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a b s t r a c t

A biosensor system was developed for continuous estimation of blood glucose in fish. Because it is difficult
to measure blood components in real-time due to decreased sensor output resulting from blood coagula-
tion and coalescing blood proteins at the sensor placement site, we used the eyeball scleral interstitial fluid
(EISF) as the site of sensor implantation. Evaluation of the relationship between EISF and blood glucose
concentrations revealed that the blood glucose concentration correlated closely with the EISF glucose
concentration (y = 2.2996 + 0.9438x, R = 0.960, n = 112). To take advantage of the close correlation between
blood and EISF glucose, we prepared a needle-type enzyme sensor for implantation in the fish sclera using
a flexible wire electrode. The sensor provided a rapid response, good linearity, and reproducibility. Contin-
uous glucose monitoring could be carried out by implanting this needle-type glucose sensor onto the eye.
The findings indicated that the glucose concentration increased with sensor output current over time, and
that changes in the blood glucose were continuously reflected in the EISF. The glucose concentration was
estimated based on the one-point or two-point calibration methods. The two-point calibration method
Interstitial fluid yielded the most accurate glucose monitoring (blood glucose range of 70–420 mg dL−1) over 160 min.
Sensor-estimated glucose and whole blood glucose values were highly correlated (y = 0.4401 + 0.8656x,
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R = 0.958).

. Introduction

The presence of harmful chemical drug residues in the tissues
f cultured fish fed antibiotics and antimicrobial drugs has recently
ecome a serious concern. In an attempt to improve production
fficiencies in fish farms, fish are often cultured in overcrowded
onditions. The resulting poor water quality and various physical
tressors may lead to mass outbreaks of infectious disease. In gen-
ral, antibiotics and antimicrobial agents are used to prevent bac-
erial infections in most fish farms. From a food safety perspective,
he impact of these drugs on consumers of cultured fish is not negli-
ible. Furthermore, the release of these chemicals into the environ-
ent may contaminate the environment and lead to the emergence

f drug-resistant strains of bacteria. Therefore, a farming technique
hat has minimal dependence on antibiotics and antimicrobial
gents for farming safe and high-quality cultured fish is required.

To address this problem, fish physiologists have focused on

eveloping hemanalysis methods for cultured fish. In fish, varia-
ions in blood glucose concentrations may represent respiratory
nd nutritional disturbances. Additionally, stress is a generalized
esponse of fish that represents a complex set of adaptive reactions
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n response to stressors. Blood glucose concentrations are elevated
y various stressors, such as sampling, netting, handling, or other
cute stressors [1,2]. A decrease in total cholesterol levels is a use-
ul indicator of reduced resistance to bacterial infection [3,4]. Thus,
etermination of blood glucose and cholesterol concentrations in
sh is very important for evaluating and managing fish health. To
revent the spread of bacterial infections and to develop an early
revention method, these parameters are currently determined in
sh using clinical laboratory test kits designed for humans. These
ests require separate analysis of each blood sample, and are there-
ore not practical, except at some small fish farms, because most
arms cannot afford to absorb the associated costs.

On the other hand, enzyme sensor systems have been rigor-
usly developed for measuring blood components such as glucose
5,6], cholesterol [7], and lactic acid [8]. We developed enzyme
ensor systems for measuring total cholesterol and glucose con-
entrations in fish blood. These sensor systems are based on flow
njection analysis (FIA) [9], which allows for rapid and convenient

easurement of the total cholesterol and glucose, but still requires
technique for obtaining blood samples. To miniaturize and sim-

lify the sensor system for detecting blood components in fish, we
eveloped a needle-type enzyme sensor consisting of a needle-type
ollow container, an immobilized enzyme membrane, and a fiber
ptic probe coated with ruthenium complexes that produce fluo-
escence depending on the dissolved oxygen content [10]. Direct

http://www.sciencedirect.com/science/journal/00032670
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ig. 1. (A) Diagram of needle-type glucose sensor: (a) Connecting point, (b) Copper
poxy resin. (B) Needle-type glucose sensor implantation into the interstitial fluid o

nsertion of the sensor into the caudal vein also allows for rapid
nd convenient measurements of blood glucose concentrations,
ut measuring blood components in real-time is difficult because
he sensor output is decreased by blood coagulation and coalesc-
ng protein (e.g., albumin, �-globulin) on the sensor. In addition, it
s not practical to implant enzyme sensors into fish blood vessels
ecause of their fine vascular anatomy.

A continuous glucose monitoring system (CGMS) developed was
or precise measurement of glucose in ISF, which mostly reflects
hat in blood [11]. This glucose sensor does not directly measure
lood glucose concentrations, however, but rather glucose levels

n the interstitial fluid (ISF) of the subcutaneous tissue surround-
ng the sensor. The CGMS is based on the principle that ISF glucose
oncentrations in the subcutaneous tissue reflect blood glucose lev-
ls. The dynamics and gradient relationship between blood and
SF glucose can be described by a two-compartment model of the
eparated capillary blood glucose and tissue beds [12]. The model
emonstrates that the change in ISF glucose is related to changes

n blood glucose by the rate of glucose diffusion across the capillar-
es and by the rate of glucose clearance from the ISF surrounding
he tissue bed. According to this model, if the diffusion rate is
onstant, the relationship between blood and ISF glucose can be
stimated using the mass balance equation. Currently, most contin-
ous glucose monitoring methods, such as reverse iontophoresis
13], hypodermic needles, electrochemical enzyme sensors [14],
nd optical approaches [15], estimate glucose in the ISF compart-
ent of the skin rather than in the blood. A sampling method

o evaluate the correlation between glucose concentrations in the
lood and ISF is desirable. There are various approaches for obtain-

ng ISF, such as ultrasound [16], microdialysis [17], microporation
sing a laser [18], and penetration using a hollow microneedle array
19]. Results of studies using these approaches indicate that ISF glu-
ose concentrations range from 87 to 101% of the blood glucose
oncentrations [20].
In our study, for the ISF sampling site we focused on the fluid-
lled inner scleral surface of the eyeball (referred to hereafter as
yeball scleral ISF; EISF) and hypothesized that if the glucose diffu-
ion rate is fixed in the EISF as in the ISF of the two compartment
odel, the sclera can be used as a sensor implantation site in fish

n
2
l
a
(

c) Teflon coating, (d) Pt–Ir anode, (e) Ag/AgCl cathode, (f) glucose oxidase layer, (g)
sclera (Nile tilapia; Oreochromis niloticus).

Fig. 1B). For continuous in vivo glucose monitoring, it is essential
o develop an implantable and minimally invasive glucose sensor
21–26]. However, almost glucose sensors have been designed for
umans and livestock, not fish. Moreover, fish scarfskin is very hard
nd susceptible to infection during the implantation of needle-
ype sensors. Therefore, more convenient fish health assessment
equires a specialized sensor with high mechanical strength, min-
mal invasiveness, as well as the ability to be easily inserted and
xated. Here, we describe the sensor implantation and fixation
ethod for our needle-type glucose sensor. Short-term continuous

lood glucose monitoring was conducted under light anesthesia to
etermine whether blood glucose concentrations can be estimated
rom the EISF.

. Materials and methods

.1. Reagents

Glucose oxidase from Aspergillus niger; E.C. 1.1.3.4, type VII-
; 197000 unit g−1 was purchased from Sigma–Aldrich (St. Louis,
O). Bovine serum albumin (BSA) and 2-phenoxy ethanol were

urchased from Wako Pure Chemical Industries (Tokyo, Japan). d-
lucose was dissolved in 0.1 M phosphate buffered saline (PBS) and
ixed by rotating for 24 h before use. All other reagents were of

nalytical grade.

.2. Glucose analyses for evaluating the relationship between
lood and EISF glucose concentrations

.2.1. Sampling and analytical procedure
Blood and EISF glucose concentrations were measured in Nile

ilapias Oreochromis niloticus. We used Nile tilapias as the test fish
ultured at Tokyo University of Marine Science & Technology. Each
sh (body weight; ca. 100–300 g, body length; ca. 15–25 cm) was

etted from the preserve and individually anesthetized with 2 ppm
-phenoxy ethanol by bath exposure. Blood samples were then col-

ected from the caudal vein using a heparinized syringe fitted with
20G needle. The blood samples (100–500 �L) were centrifuged

650 × g, 10 min) to separate the plasma. EISF sampling was per-
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ormed as follows; pushing slightly on one eye caused a blister-like
embrane to rise up to the surface; a heparinized syringe fitted
ith a 27G needle was inserted into the blister-like membrane.

he EISF sample (50–500 �L) was obtained from the ISF in the eye-
all sclera. To minimize measurement error induced by stress, the
ampling procedure never lasted more than 5 min per fish. Each col-
ected sample was transferred to a test tube and stored at −80 ◦C
efore use.

Fish blood and EISF glucose concentrations were determined
sing enzymatic colorimetric methods. Although the methods were

ntended for humans use, it can also be used for fish in the fields of
sh physiology and fish pathology [27–33]. We used the commer-
ial test kit (glucose test; Wako Pure Chemical Industries) according
o the method of Tsuzuki et al. [29]. When each sample (20 �L) was

ixed with 3 mL PBS (pH 7.1) containing enzymes (glucose oxidase,
orseradish peroxidase) and color-producing reagent, the glucose
as oxidized to produce gluconolactone and hydrogen peroxide.

he hydrogen peroxide reacted with 4-aminoantipyrine and phe-
ol to give a red color. Glucose concentrations were measured using
UV/Bis spectrophotometer (JASCO Co., Tokyo, Japan).

.2.2. Correlation between blood and EISF glucose concentrations
n randomly selected individuals

The purpose of this test was to confirm whether there are indi-
idual differences in the relationship between the blood and EISF
lucose concentrations in Nile tilapia, O. niloticus for our model. Nile
ilapia is widely cultured in many tropical and subtropical regions
f the world and constitutes the third largest group of farmed
nfish, right after carp and salmonids. The fish were reared in a
lastic tank (80 mm × 60 mm × 50 mm) with a 240-L capacity. Our
tock population consisted of 112 adult Nile tilapia (ca. 100–300 g),
he fish were randomly selected, netted from the tank, and blood
nd EISF were sampled using the methods described above.

.3. Needle-type glucose sensor preparation

We developed a needle-type enzyme sensor (diameter × length;
.4 mm × 20 mm) for subcutaneous glucose monitoring in fish.
he sensor was made using a 20-mm length of Teflon-coated
latinum iridium wire (Fig. 1A). The Teflon was stripped at one end
o expose 1.0 mm of the Pt–Ir wire as the sensing cavity (working
lectrode). Copper wire was wound around the Teflon-coated
urface to connect to the potentiostat. Then, Ag/AgCl paste (BAS,
okyo, Japan) was applied around the copper wire and used as
he reference electrode/counter electrode). The tip of the wire was
ealed with epoxy resin, leaving a 0.7-mm long sensing cavity. An
nzyme solution, containing 2 mg (352 U mL−1) glucose oxidase
nd 10 mg bovine serum albumin (BSA) dissolved in 1 mL of 0.1 M
BS (pH 7.8), was prepared. The sensing cavity was dipped and
oated with a thin layer of the enzyme solution and air-dried for
0 min; this procedure was repeated twice. The wire tip was held
n a vertical position in a vial, and 100 �L glutaraldehyde (50%)
as added to induce cross-linking between the glucose oxidase

nd bovine serum albumin and the electrode was stored at 30 ◦C
or 6 h. The sensor was then soaked and stored in PBS (pH 6.5)
vernight at 4 ◦C. Once the cross-linking was complete, the sensor
as thoroughly rinsed with PBS to remove glucose oxidase and

lutaraldehyde residues (pH 6.5).

.4. Evaluation of needle-type glucose biosensor
A two-electrode electrochemical system with the Pt–Ir wire
orking electrode and Ag/AgCl reference/counter electrode was
sed. A 650-mV potential (vs. Ag/AgCl) was applied to the Pt–Ir
orking electrode for the amperometric glucose measurement.

i

G
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The sensor was connected to a multi-channel potentiostat
Pinnacle Technology Inc., Lawrence, KS) attached to a personal
omputer (DELL Dimension 4700C, Round Rock, TX) via either a
SB 2.0 or RS232C port. The output current was recorded via
omputer-controlled data acquisition software (Pinnacle Acquisi-
ion Laboratory). For the glucose measurements, the calibration
urve was prepared as follows. First, 2.0 mL of EISF was extracted
sing a heparinized syringe fitted with a 27G needle from
ile tilapia. The initial glucose concentration in the EISF was
1.02 mg dL−1 determined by the enzymatic colorimetric method.
he EISF was transferred into a small vial (outer diameter × height;
9 mm × 55 mm). The sensor was then place into the vial to soak
ith stirring for 1 h to allow the background output current to

tabilize. Then, 20 �L of standard glucose solution (5000 mg dL−1)
as added to the vial. When the sensor output had stabilized,

he procedure was repeated until the sensor output no longer
ncreased.

.5. The continuous glucose monitoring system

.5.1. Glucose sensor implantation into the EISF
Sensor implantation and fixation were performed according to

he following procedure (Fig. 1B). Nile tilapia was not fed for 24 h
efore continuous glucose monitoring. At first, the fish were anes-
hetized in a water bath containing 2 ppm 2-phenoxy ethanol. A
2G catheter consisting of an outer Teflon layer and inner punc-
ure needle (22G, 23 mm, SerflowTM, Terumo, Tokyo, Japan) was
nserted into the EISF for sensor implantation. The inner punc-
ure needle was then removed, and the excess exposed catheter
n the skin was removed. Next, the sensor was inserted into the
uter Teflon layer, and then immobilized using biomedical adhesive
Aronalpha-A Sankyo, Toagosei, Tokyo, Japan), the major ingredient
f which was ethylcyanoacrylate monomer.

.5.2. Sensor calibration
Continuous estimation of blood glucose was performed using

oth one-point calibration and two-point in vivo calibration meth-
ds [34–36]. The one-point calibration method is represented by
he following formula:

(t) = I(t)

S
.

The sensor sensitivity (S), expressed in nA/(mg dL−1), was deter-
ined from a single blood glucose determination as the ratio

etween the concomitant sensor output current (I; expressed in nA)
nd the blood glucose concentration (G). Subsequently, the glucose
oncentration was estimated based on the sensor output current
I).

First, the sensor output current was measured until it stabilized
fter the sensor was implanted into the sclera of the eye. A blood
ample was obtained from the caudal vein using a heparinized
yringe fitted to a 23G needle. Blood glucose (G) was determined
sing a Glucocard (Arkray KDK Co. GT 1640, Kyoto, Japan). Although
he glucocard is intended for human use, a good correlation was
bserved between glucose concentrations in the fish blood sam-
le determined by Glucocard and that by commercial enzymatic
olorimetric test kit in our pre-experiment (R = 0.988, data not
hown). Therefore, the parameter (G) was used as the calibration
eference.
The two-point calibration method is represented by the follow-
ng formula:

(t) = (I(t) − I0)
S

.



Chimica Acta 633 (2009) 90–96 93

c
t
t
c
I
u

2

×
a
fi
u
c
b
m
m
c

3

3

i
t
c
i

u
t
l
E
o
i
t
h
c
g
b
b
r
b

F
s

3

t
b
r
A
s
c
o
i
t
o

1
o
t
i

F
c

Y. Yonemori et al. / Analytica

The formula consists of the sensor sensitivity (S) and the inter-
ept I0 with the sensor output, i.e., the theoretical sensor output
hat would be observed in the absence of glucose in ISF. Parame-
ers (S) and (I0) were calculated from the change in blood glucose
oncentration G from G1 to G2, the change in the sensor current
from I1 to I2: S = (I2 − I1)/(G2 − G1), followed by calculation of I0
sing the following formula: I0 = I1 − (S × G1).

.5.3. Experimental conditions
Nile tilapia were transferred to a water tank (40 cm × 24 cm

50 cm) containing of 1 ppm phenoxy ethanol as a light-anesthetic
gent to prevent the sensor signal from becoming unstable due to
sh movement. Dissolved oxygen in the water tank was saturated
sing an air pump. To compare between absolute blood glu-
ose concentrations and sensor-estimated glucose concentrations,
lood was collected for blood glucose concentration measure-
ent using the glucocard at regular intervals. Continuous glucose
onitoring of EISF was performed under the above experimental

onditions using our glucose sensor.

. Results and discussion

.1. Comparisons between blood glucose and EISF

We investigated the correlation between glucose concentrations
n the blood and in the EISF. Nile tilapia was captured randomly from
he water tank, and both blood and EISF samples were obtained. The
orrelation between glucose concentrations in blood and EISF was
nvestigated.

The observed blood glucose and EISF glucose concentration val-
es for all subjects are shown graphically in Fig. 2. As shown in
he figure, the glucose concentration in EISF was closely corre-
ated with that in the blood (y = 0.2996 + 0.9438x, R = 0.960, n = 112).
ighty-four percent of EISF glucose concentrations were within 30%
f the blood glucose concentrations. The glucose concentrations
n EISF were slightly lower than those in blood. Glucose concen-
rations in EISF are approximately 87–101% those in the blood in
umans and other mammals [20]. In Nile tilapia, EISF glucose con-

entrations were approximately 94% (n = 112) that of the blood. The
lucose concentrations in the EISF and blood tended to be range
etween 30 and 100 mg dL−1, consistent with the average normal
lood glucose concentration in Nile tilapia of 50 mg dL−1 [34]. The
esults indicate that glucose concentration of EISF reflects that in
lood.

c
t
s
b
i
t

ig. 3. (A) Typical response curve for the glucose sensor on sequential addition of stand
alibration plots of the glucose biosensor (range of glucose concentrations 51.02–459.63 m
ig. 2. Correlation between blood and EISF glucose concentrations in randomly
elected fish (20–340 mg dL−1).

.2. Characteristics of the needle-type glucose biosensor

To evaluate the potential use of the sensors for in vivo applica-
ions, the linearity of the sensor was investigated in EISF. A typical
iosensor calibration plot showing the relationship between the
esponse current and glucose concentration is shown in Fig. 3(A).
fter the baseline stabilized in EISF, an aliquot of a standard glucose
olution was added to the solution. A rapid and stable response was
onfirmed prior to each addition of glucose. The calibration curve
f the needle-type glucose sensor is shown in Fig. 3(B). The results
ndicated that this biosensor was linear in the glucose concentra-
ion range of 51.02–459.60 mg dL−1, with a correlation coefficient
f 0.995 calculated using linear regression analyses.

The dependency of the sensor on pH and temperature for an
8-mg dL−1 glucose-induced current is shown in Fig. 4. The glucose
xidase activity strongly depended on the pH of the sample solu-
ions or body fluid (Fig. 4A). Sensor output current increased rapidly
n the range of pH 5.0–6.5. For pH greater than 6.5, the sensor output
urrent gradually decreased. When the pH of EISF was measured,

he value was almost 7.9–8.0, but an adequate sensor response was
till obtained at pH 9.0. Moreover, as shown in Fig. 3, the sensor can
e used to measure glucose in an EISF sample. Temperature is an

mportant factor that has a significant effect on enzyme activity. For
emperatures ranging from 10 to 36 ◦C, the current increased and

ard glucose solution in EISF under a +650 mV potential (vs. Ag/AgCl). (B) Glucose
g dL−1). Sample solution was added in pH 6.5 PBS for 25 ◦C.
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ig. 4. Typical effects of pH (A) and temperature (B) on the glucose sensor response
erformed using 18 mg dL−1 glucose standard solution under the potential of +650 m

eached maximum output (Fig. 4B). Above 36 ◦C, the current grad-
ally decreased. In our experiments, Nile tilapias were cultured at
0 ◦C, and therefore the sensor response could be obtained.

.3. Blood glucose monitoring using the needle-type glucose
ensor

A typical response curve for in vivo continuous glucose measure-
ent is shown in Fig. 5(A). Blood glucose was periodically measured

sing a glucocard, and the sensor current output was continuously
onitored for 160 min. The glucose concentration and sensor out-
ut current both continuously increased. Thus, the change in blood
lucose concentration was reflected in EISF glucose concentrations.
he cause of the blood glucose increase was probably due to stress
nduced by the experimental conditions. For example, in this exper-

ig. 5. Continuous glucose measurement for short-term under light anesthesia (A)
omparison between blood glucose change and sensor output current. (B) Com-
arison between blood glucose change and sensor-estimated glucose using the two
alibration methods.
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M PBS. In (A) the pH 6.5, in (B) the temperature was 25 ◦C. The measurements were
. Ag/AgCl).

ment, sample fish were captured using a spoon-net and transferred
o a water tank under anesthesia. After sensor implantation into
he eye, there was a rapid increase in blood glucose in response to
hysical stressors that trigger the release of cortisol, a glucocorti-
oid hormone. As in mammals, cortisol stimulates gluconeogenesis
nd increases blood glucose concentrations.

In this study, glucose concentration was estimated using two
ifferent calibration methods. To obtain an estimate of the pre-
ision and accuracy of the sensor readings, we compared the
ne-point and two-point calibration methods (Fig. 5B). One-point
alibration was used as calibration value (G1, I1) in which G1
as the initial blood glucose concentration (70 mg dL−1) and I1
as the subsequently obtained sensor output current (23.41 nA).

wo-point calibration was calculated using the first parameter
I1: 23.41 nA, G1: 70 mg dL−1) and glucose concentration and sen-
or output current obtained 45 min after sensor implantation
I2: 38.94 nA, G2; 196 mg dL−1). As shown in Fig. 5(B), the two-
oint calibration method was more accurate than the one-point
alibration method. Sensor values analyzed using the one-point cal-
bration method produced low blood glucose values compared to

he actual glucose value. The linear regression analysis between
ensor-estimated glucose in EISF (X, mg dL−1) and whole blood
lucose concentrations measured by the glucocard (Y, mg dL−1)
s shown in Fig. 6. A good correlation was observed between
ensor-estimated glucose and whole blood glucose (one-point

ig. 6. Correlation between blood glucose and sensor-estimated glucose calculated
y the one-point and two-point calibration methods.
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alibration method; y = 46.89 + 0.2958x, R = 0.958; two-point cali-
ration method; y = 0.4401 + 0.8656x, R = 0.958). The slope of the
orrelation curve obtained for the one-point calibration method
as lower than that of the two-point calibration method. This dif-

erence is probably reflects the fact that the background output
urrent (I0) was not given enough time to stabilize. If the sensor
utput current is not stabilized after sensor insertion, the calibra-
ion values (G1, I1) will be different from the true sensor output
urrent. As a result, the slope of the sensitivity (S) becomes too
teep, and the sensor-estimated glucose level determined by one-
oint calibration is not accurate. In fact, at least 2 h is needed for
he background current to stabilize [37].

We used the two-point calibration method to determine sensor
ensitivity (S) and background current (I0) for two different cur-
ent responses (I1, I2) to glucose concentrations (G1, G2) obtained
t two time points. The theoretical background current calcu-
ated using the two-point calibration method is important for
etermining accurate sensor sensitivity (S) for short-term in vivo
lucose monitoring. For example, if one-point calibration is per-
ormed under a stable background current, the sensor-estimated
lucose based on one-point calibration method might be as accu-
ate as that calculated using the two-point calibration method. It is
nlikely, however, that there will be enough time to obtain a stable
ackground current because the test fish are lightly anesthetized.
oreover, the interstitial glucose concentration is dependent on

he balance between the local production rate and the clearance by
he local blood flow. Under anesthesia, glucose metabolism in fish

ay be lower in both capillary blood vessels and the EISF pool might
ecrease due to a decrease in stroke volume. If long-term measure-
ents are performed under these conditions, it might be difficult

o obtain a high correlation between blood and sensor-estimated
lucose concentrations.

Here, we confirmed the correlation between EISF and blood glu-
ose concentrations in fish, which led us to develop a needle-type
lucose sensor for short-term continuous glucose monitoring in
sh. Our sensor system allows for the estimation of blood glucose
oncentrations using EISF as a reference in water creatures under
egulated experimental conditions. Our future research plans are
o develop a telemetry system for continuous glucose monitoring.
he original purpose of our study was to develop a method for con-
inuous glucose monitoring in fish to monitor health conditions.
n the present study, a needle-type glucose sensor was connected
o a multi-channel potentiostat. The sensor system was thus too
arge to allow the fish to swim freely. This fixed-line sensor system
annot measure blood glucose under non-stressful conditions, as
ndicated by the increase in blood glucose concentrations induced
y anesthesia and physical stress. Therefore, the fixed-line biosen-
or system is not appropriate for swimming fish in an actual field,
uch as a fish farm. Thus, it is necessary to develop a telemetry
iosensor system for long-term monitoring. The development of
uch a sensor system will facilitate and simplify the management
f cultured fish health.

. Conclusion

In the present study, we developed a system to continuously
onitor glucose concentrations in fish. The fish species Nile tilapia
as selected as the fish model. We used the interstitial fluid from

he eyeball sclera as the ISF sampling site. The relationship between
ISF glucose concentrations and blood glucose concentrations was

nvestigated. The EISF glucose concentration was closely correlated

ith that in blood (R = 0.960, n = 112). We prepared a needle-type
nzyme sensor for subcutaneous glucose monitoring. The sensor
rovided a rapid response with good linearity (51–460 mg dL−1),
ith a correlation coefficient of 0.995 calculated using linear

[
[

[

ica Acta 633 (2009) 90–96 95

egression analysis. Continuous glucose monitoring was performed
y implanting the sensor into the eye. The results of the study con-
rmed that both glucose concentration and sensor output current

ncreased over time, and the blood glucose change was reflected
y EISF glucose concentrations, which could be measured continu-
usly. In this study, the glucose concentration was estimated on the
asis of both a one-point and two-point calibration method. The
wo-point calibration method allowed for accurate glucose mon-
toring (blood glucose range of 70–420 mg dL−1) over 160 min. A
ood correlation was observed between the sensor-estimated glu-
ose and whole blood glucose concentrations (y = 0.4401 + 0.8656x,
= 0.958). Although the measurement was short-term and under

egulated conditions, we consider that our novel measurement
ethod will be useful for continuous estimation of blood glucose

evels in fish.
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