMA, MW = 130.14), 0.05 g of N-3-(dime-
thylamino)propylmethacrylamide (DMAPM, MW = 170.25), 0.005 g
of N,N-methylenebisacrylamide (MBA, MW = 154.17) and 300 mL of
6.7 % (wt/wt) acrylic acid solution (AA, MW = 72.06, neutralized
with 1 m NaOH as pH 7.4), and weighed up to 1 g by 100 mm

sodium phosphate buffer (pH 10.0). In case of fabricating the glu-
cose-templated hydrogel, 0.009 g of glucose was added to the mo-
nomer solution. Polymerization was initiated by addition of 2 mL of
tetramethylethylenediamine (TEMED) and 5 mL of potassium persul-
fate (KPS) solution (50 mg mL�1). 10 mL of monomer solution con-
taining or without glucose were poured by pipette on the PBA–
SAM-coated Au gate surface which was equilibrated by 50 mm glu-
cose solution (pH 9.0), and a PET coverslip was placed on the mo-
nomer solution without air bubble. The gel formation was con-
ducted overnight at room temperature under a nitrogen atmos-
phere. After gel formation, the coverslip was gently peeled off and
washed by 0.1 m HCl/methanol solution for removing template glu-
cose. Before real-time monitoring measurement, the gel was equili-
brated with immersing in 100 mm sodium phosphate buffer
(pH 9.0) overnight. The electrical property of the FET biosensor was
measured by the real-time monitoring analyzer described above.
The 100 mm sodium phosphate buffer (pH 9.0) of 1.5 mL was
poured on the developed hydrogel in the glass ring well. After the
stabilization of surface voltage in the buffer, 15 mL of 1 m glucose
or fructose was added in the well controlling the final concentra-
tion (10 mm), respectively. The amount of surface potential shift
was evaluated for each saccharide with the improved PBA–FET bio-
sensor.
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