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Abstract A disposable amperometric biosensor for ketone
3-β-hydroxybutyrate (3HB) has been developed successful-
ly. The sensor is based on a screen-printed carbon electrode
containing Meldola’s Blue (MB) and sensing components
containing nicotinamide adenine dinucleotide (NAD+) and
3-β-hydroxybutyrate dehydrogenase (3HBDH) immobi-
lized in mesoporous silica (FSM8.0) using an aqueous
photo-cross-linkable polymer matrix of polyvinyl alcohol
(O-391), and it requires only a small sample volume of
10 μL for the measurement. The behavior of a resulting
biosensor, i.e., 3HBDH–FSM8.0/NAD+/MB-SPCE, was ex-
amined in terms of NAD+ concentration for construction,
pH, applied potential, operational range, selectivity, and
storage stability. The sensor showed an optimum response
at a pH of 7.6 and at an applied potential of −50 mV. The
determination range and the response time for 3HB were
from 30 μM to 8 mM and approximately 30 s, respectively. In
addition, the sensor was quite stable and maintained >90 % of
its initial response after being stored for over 6 months.
This result implies that our method provides a novel bio-
sensor for ketone 3-β-hydroxybutyrate which is easy-to-use,
cost-effective, and has good reproducibility, which are vital
for commercial purposes.
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Introduction

Great attention has been drawn to the development of meth-
ods for blood 3-β-hydroxybutyrate determination because it
is important for diagnosing and monitoring ketoacidosis for
diabetic patient management [1, 2]. Ketone bodies refer to
3-β-hydroxybutyrate (3HB), acetoacetic acid, and acetone,
and they are produced by incomplete fatty acid metabolism
within the mitochondria of hepatocytes and used as an
energy source when glucose cannot sufficiently provide
the energy for the body’s cells. Under pathological condi-
tions involving disorders of glucose metabolism, alcohol-
ism, and so on, excessive amounts of fatty acids are
metabolized. Consequently, ketone bodies accumulate in
the blood and ketoacidosis occurs. During periods of ketoa-
cidosis, 3-β-hydroxybutyrate, which accounts for approxi-
mately 75 % of ketone bodies in the blood [3, 4], increases
more markedly than acetoacetic acid and acetone and has
been shown to be a better index of ketoacidosis [5–7].
Furthermore, a clinical significance, shown as ketone body
ratio (acetoacetic acid/3-β-hydroxybutyrate), has been
found between the concentration of 3-β-hydroxybutyrate
and the pathophysiological state of the liver [8]. The con-
centration of 3-β-hydroxybutyrate reflects the balance be-
tween fat mobilization and the animal’s capacity to utilize the
ketone bodies produced. It has become an index for showing
the health and nutritional status of the animal [9, 10]. There-
fore, it is important to determine the concentration of 3-β-
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hydroxybutyrate for clinical fields including the diagnosis and
management of ketoacidosis for clinical diagnosis and man-
agement of disorders of ketoacid metabolism [11, 12].

Various methods have been developed for the determina-
tion of 3HB concentrations in the urine, serum, and blood
samples. Conventionally, these methods use colorimetric or
chromatographic measurements [13–16], but these methods
are either time-consuming or require expensive apparatus and
are not convenient for family use. Thus, the development of
enzyme-based, amperometric biosensors is of considerable
interest recently because their use involve several advantages,
such as simple and direct measurements, rapid response, high
selectivity, inexpensive, and convenience. At present, only a
few biosensors for rapid and sensitive 3HB detection have
been reported [17–21], and these biosensors are commonly
based on the use of immobilized 3-β-hydroxybutyrate dehy-
drogenase (3HBDH), where 3HBDH catalyzes the conversion
of 3-β-hydroxybutyrate and NAD+ (nicotinamide adenine
dinucleotide, oxidized form) to acetoacetate and NADH
(nicotinamide adenine dinucleotide, reduced form), which
can be oxidized at the electrode surface directly either through
a mediator reaction or through another enzymatic reaction.

However, these biosensors have serious disadvantages in
that their responses degrade over a period of time due to the
loss of enzymatic activity of 3HBDH, which could be
caused by inhibition of the mediator [17], and that they are
affected by interference of electroactive substances due to
the high applied potential required for detection [22, 23]. In
particular, the improvement of stability is of great impor-
tance for the success of 3HB biosensors as practical analyt-
ical instruments. Therefore, there are considerable advantages
to develop a sensitive, stable, and selective biosensor for the
quantification of 3HB.

In this article, we describe the fabrication and character-
ization of a disposable screen-printed 3HB amperometric
biosensor which significantly improved the performance of
biosensors for 3HB determination in the past. Our biosensor
is based on a screen-printed carbon electrode containing
Meldola Blue (MB-SPCE) and coated with NAD+ and an
enzyme immobilized in mesoporous silica material (MPS)
using an aqueous photo-cross-linkable polymer matrix of
polyvinyl alcohol. The use of screen-printing technology is
gaining great popularity in biosensor construction because it
offers the possibility of mass-producing biosensors at low
costs in a wide variety of geometries [24–27]. NAD+ served
as the cofactor of 3HBDH and was reduced to NADH. MB
is used as the electron transfer mediator to effectively trans-
fer electrons to the electrode [28–30], which promotes the
oxidation of NADH to NAD+ at a low operating voltage and
minimizes the contribution of interfering substances to the
biosensor response based on the detection of NADH be-
cause direct detection of NADH requires high overvoltage
for NADH oxidation on carbon electrodes. MPS is used as a

material for enzyme (3HBDH) immobilization in order to
enhance the enzyme’s stability. In fact, the MPS materials
have inherent characteristics of high surface area and pore
volume, tunable pore size accommodating dimensions of
enzymes, and mechanical stability; encapsulating enzymes
into MPS is considered to be one of the best immobilization
methods to obtain enzyme stability with good catalytic
activity [31, 32]. Our previous studies using enzyme-
immobilized electrode in a stirred batch cell showed that
high-performance biosensors could be constructed by the
use of immobilized enzymes within MPS materials [33–36].
In this study, we adopt MPS powder (pore diameter, 8.0 nm,
i.e., FSM8.0) as a host matrix for the encapsulation of
3HBDH from Pseudomonas sp. consisting of four subunits
with a molecular weight of 130,000 (size, approx. 7.0×8.0×
4.0 nm) [37]. The MPS materials encapsulating 3HBDH and
NAD+ are entrapped within a polymer matrix of modified
polyvinyl alcohol cross-linked to each other by UV curing
and formed on an underlying MB-SPCE electrode. On top
of the screen-printed carbon electrode (SPCE), a reaction
chamber, i.e., a screen-printed electrochemical cell with a
circular container was attached which defines the electrode
area and requires only a small sample volume for the mea-
surement. The electrochemical performance of the resulting
biosensor (3HBDH–FSM8.0/NAD+/MB-SPCEs) has been
investigated using cyclic voltammetry (CV) and ampero-
metric detection. The response time, determination range,
and operating range of the fabricated biosensor were inves-
tigated. In addition, the effects of NAD+ concentration, pH
value, applied potential, selectivity, and storage stability on
the amperometric response of the biosensor were discussed.

Experimental

Chemicals and reagents

3HBDH (E.C. 1.1.1.30, from Pseudomonas sp., 100 U/mg)
was purchased from Toyobo Co., Ltd. (Osaka, Japan).
NAD+, NADH, and 3-β-hydroxybutyrate were purchased
from Sigma-Aldrich Corporation (St. Louis, MO, USA).
Dococyltrimethylammonium chloride [C22H45N(CH3)3Cl]
(C22TMA) was kindly donated by the Lion Corporation
(Tokyo, Japan). Sodium silicate (SiO2/Na2O02.07) and tet-
raethyl orthosilicate were obtained from Wako Pure Chem-
i c a l I n d u s t r i e s , L t d . (O s a k a , J a p a n ) . 1 , 3 , 5 -
Triisopropylbenzene (TIPB) was obtained from Tokyo
Chemical Industry Co., Ltd. (Tokyo, Japan). Several inks
for the fabrication of SPCEs, namely, C2030519P4 (carbon/
graphite ink), C2030519P5 (mediated carbon ink containing
Meldola’s Blue), C61003P7 (Ag/AgCl ink), and
D2081009D6 (dielectric ink), were purchased from Gwent
Electronic Materials Ltd. (Torfaen, UK). An aqueous photo-
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cross-linkable polymer solution (O-391) was kindly donated
by Chukyo Yushi Co., Ltd. (Nagoya, Japan). Glass epoxy
sheets (thickness, 0.3 mm) were supplied by Sumitomo Ba-
kelite Co., Ltd. (Tokyo, Japan). All other reagents were of
analytical grade and were obtained from commercial sources.

Synthesis of mesoporous silica powder (FSM8.0)

MPS powder, FSM8.0, with a pore diameter of 8.0 nm, was
prepared from sodium silicate using dococyltrimethylam-
monium chloride and TIPB, as we previously reported
[33]. Of C22TMA, 16 g was added to 200 mL water at
70 °C; to this mixture, 60 g of TIPB was added. The resultant
mixture was vigorously stirred for 30 min at 70 °C. It was
then added to 200 mL of water at 80 °C in the presence
of 54.31 g of sodium silicate; the pH of this mixture
was adjusted to 8.5 by slowly adding a 2-mol/L HCl
aqueous solution. After the suspension was stirred for
3 h at 70 °C, the solid product was filtered out, washed
three times with 300 mL distilled water at 70 °C, and dried.
The sample was calcined at 150 °C for 2 h in air and the
calcined product (300 g) dissolved in a mixture of ethanol
(35.4 mL) and HCl (1.7 mL) solution. The suspension was
then stirred for 5 h at 70 °C to remove the organic fraction. The
solid product was filtered out, washed with ethanol three
times, and dried; thus, we obtained FSM8.0.

Preparation of screen-printed carbon electrodes

An LS-56TVA semi-automatic screen-printing machine
(Newlong Seimitsu Kogyo Co., Ltd., Japan), equipped with
a 250-threads/in. polyester screen, a polyurethane squeegee,
and stainless steel flood blade, was used to prepare the
SPCEs. The SPCEs were printed in groups of 80 (reference,
working, and auxiliary electrodes) onto glass epoxy sheets.
They are fabricated in four printing steps: (1) the carbon ink
was printed to form a conducting layer and also work as the
counter electrode, (2) the Ag/AgCl ink was printed on the
reference electrodes, (3) the carbon ink containing the MB
layer was printed on the working electrode to form an
activated surface, and (4) the insulating ink was printed to
cover the non-working and non-conducting region of the
SPCE in order to define the working area. After each depo-
sition, the electrodes were dried at 60 °C for 30 min. The
individual MB-SPCE was cut from the sheets into the size
of 12×25 mm, and reaction chamber composed of white
PET (ϕ09.0 mm, 12×12×1.6 mm), which defines the work-
ing area and total sample volume of 100 μL, was bonded on
the top of each MB-SPCE with an epoxy adhesive. By using
this procedure, batch production of MB-SPCEs with low
cost and stable quality was prepared. A picture of the man-
ufactured electrode is presented in Fig. 1a. As can be seen,
the working electrode was a 3.5-mm diameter disk; also the

auxiliary electrode and the Ag/AgCl reference electrode were
large and small portion of a ϕ07.0×1.0-mm curved line,
respectively.

Fabrication of the 3-β-hydroxybutyrate biosensor
(3HBDH–FSM8.0/NAD+/MB-SPCEs)

A 3HBDH-immobilized FSM8.0, i.e., 3HBDH–FSM8.0
conjugate, was prepared as follows [31]: An FSM8.0
powder (100 mg) was added to 4.0 mL of 10 mg/mL
3HBDH solution (MES buffer, pH 5.5). The suspension
was then shaken for 24 h at 4 °C to establish an
adsorption equilibrium. The 3HBDH–FSM8.0 conjugate
was collected by centrifugation and then washed with
distilled water. The amount of 3HBDH adsorbed into
the pores of the FSM8.0 was estimated to be 197.8 mg/g of
the 3HBDH–FSM8.0, as determined by spectrophotometric
analysis [33].

The sensing layer of the 3HB biosensor was obtained
according to the following procedure: (1) The 3HBDH–
FSM8.0 conjugate was shaken for 12 h at 4 °C in 4 mL of
phosphate buffer (pH 7.6) containing various amounts of
NAD+. Of this solution, 1,000 μL (i.e., 29.9 mg of 3HB–
FSM8.0) and 500 μL of the O-391 solution were mixed
together and stirred for 5 min. Then, the resulting mixture
(10-μL aliquots) was spin-coated on the MB-SPCEs at a
spin rate of 700 rpm for 1 min and allowed to dry for 1 h in
the dark at 4 °C. (2) After that, UV light was illuminated to
cure O-391 for 1 min. The obtained 3HBDH–FSM8.0/
NAD+/MB-SPCEs were left to dry overnight and kept at
4 °C until used for the measurements. Figure 1b shows the
fabrication process of our biosensor. The final amount of
immobilized 3HBDH was estimated to be approx. 32.9 μg
(3.29 U) per electrode.

Apparatus and electrochemical measurements

CV and constant potential amperometric measurements
were performed with a PalmSens handheld potentiostat
(Palm Instruments BV, the Netherlands) at room tem-
perature (25 °C). All electrochemical experiments were
carried out using a reaction chamber attached on the
SPCEs containing 90 μL of 0.1 M phosphate buffer
(pH 7.6). CV experiments were performed with and
without 3HB solution, in which the potential range used
was −0.4/+0.4 V at a scan rate of 10 mV/s. The ampero-
metric experiments were carried out by applying a constant
potential to the working electrode of the biosensor. After the
transient current had settled (t0200 s), 10-μL aliquots of
known concentrations of 3HB standard solutions were
injected into the reaction chamber by micropipette and the
sensor response was measured until the resulting current
reached a steady-state value.
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Results and discussion

Reaction principle

The sequence of reactions involved in the amperometric
detection of 3HB here can be described according to the
following reactions [17–21, 28–30]:

3�b�HydrobutyrateþNADþ �����!3HBDH
AcetoacetateþNADH þHþ

ð1Þ

NADH þMBþ����! NADþ þMBH ð2Þ

MBH �����!electrode
MBþ þ Hþ þ 2e� ð3Þ

where immobilized 3HBDH catalyzes the oxidation of 3HB
to acetoacetate and NAD+ is reduced to NADH. The pro-
duced NADH donates electrons to MB+ and is oxidized to
NAD+, which is involved in reaction 1 again, and MB+

receives electrons and is changed to a reduced form,
MBH. MBH is finally oxidized to MB+ by a working
electrode with a proper potential. This reaction produces a
flow of electrons to the working electrode and, thus, a
measurable current, the magnitude of which is directly

related to the 3HB concentration. The operation mechanism
of our biosensor is illustrated in Fig. 1c.

Electrochemical characterization of the 3HBDH–FSM8.0/
NAD+/MB-SPCEs

The electrochemical behavior of the MB-SPCEs and plain
SPCEs was first evaluated using the NADH solution by
performing CV experiments in order to establish the cata-
lytic ability toward the oxidation of NADH by Meldola’s
Blue. Figure 2a (1)–(4) shows the CVs of the plain SPCEs
and MB-SPCEs in the absence and the presence of 5.0 mM
NADH, respectively. The scan was initiated at −0.4 V to a
switching potential of +0.4 V at a scan rate of 10 mV/s.
These figures show that an important increase in anodic
current was observed in the presence of NADH for MB-
SPCEs. This electrocatalytic current in the presence of
NADH is due to electron shuttling by MB from NADH to
the electrode surface, according to the reactions in Eqs. 2
and 3, and show the catalytically ability of the MB-SPCE
electrode for NADH oxidation.

Next, CVs were obtained with the 3HBDH–FSM8.0/
NAD+/MB-SPCE biosensor in the absence (Fig. 2b (1))
and the presence (Fig. 2b (2)) of 5.0 mM 3HB solution
(pH 7.6), respectively. This behavior clearly demonstrates

Fig. 1 a Structure of the manufactured MB-SPCE electrode on a glass epoxy substrate. b Fabrication process of the 3HBDH–FSM8.0/NAD+/MB-
SPCE biosensor. c Schematic representation of the operation mechanism of our biosensor
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that enzymatically generated NADH from the reaction
of NAD+ and 3HB catalyzed by 3HBDH, as schema-
tized in Fig. 1c, can diffuse to the underlying MB-
SPCE and undergo electrocatalytic oxidation. Such be-
havior is a prerequisite for the successful operation of
an amperometric 3HB biosensor, which is discussed in
subsequent sections of this paper.

Optimization of the sensor response

In order to optimize the sensor response, the influence of
three variables, i.e., cofactor concentration, applied potential
value, and solution pH, related to the performance of the
3HBDH–FSM8.0/NAD+/MB-SPCE biosensor is investigat-
ed under suitable conditions in this subsection. Although
there are many experimental variables affecting biosensor
response, we think that the simplified approach using these
variables below distill the essential of the optimization pro-
cedure for our disposable 3HB biosensor for commercial
purposes [17, 20].

Effect of NAD+ concentration on the response current

Experiments were carried out to establish the optimal cofac-
tor concentrations for the 3HBDH–FSM8.0/NAD+/MB-
SPCE biosensor. Figure 3 shows the dependence of the
current responses on the cofactor concentrations, where the
NAD+ concentration in the fabrication process was varied
from 0.5 to 20 mM and the experiments were carried out by
adding 10-μL aliquots of aqueous 3HB solutions to the
reaction chamber containing 90 μL of phosphate buffer
(pH 7.6). The optimal NAD+ concentrations were found to
be 5 mM for this sensor. At a lower concentration, it would
be the rate limiting factor in reaction 1, so that the response
current would be small and the response of the biosensor
would decrease. At higher concentrations of NAD+, the
current responses decreased because NAD+ is a known
inhibitor of the electrochemical oxidation process of NADH

[38]. Therefore, we used NAD+ concentrations of 5 mM for
the fabrication process of our biosensor.

Effect of applied potential to the sensor

The effect of the applied potential on the 3HBDH–FSM8.0/
NAD+/MB-SPCE biosensor response was studied in order
to identify the most suitable potential for amperometric
detection. For this purpose, 1.0 mM 3HB solution (10-μL
aliquots) was added to the reaction chamber filled with
90 μL of phosphate buffer at pH 7.6 and the current was
monitored. The values of the current response were plotted
against the applied potential, as shown in Fig. 4a, and it can
be seen that th maximum current response was observed at
an applied potential of −50 mV. Thus, we adopted −50 mV
vs. Ag/AgCl as an operating potential for further ampero-
metric study.

Effect of solution pH to the sensor

The effect of the pH on the 3HBDH–FSM8.0/NAD+/MB-
SPCE biosensor response to 3HB was studied in the pH
range between 5.8 and 9.0. The results are shown in Fig. 4b,

Fig. 2 a Cyclic voltammograms obtained with plain SPCE in phos-
phate buffer solution (pH 7.6) (1), with 5.0 mM NADH added (2), MB-
SPCE in phosphate buffer solution (pH 7.6) (3), and with 5.0 mM
NADH added (4). Potential range, −0.4/+0.4 V; scan rate, 10 mV/s. b

Cyclic voltammograms obtained with the 3-HBDH–FSM8.0/NAD+/
MB-SPCE biosensor in the absence (1) and in the presence (2) of 3HB
(5.0 mM) in phosphate buffer solution (pH 7.6). Potential range, −0.4/
+0.4 V; scan rate, 10 mV/s

Fig. 3 Effect of NAD+ concentration on the response of the 3HBDH–
FSM8.0/NAD+/MB-SPCE biosensor in phosphate buffer (pH 7.6) con-
taining 1.0 mM of the 3HB solution. Applied potential is −50 mV vs.
Ag/Ag/Cl. Error bars show deviations within six measurements
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in which the output current of the sensor is expressed as the
percentage of the maximum response attained at an appro-
priate optimal pH. We can see that the maximum response
was obtained in the pH range of 7.6–8.0. Hence, a pH of 7.6
was selected in our experiments so as to ensure high sensi-
tivity for sensor response.

Amperometric response and calibration curve of the sensor

The operational range and detection limit of the sensor were
studied. Figure 5a shows the calibration curve and typical
amperometric responses (inset) of the sensor to injections of
different concentrations of the 3HB solution (10-μL ali-
quots), ranging from 1.0 μM to 20 mM, into the reaction
chamber at an applied potential of −50 mV vs. Ag/AgCl in
phosphate buffer at pH 7.6. The 3HBDH–FSM8.0/NAD+/
MB-SPCE biosensor indicated a good linear relation (y0
1.436x+0.068, where y represents the current in microam-
pere and x is the concentration of the 3HB solution in
millimolars) in the range from 30.0 μM to 8 mM, with a
correlation coefficient of 0.997; the current became saturat-
ed above 10 mM. The lower detection limit was estimated to

be 29.2 μM at a signal-to-noise ratio of 3, and the response
time to reach a steady output current after applying the 3HB
solution was approximately 30 s. The reproducibility of the
biosensor was calculated in terms of the relative standard
deviation (RSD) of the slopes and the RSD of the intercept
values for the calibration curves, achieving values of 0.72
and 5.84 % (n06), respectively. Thus, the 3HBDH–
FSM8.0/NAD+/MB-SPCE biosensor displayed a wide op-
erational range, good detection limit, rapid response, and
good reproducibility that can be successfully applied to the
detection of 3HB. In fact, this linear range is wide enough
for clinical purpose in the future because the concentration
of 3HB in the blood is normally 50 μM, reaching a maxi-
mum of about 500 μM; in the case of untreated diabetes
mellitus or excessive consumption of ethanol, the value may
become higher. It is higher than 1 mM when hyperketonemia
occurs and it is higher than 3 mM when ketoacidosis occurs
[6]. The apparentMichaelis–Menten constant of the 3HBDH–
FSM8.0/NAD+/MB-SPCE sensor evaluated from an electro-
chemical version of the Lineweaver–Burk equation was cal-
culated to be 2.8 mM, which is comparable to or lower than
the corresponding values observed for some papers (2.3 mM:

Fig. 4 a Response of the 3HBDH–FSM8.0/NAD+/MB-SPCE biosen-
sor in phosphate buffer (pH 7.6) at several applied potentials contain-
ing 1.0 mM of the 3HB solution. Error bars show deviations within six
measurements. b Response of the 3HBDH–FSM8.0/NAD+/MB-SPCE

biosensor in different buffer solutions at several pH values (pH 5.8–
8.0, phosphate buffer (square); pH 8.0–9.0, borate buffer (triangle))
containing 1.0 mM of the 3HB solution. Applied potential is −50 mV
vs. Ag/Ag/Cl. Error bars show deviations within six measurements

Fig. 5 a Typical responses (inset) and calibration curve of the
3HBDH–FSM8.0/NAD+/MB-SPCE biosensor to injections of aqueous
3HB solutions with application of a potential of −50 mV vs. Ag/AgCl
in phosphate buffer (pH 7.6). Error bars show deviations within six

measurements. b Relative responses of possible interferents to the
3HBDH–FSM8.0/NAD+/CoPC-SPCE sensor. Error bars show devia-
tions within four measurements
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[19]; 3 mM: [18]: 5.4 mM: [21]), which indicates a high
affinity between the 3HB and 3HBDH immobilized within
the 3HBDH–FSM8.0/NAD+/MB-SPCE sensor, mainly due to
its biocompatibility and large surface area.

Selectivity against interferences

The interference effects due to the most common electro-
chemical interfering species (500 μM; 3HB, ascorbic acid,
cholesterol, glucose, and uric acid) were evaluated by add-
ing each of them individually into the reaction chamber. The
relative response gives a measure of the sensor’s selectivity.
The results are summarized in Fig. 5b and show that the
relative responses obtained for most of these interferents
were weak under the testing conditions. In particular, the
responses to ascorbic acid and uric acid are only 8.8 and
2.9 % when the 3HB response was taken as 100 %. Fur-
thermore, the interferences of ascorbic acid and uric acid to
the 3HB response were examined in the presence of their
physiological normal level. In concrete, different concentra-
tions of the 3HB solution, ranging from 1.0 μM to 20 mM,
were added into the solutions containing ascorbic acid and
uric acid at their typical concentration levels in blood (50
and 500 μM, respectively) [6, 20]. The results showed that
the background current (the current obtained in 0.1 M phos-
phate buffer (pH 7.6) in the absence of 3HB) increased
slightly, but the presence of ascorbic acid and uric acid did
not produce any obvious interference in the biosensor re-
sponse and did not affect the sensitivity of our biosensor.
These results show that the 3HBDH–FSM8.0/NAD+/MB-
SPCE sensor has good selectivity due to the combination of
low working potential and the sensing layer with high
catalytic ability for 3HB by densely immobilized 3HBDH
within the FSM8.0.

Storage stability of the sensor

The storage stability of the 3HBDH–FSM8.0/NAD+/MB-
SPCE sensor was investigated by evaluating its response to
1.0 mM 3HB solution. The sensor was stored desiccated at
4 °C when not in use. As a result, the sensor was quite stable
and maintained >90 % of its initial current response over a
6-month period. This is more stable than the 3HB biosensor
based on a screen-printed electrode previously reported [20,
21]. Such excellent stability is crucial for any commercial
biosensor device. The highly stable nature of this sensor is
considered to result from the intimate integration of the
enzyme with FSM8.0 and shows that FSM8.0 is very effi-
cient for retaining the activity of 3HBDH.

A comparative study of different 3HB biosensors based
on disposable/reusable screen-printed electrode and
3HBDH is presented in Table 1, showing that our proposed
biosensor offers comprehensive electrochemical propertiesT
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compared with other biosensors reported previously in the
literature. It shows that the proposed biosensor has good
storage stability longer than that of other biosensors. Its
linearity was comparable to [19] or better than [18, 19,
22], and the limit of detection was comparable to [20].

Conclusion

A disposable amperometric biosensor for ketone 3-β-
hydroxybutyrate with sufficient performance (3HBDH–
FSM8.0/NAD+/MB-SPCE) has been developed successful-
ly. Our biosensor is based on a screen-printed carbon elec-
trode containing Meldola Blue and coated with NAD+ and
3-β-hydroxybutyrate dehydrogenase immobilized in MPS
using an aqueous photo-cross-linkable polymer matrix of
polyvinyl alcohol (O-391). The response of the biosensor
with 3HBDH–FSM8.0/NAD+/MB-SPCE was linear with
substrate concentrations from 30 μM to 8 mM and a re-
sponse time of 30 s. The sensor showed an optimum re-
sponse at a pH of 7.6 and at an applied potential of −50 mV.
In addition, the sensor exhibited high selectivity and good
stability, and it maintained >90 % of its initial current
response after being stored for over 6 months in dry condi-
tion. This result implies that our method provides a novel
disposable biosensor for ketone 3-β-hydroxybutyrate which
is easy-to-use, cost-effective, and with good reproducibility,
which are vital for the commercialization of the biosensor.
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