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1. Introduction

Impaired glucose tolerance was previously considered a risk fac-
tor for the development of diabetes. Only recently, much attention
has been given to the fact that impaired glucose tolerance is rather
more of a significant risk factor for cardiovascular disease. Hyper-
tension is prevalent in individuals with diabetes, particularly when
nephropathy is present, which exacerbates all the vascular compli-
cations [1–3]. It should be appreciated that patients with diabetic
nephropathy is the second most common cause of death after car-
diovascular disease. Thus, the prescription of hypertensive drugs
is vital to patients with diabetes and cardiovascular disease. How-
ever, little has been studied on the effects of these drugs towards
the glucose level in the brain.

Glucose is the primary fuel for energy generation in the brain
[4]. The administration of insulin that causes blood glucose lev-
els to drop below 3 mM for several minutes will result in subtle
brain dysfunction. Therefore, the brain has to rely upon continuous
supply of glucose to maintain normal metabolic function. How-
ever, the role of insulin and hypertensive drugs in the regulation
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ulin and anti-hypertensive drugs regulation for in vivo cerebral glucose
rstood. This might be due to lack of direct means of measuring cerebral
tinuous delivery of glucose to the brain is critical for its normal metabolic

rt the effect of insulin and anti-hypertensive drugs on glucose level in the
divided into two groups, i.e. hyperglycemia (14.8 ± 0.3 mM plasma glu-
M plasma glucose). A custom-built glucose microsensor was implanted

gma, M/L +2.5 and D/V −5.0 (from dura) in the striatum. The amperomet-
V vs. Ag|AgCl corresponded to the glucose level in striatum. By varying
c zinc insulin infused into the rats, striatum glucose level was found to

e. 9.8 ± 0.1 and 4.7 ± 0.1 mM for hyperglycemic rats and for diabetic rats,
of valsartan and felodipine has lowered the striatum glucose level signif-
ith the hypothesis that suggested striatum glucose uptake do not depend
ant on anti-hypertensive drugs administration.

© 2008 Elsevier B.V. All rights reserved.

of cerebral glucose is still not understood. Previous results [5–12]
have gathered enough evidence that insulin regulates the entry of
glucose into the cerebral system. However, the studies have flaws

in that they failed to directly register cerebral glucose concentra-
tion. In addition, there is no report on the effect of hypertensive
drugs on cerebral glucose level. Both grey and striatum in the brain
rely heavily on continuous glucose supply for its metabolic func-
tion. It was reported [12,13] that striatum metabolizes glucose at a
different rate from the gray matter. The correlation between cere-
bral glucose concentration and different glucose metabolization
rate as well as the role of insulin in regulating regional cerebral
glucose metabolism in humans has yet to be determined. This
was not feasible as there were no direct methods to measure
brain glucose concentrations. Recently, a few methods have been
developed for measuring cerebral glucose concentrations [14–17].
But these methods suffer either from interference signals or inca-
pable of measuring glucose concentration directly or limited model
assumptions used for data analysis and other complications.

One of the approaches to measure brain glucose concentration
is by means of glucose sensor. Several enzyme-based glucose sen-
sors [18–20] have been applied for the brain glucose measurement
with some degree of success. These enzyme-based sensors are gov-
erned by the ability of the immobilized enzyme on the electroactive
surface to exchange redox equivalents with the electroactive
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surface at an acceptable electron transfer rate. The simplest electron
transfer pathway would be direct electron transfer (DET) between
the enzyme’s active site and the electroactive surface. For a glucose
sensor, the DET would involve flavin adenosine dinucleotide (FAD),
the active site in glucose oxidase (the immobilized enzyme) and
the electrode surface. The FADs, which were deeply buried inside
the protein shell resulting the electron transfer rate to be negligible
[21]. Since the FAD centers were oxidized by diffused O2, the glu-
cose concentrations could then be determined from the detection of
either O2 consumed or H2O2 produced. However, this type of mea-
surement produces errors as the O2 concentration fluctuates in the
microenvironment of the brain. Thus, more promising approaches
through the employment of redox polymer to shuttle electron were
reported [18,22]. This provides a very efficient electron transfer via
electron hopping mechanism from the immobilized enzyme to the
redox polymer bound at the electrode surface. This so-called medi-
ated electron transfer (MET), has several advantages such as, faster
electron transfer rate, independent from the interference of O2 in
the microenvironment of the brain and the regeneration of oxidized
mediator from its reduce state.

Previous work from this laboratory is mainly on fabricating
implantable microsensors for the subcutaneous glucose monitor-
ing [23]. The mediated electrical communications between redox
enzymes and the chemically modified microelectrode were shown
to be possible. In the present paper, direct measurement of cerebral
glucose concentration utilizing a chemically modified microelec-
trode is proposed. We also investigate the effects of exogenous
insulin, AIIRB (angiotensin II receptor blockers) and CCB (calcium
channel blockers) towards the glucose level in the striatum of the
brain in diabetic and hyperglycemia rats.

2. Experimental

2.1. Reagents

Glucose oxidase (GOx) from asperigillus niger (EC 1.1.3.4,
Boehringer Mannheim catalogue no. 646 431, grade II lyophilised,
100,000 i.u.), Triton® X-100, i.e. polyethylene glycol tert-
octylphenyl ether (PEG), 10% (w/v) were from Boehringer
Mannheim GmbH, Germany. The 4-vinylpyridine (4VP) monomer
(∼96%), tetrabutylammonium perchlorate, (TBAP), lactic acid and
4-acetaminophenol were from Fluka Chemika, Switzerland. Ace-
tonitrile (MeCN) from Romil Chemicals, England; Araldite® epoxy
resin from Ciba Geigy, Switzerland; Uric acid was from Math-

eson, Coleman and Bell, USA. Mercury (extra pure, catalogue
no. RdH 10008) was from Fluka Chemical, Swizerland. Strep-
tozotozin (STZ), protamine zinc insulin from bovine pancreas,
�-d-glucose, glutaraldehyde (25%, v/v) and mineral oil were all
products of Sigma Chemicals, USA. Nafion® (5%, w/v) (equiva-
lent mass, 1100 g) in a mixture of methanol and 10% water was
obtained from Aldrich (Milwaukee, WI, USA). Bovine serum was
diluted to 80% with phosphate-buffered saline (PBS), pH 7.4 prior
to use.

All other reagents were of the highest grade available and
were used as received. Glucose stock solutions were prepared
daily in PBS solution, by dissolving 2.754 g of NaCl, 2.081 g of
KH2PO4 and 0.477 g of NaOH in 1000 mL of pure water and then
pH adjusted to 7.4 with 0.1 M NaOH. Pure water was used for
preparation of all aqueous solutions, and was obtained by pass-
ing distilled water through a Milli-Q Plus from Millipore Corp.,
USA. The oxygen-free nitrogen (OFN) was obtained from Nissan-IOI,
Malaysia. The stock solution of Nafion® (0.5%, w/v) was prepared
in a low molecular weight alcohol. The electrode material, i.e.,
composite graphite powder from 2B pencil lead, Mars Lumograph
100, of Staedtler, Germany was cleaned under continuous reflux in
ctronics 23 (2008) 1862–1868 1863

methanol for 8 h. The composite graphite paste was a mixture of
composite graphite powder (0.88 g), mineral oil (0.5 mL) and PEG
(0.01 mL).

2.2. Microsensors fabrication

Platinum fiber (0.02 mm in diameter, 6.4 mm long, Lot #20590,
of Goodfellow Cambridge Limited, Cambridge, England) was sealed
into a pulled (micropipette puller PB–7, Narishige, Japan) glass cap-
illary (1 mm × 90 mm GD–1, Narishige, Japan). The microelectrodes
were polished at 45◦ with a micropipette grinder (EG–4, Narishige,
Japan) on an extra-fine diamond abrasive plate to produce ellipti-
cal platinum disk. Magnification of microelectrode was seen under
a stereomicroscope (SMZ-2T, Nikon, Japan). Electrical contact was
established by filling the capillary with mercury (0.5 mL) and then
with carbon paste. A copper wire was then inserted in the paste. The
upper part of the capillary was finally sealed with Araldite® epoxy.
The microelectrode was cured at 70 ◦C for two days after sitting at
room temperature overnight.

The 4VP was anodically deposited onto the platinum fiber as
poly 4-vinylpyridine (P4VP) at applied potential of +0.40 V vs.
Ag/AgCl. The P4VP-modified microelectrode was then washed with
acetone. The GOx and glutaraldehyde mixture was then immo-
bilized, by dip coating method, on the polymer surface. The
microelectrodes were dip into 2 mL of aqueous buffer containing
300 i.u. mL−1 GOx and glutaraldehyde for 5 times (each dip lasted
around 15–30 min between dips). The microelectrodes were then
allowed to dry in air for an hour. The dropwise addition of 10 �L
of stock Nafion® solution was later applied onto the GOx/P4VP.
The GOx/P4VP microelectrodes were then conditioned in buffer
solution at 4 ◦C.

2.3. Electrochemistry

Most electrochemical studies and analysis were done using a
Potentiostat/Galvanostat 273A, Princeton Applied Research, USA.
An IBM PS/2 model 80 computer with software developed in house,
was used for controlling the potentiostat and for data acquisi-
tion. Amperometry measurements were made using Autoranging
Microvolt DMM (Model 197A, Keithley Ins., Cleveland, Ohio, USA).
A custom-made platinum plate electrode (1 cm2) and a Ag/AgCl
electrode (Russell pH, UK) were used as counter and reference elec-
trodes, respectively. The microsensors were operated at +0.23 V vs.
Ag/AgCl. The electrodes were mounted in the outlet of the custom

made cell. Unless otherwise stated, all the experiments were per-
formed at 36 ± 3 ◦C in a temperature-regulated oven. Temperature
was monitored using a thermocouple placed in the cell, as near as
possible to the microelectrodes.

2.4. In vitro evaluation

Ten microsensors were prepared for in vitro glucose evaluation.
All experiments were performed in PBS solution at pH 7.0. The
in vitro sensitivity at a given glucose concentration was obtained
by dividing the observed current, after subtraction from back-
ground current, with the respective glucose concentration [22].
Usual parameters such as linearity towards glucose concentrations,
Michaelis–Menten value, effects of interference and life span of the
microsensor were determined.

2.5. In vivo techniques

Diabetes was induced in a 285 ± 5 g adult male Sprague–Dawley
rat, ten days before study, by injecting intravenously STZ (50 mg/kg
body weight in 200 mL citrate buffer, pH 4.3) in the penis vein. Four
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days after STZ infusion, the rats received daily injections of pro-
tamine zinc insulin at a dosage sufficient enough to maintain body
weight but insufficient to prevent chronic hyperglycemia. The con-
trol (non-diabetic) rats received either saline infusion (euglycemia,
n = 5) or a variable rate of glucose infusion (10 mg glucose each time)
to raise and maintain plasma glucose at diabetic level. In order to
check the blood sugar level, blood samples were taken at a regular
interval in the ear vein (vena auricularis posterior).

During the night before experiment, the rats were fasted, but
given access to water. At the beginning of the experiment, anaes-
thesia with chlorolase/urethane (ethyl carbamate, 1500 mg/kg, i.p.)
was induced and the animals were tracheotomised and breathed
spontaneously. A femoral vein was cannulated for the continuous
intravenous infusion of saline (150 mM NaCl) initiated at 3 mL h−1

and the anaesthetic (urethane/chlorolase, 180 mg/kg and 12 mg/kg,
respectively, i.v.) at 3 mL h−1. In addition, a femoral artery was also
cannulated for monitoring blood pressure and heart rate. The rat
was then positioned onto a stereotaxic frame. The implantation site
was cleanly shaved before any surgeries for microelectrode implan-
tation. The skull was then surgically exposed and small holes were
drilled for microsensor implantation. To measure striatum glucose,
the microsensor was implanted at the striatum at coordinates A/P
1.0 from bregma, M/L +2.5 and D/V −5.0 (from dura). The refer-
ence electrode was placed in the cortex. All dimensions were in
millimeters according to the atlas of Paxinos and Watson [24]. The
microsensors were then connected to Autoranging Microvolt DMM
Model 197A (Keithley Ins., Cleveland, Ohio, USA). Insulin (1 mg/kg),
valsartan (1 mg/kg) and felodipine (1 mg/kg) were injected (i.p.)
at 5 mL h−1. All experiments involving rats have been conducted
according to the ethical guidelines approved [25].

3. Results and discussion

A redox mediator underwent a one step recycling process at the
electrode. In this process, the mediator (MED) underwent a redox
cycle whereby the produced MEDred can be electrooxidized when
Eappl > E◦′

MEDox/MEDred. Therefore, the redox cycle of MEDred/MEDox

formed the basic principle of MET between the electrode and the
enzyme. The e− generated from redox cycle of MEDred/MEDox was
utilized in the analytical detection of glucose. The efficiency of MET
in the analytical detection of glucose in the brain is assured as
the measured current does not correlate to the concentration of
O2 or H2O2 produced. The amount of H2O2 normally found in the
microenvironment of the brain is ≈100 �M [26]. Thus, elimination

of the interference from H2O2 is vital to ensure that the amper-
ometric signals produced were of GOx catalysis alone. During the
immobilization, the GOx molecules were not properly orientated to
the electrode surface. This resulted in that not all the GOx molecules
underwent DET; thus the MET pathway, facilitated by MED will be
increasingly more dominant.

In this study, 4VP was utilized as the electroactive material at
the platinum fiber surface. Efficient electron transfer was exhib-
ited in the cyclic voltammogram produced when the microsensor
was scanned in a 10 mM glucose solution in PBS at pH 7.0. The dif-
ference in reduction and oxidation peaks, �E ≈ 100 mV, followed
the relationship similar to those reported [27–35] for molecular
diffusion.

To confirm that an enzymatically coupled reaction is occurring,
it is useful to plot the current function vs. the potential scan rate.
This allows the effect of scan rate of the diffusional process to be
separated from its effects on the kinetics. The current function,
however, is given by

Ip = 0.4463nFA
(

D0nFv

RT

)1/2
C0 (1)
ctronics 23 (2008) 1862–1868

The scan rate was fixed at 200 mV s−1 and the sweep took about
5 s to achieve steady state. Cyclic voltammetry was also performed
on insulin, valsartan and felodipine, separately, with the poten-
tial window applied was from −0.5 V to +1.00 V vs. Ag/AgCl. No
oxidation/reduction peaks were observed other than those of the
redox polymers. However, when 10 mM of glucose was spiked into
the sample, reduction and oxidation peaks typical of glucose were
observed. This showed that insulin, valsartan and felodipine did not
interfere in the determination of glucose.

3.1. Response of the microelectrode towards glucose

Fig. 1A and B indicated that a good linearity was obtained
towards the glucose concentration range studied. Fig. 1A was con-
structed using Eq. (1). At glucose concentration (>30 mM), the
amperometric response had decreased by as much as 35% when
repeated samples (n = 10) of glucose were spiked into the solu-
tion. At glucose concentration of 30 mM, a slow electrode process
was observed, indicating that the enzyme was denatured. The
�Ep = 240 mV obtained was an indicator of irreversible redox pro-
cess.

The kinetic parameters, Km and imax, was calculated from the
Michaelis–Menten equation

I = imax − Km

(
I

C

)
(2)

where I is the steady state catalytic current, imax the maximum
current under saturating substrate conditions, Km the apparent
Michaelis–Menten constant and C is the concentration of glucose
in solution.

The apparent Km value, 5.8 ± 0.5 �M (n = 5), obtained from the
slope of the Eadie–Hofstee plot in which, the electrode response
was linear. The kinetic behavior of the microelectrodes was evalu-
ated from the amperometric response at Eapp = +0.23 V vs. Ag/AgCl.
The imax was 0.88 ± 0.03 �A and the effective current density, jc,
was in the range of 80–1000 �Acm−2. The imax and jc were calcu-
lated based on the area of the hole at the tip of the recess. Replotting
the calibration curves as Eadie–Hofstee was preferred as this plots
offers wider substrate range.

The response of the microsensors towards glucose in the pres-
ence of interference was also investigated. The interferents studied
were those normally found in biological fluid in the microenviron-
ment of the brain. Additional volume of 10 mL of 10 mM of glucose
when injected into a solution containing 5 mM of uric acid, 4-

acetaminophenol, ascorbic acid, 5 mM of lactic acid and 100 �M
of H2O2 produced a current of 85 ± 2 nA. That indicates that the
microsensors were not affected by any of the interferences. The
outer layer of Nafion® has effectively blocked all the interferences
from reaching the electroactive centre [28,36].

The amperometric response of the microsensor, kept in a PBS
buffer solution at 4 ◦C, towards glucose remained fairly constant
for 15 days. After that, a decrease of 9% in current response
was observed which could be the result of enzyme denaturation.
Investigation on its reproducibility performed in 10 mM glucose
indicated that the relative error of the response was less than 1%
with measurements being carried out (n = 10) every 2 days after the
day of fabrication.

3.2. Glucose detection in vivo

Under normal circumstances, a mixture of ˛- and �-d-
glucopyranose (d-glucose) is the only fuel for brain energy
metabolism. On the other hand, the breakdown of d-glucose is reg-
ulated by complex mechanisms that influenced by the activities of
phosphofrucktokinase and hexokinase. The metabolism depends
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Fig. 1. (A) (�) Plot of I vs. v1/2 for pre-implantation glucose microsensors. (�) Plot o
as a function of glucose concentration (entire) for pre-implantation glucose microse
correlation coefficient value obtained with O2 and without O2 solution was 0.9793

indirectly on the glucose concentration of the brain intracellular
and interstitial fluids. Since the tissue glucose concentration, in
turn, depends directly on the phosphorylation rate, the blood brain
transfer assumes a pivotal role in the supply of glucose to the brain.
The concept of facilitated diffusion evolved in parallel with the
study of the transport of electrolytes across cellular membranes.

The nature of the specific glucose-transporting properties of all
membranes remained a mystery until the discovery of insulin her-
alded the study of facilitated diffusion. Although it was apparent
that human erythrocytes must posses certain properties for blood
glucose transfer to the brain, the relation to insulin, if any, remained
obscure. Recently, with high fatality rate of diabetic patients due
to cardiovascular disease, hypertensive drugs and insulin has been
prescribed to diabetic patients with aims to lower cardiovascular
risk and blood sugar level.

In this study, the glucose microsensor was implanted in the
striatum of the rat’s brain for both animal groups. The region
was known to contain high concentration of glucose [4,37]. Peak
currents of 84 ± 4 nA and 128 ± 5 nA (Fig. 2) were obtained for
diabetic and hyperglycemia rats, respectively. The amperometric
responses remain constant for more than 2 h of measurement. This
was oxidation of glucose by O2 in blood vessel [13]. Dissolved O2
concentration formed a gradient, which was highest at the capil-
lary wall and lowest at the site of metabolic consumption. However,
at the implantation sites, we observed no significant differences in
glucose level indicating that the glucose level in the area of stria-
tum was constant throughout. Additionally, the current generated
v1/2 for post-implantation glucose microsensors. (B) Variation of current response
(n = 5) in PBS solution at pH 7.0. The applied potential was +0.23 V vs. Ag/AgCl. The
9765, respectively.

from the catalytic reaction was dependent on the orientation of the
implanted microelectrode with respect to the bloodstreams and
metabolically active sites. Peak current, Ip, of 298 ± 3 nA for a dia-
betic rat was detected at +0.23 V vs. Ag/AgCl at coordinate A/P +1.0
from bregma, M/L +2.5 and D/V −5.0 (from dura), when death of
the animals occurred by inducing an overdose of anaesthetics. This

indicated the high concentration of glucose in the brain and was
in agreement to the above explanation that there is no oxidation
of glucose at zero concentration of O2 when blood flow stopped
[38].

The level of glucose in the striatum after the administration
of AIIRB or CCB and insulin was investigated by implanting the
microsensor at coordinates, skull leveled between bregma and
lambda; A/P 1.0 (from bregma), M/L +2.5 and D/V −5.0 (from dura)
for both diabetic and hyperglycemia rats. In both cases the refer-
ence electrode was placed in the cortex. Valsartan, Felodipine and
protaminc zinc insulin was infused at the tenth day from the intra-
venous injection of STZ. Fig. 3A and B shows the glucose level in
striatum and blood pressure in diabetic and hyperglycemia rats
after the infusion of protaminc zinc insulin followed by valsar-
tan. For both groups of rats, administration of insulin resulted in
a significant drop in arterial blood glucose while glucose level in
striatum remained constant. However, the administration of valsar-
tan reduced (P < 0.05) the striatum glucose level and blood pressure
for both groups of rats. The striatum glucose level and blood pres-
sure in both groups of rats returned to initial readings as the effect
of valsartan faded.



1866 F. Ahmad et al. / Biosensors and Bioelectronics 23 (2008) 1862–1868
Fig. 2. Glucose measurements in the right striatum of the rat’s brain for (�) diabetic rat
amperometric measurements made at 25 min intervals. The potential applied was +0.23 V

Fig. 4A and B meanwhile shows the level of glucose in striatum
and blood pressure after the infusion of protaminc zinc insulin fol-
lowed by felodipine. The glucose level in striatum and arterial blood
glucose followed a similar pattern as observed in Fig. 3. Admin-
istration of reduced (P < 0.05) the arterial blood glucose in both
groups of rats studied. However, the glucose level in striatum for
diabetes and hyperglycemia rats remained constant. Administra-
tion of felodipine resulted in a slight drop (P < 0.05) of glucose level
in striatum. A sharp (P < 0.05) drop in blood pressure for diabetes
rats and hyperglycemia rats were observed after the administration
of felodipine.

Fig. 3. (A) Striatum glucose level after the infusion of protaminc zinc insulin [(�) for di
hyperglycemia rats] as a function of time (minutes). Striatum glucose level was measure
reference electrode was placed in the cortex. (B) Blood pressure level after the infusion of p
[(�) for diabetic and (×) for hyperglycemia rats] as a function of time (minutes).
s, (�) euglycemic rats and (�) hyperglycemic rats. The plot was constructed from
vs. Ag/AgCl.

With a sample size of ten for each rat’s group and confidence
limit of 95%, such a value represents 6.0% mean brain glucose level
measured during the experiment and is unlikely of any major phys-
iology significance. Although a small effect of insulin on glucose
transport across blood–brain barrier cannot be completely elimi-
nated with our findings, we feel confident that insulin does not play
a clinically relevant role in regulating the brain-glucose uptake. The
role of insulin in the regulation of brain-glucose metabolism has
long been an area of controversy. Most investigators have concluded
that insulin was without effect on glucose transport across the
blood–brain barrier [7,39]. However, both insulin receptors [40] and

abetic and (�) for hyperglycemia rats] and valsartan [(�) for diabetic and (×) for
d at coordinates A/P 1.0 from bregma, M/L +2.5 and D/V −5.0 (from dura) and the
rotaminc zinc insulin [(�) for diabetic and (�) for hyperglycemia rats] and valsartan
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for dia
asure
n of p
Fig. 4. (A) Striatum glucose level after the infusion of protaminc zinc insulin [(�)
hyperglycemia rats] as a function of time (minutes). Striatum glucose level was me
reference electrode was placed in the cortex. (B) Blood pressure level after the infusio
[(�) for diabetic and (×) for hyperglycemia rats] as a function of time (minutes).

insulin sensitive glucose transporter (GLUT 4) [41], has been found
at the blood–brain barrier, showing that insulin was an impor-
tant modulator of the autonomic response to hypoglycemia. Insulin
crosses the blood–brain barrier via receptor-mediated transcyto-
sis. However, the function of insulin upon surpassing the barrier
was yet to be fully understood. CCB, meanwhile, blocked the volt-
age sensitive calcium channels in the heart and blood vessels. This
has prevented calcium level in the cell as much when stimulated,
leading to less contraction. This lowered the total peripheral resis-
tance by dilating the blood vessels and decreases the cardiac output

by lowering the force of contraction. Therefore, the decreased in
blood pressure has enabled higher level of oxygen being supplied
to the brain. AIIRB selectively bind the angiotensin II type 1 receptor
(AT1) preventing the effects of angiotensin II. This created an insur-
mountable blockade of angiotensin II at the AT1 receptors forming a
more complete blockade of the renin–angiotensin system without
affecting bradykinin.

Recalibration of the implanted microsensor, after 10 h, revealed
that its amperometric response has a good correlation (R2 = 0.9765)
with the pre-implantation (R2 = 0.9957) (Fig. 1A). This strongly
implicates that membrane biofouling and fibrous encapsulation is
either minimal or possibly has no effect at all towards the “stained”
microsensor even after 10 h of implantation.

4. Conclusion

This study has demonstrated that the glucose microsensor used
is capable of measuring directly the level of glucose in the striatum
before and after the administration of insulin and anti-hypertensive
drugs. There is no significant effect by insulin towards glucose
concentration in the striatum for diabetic and hyperglycemia rats.
betic and (�) for hyperglycemia rats] and felodipine [(�) for diabetic and (×) for
d at coordinates A/P 1.0 from bregma, M/L +2.5 and D/V −5.0 (from dura) and the
rotaminc zinc insulin [(�) for diabetic and (�) for hyperglycemia rats] and felodipine

However, the administration of anti-hypertensive drugs, i.e. val-
sartan and felodipine, has lowered (P < 0.05 for both valsartan and
felodipine) the glucose level in the striatum. The anti-hypertensive
drugs have also lowered (P < 0.05 for both valsartan and felodipine)
the blood pressure by blocking the voltage sensitive calcium chan-
nels or rennin–angiotensin system. The increased in oxygen supply
to the brain has, indirectly, increased the oxidation of glucose in
the brain. The passivation layer formed immediately upon implan-
tation has minimal or possibly no effect at all on the ability of the
micro sensor for longterm implantation. The ability of the micro

sensor is, however, limited upon implantation in a blocked blood
vessel. This study will be discussed in future paper.

Acknowledgements

The financial supports from (i) Malaysian Government 7th
Malaysia Plan (IRPA) Grant 09-02-05-6028 and (ii) the Univer-
sity Short Term Grants 304/227/PKIMIA/633134 and 304PFAR-
MASI670008 are gratefully acknowledged. We are also very grateful
to C.A. Lim, (MD) and C.K. Lim (MD) from Ng & Lim Medical Centre,
Taiping, Perak, Malaysia for their advice in this paper.

References

Kahn, C.R., 1995. Principles and Practice of Endocrinology and Metabolism. JB Lip-
pincott, Philadelphia.

Tominaga, M., Eguchi, H., Manaka, H., Igarashi, K., Kato, T., Sekikawa, A., 1999. Dia-
betes Care 22 (6), 920–924.

Coutinho, M., Gerstein, H.C., Wang, Y., Yusuf, S., 1999. Diabetes Care 22 (2), 233–240.
Clarke, D.D., Sokoloff, L., 1999. In: Siegel, G.J., Agranoff, B.W., Albers, R.W., Molinoff,

S.K., Fischer, P.B., Uhler, M.D. (Eds.), Basic Neurochemistry. Lippincott–Raven,
Philadelphia.



Bioele
1868 F. Ahmad et al. / Biosensors and

Hertz, M.M., Paulson, O.B., Barry, D.I., Christiansen, J.S., Svendsen, P.A., 1981. J. Clin.
Invest. 67 (3), 5579–5604.

Hofer, R.E., Lanier, W.L., 1991. Stroke 22 (4), 505–509.

Eastman, R.C., Carson, R.E., Gordon, M.R., Berg, G.W., Lillioja, S., Larson, S.M., Roth, J.,

1990. J. Clin. Endocrinol. Metab. 71 (3), 1602–1610.
Crone, C., 1965. J. Physiol. 181 (1), 103–113.
Daniel, P.M., Love, E.R., Pratt, O.E., 1975. J. Neurochem. 25 (4), 471–476.
Cranston, I., Marsden, P., Matyka, K., Evans, M., Lomas, J., Sonksen, P., Maisey, M.,

Amiel, S.A., 1998. J. Cereb. Blood Flow Metab. 18 (2), 130–140.
Namba, H., Lucignani, G., Nehlig, A., Patlak, C., Pettigrew, K., Kennedy, C., Sokoloff, L.,

1987. Am. J. Physiol. 252 (3), E299–E303.
Hasselbalch, S.G., Knudsen, G.M., Videbaek, C., Pinborg, L.H., Schmidt, J.F., Holm, S.,

Paulson, O.B., 1999. Diabetes 48 (10), 1915–1921.
Jakobsen, J., Nedergaard, M., Aarslew-Jensen, M., Diemer, N., 1990. Diabetes 39 (4),

437–440.
Wallace, E.M., During, M., Sherwin, R.S., 1994. Diabetes 43 (Suppl. 1), 47A.
Knudsen, G.M., Pettigrew, K.D., Paulson, O.B., Hertz, M.M., Patlak, C.S., 1990.

Microvasc. Res. 39 (1), 28–49.
Pelligrino, D.A., LaManna, J.C., Duckrow, R.B., Bryan Jr., R.M., Harik, S.I., 1992. J. Cereb.

Blood Flow Metab. 12 (1), 887–899.
Huang, S.C., Phelps, M.E., Hoffman, E.J., Sideris, K., Selin, C.J., Kuhl, D.E., 1980. Am. J.

Physiol. 238 (1), E69–E82.
Dixon, B.M., Lowry, J.P., O’Neill, R.D., 2002. J. Neurosci. Methods 119 (2), 135–

142.
Zhang, F.F., Qiao, W., Sun, Z.D., Zhu, Z.Q., Xian, Y.Z., Jin, L.T., Yamamoto, K., 2004. J.

Electroanal. Chem. 571 (2), 133–138.
Netchiporouk, L.I., Shram, N.F., Renault, N.J., Martelet, C., Cespuglio, R., 1996. Anal.

Chem. 68 (24), 4358–4363.
Marcus, R.A., Sutin, N., 1985. Biochim. Biophys. Acta 811 (3), 265–322.
Malitesta, C., Palmisano, F., Torsi, L., Zambonin, P.G., 1990. Anal. Chem. 62 (21),

2735–2740.
ctronics 23 (2008) 1862–1868

Ahmad, F., Christenson, A., Bainbridge, M., Yusof, A.P.M., Ab Ghani, S., 2007. Biosens.
Bioelectron. 22 (8), 1625–1632.

Paxinos, G., Watson, C., 1986. The Rat Brain in Stereotaxic Coordinates, second ed.
Academic Press, New York.
National Institutes of Health, 1996. OPRR Public Health Service Policy on Humane
Care and Use of Laboratory Animals. NIH/Office for Protection from Research
Risks, Rockville, MD.

Ahmad, F., Yusof, A.P.M., Bainbridge, M., Ab Ghani, S., 2007. Electroanalysis 19 (5),
541–548.

Pishko, M.V., Michael, A.C., Heller, A., 1991. Anal. Chem. 63 (1), 62–68.
Moussy, F., Mercado, R.C., 1997. Biomedical Engineering Society Annual Fall Meeting.

Blackwell Sciences, Inc., San Diego, CA, USA.
Zhang, J.D., Feng, M.L., Tachikawa, H., 2007. Biosens. Bioelectron. 15 (12), 3036–3041.
Liu, Q., Lu, X.B., Li, J., Yao, X., Li, J.H., 2007. Biosens. Bioelectron. 15 (12), 3203–3209.
Salimi, A., Sharifi, E., Noorbakhsh, A., Soltanian, S., 2007. Biosens. Bioelectron. 22

(12), 3146–3153.
Liu, G.D., Lin, Y.H., 2006. Electrochem. Commun. 8 (2), 251–256.
Yan, X.B., Chen, X.J., Tay, B.K., Khor, K.A., 2007. Electrochem. Commun. 9 (6),

1269–1275.
Salimi, A., Compton, R.G., Hallaj, R., 2004. Anal. Biochem. 333 (1), 49–56.
Zahir Md, H., Ab Ghani, S., 1997. Anal. Chim. Acta 354 (1), 351–358.
Ratner, B., Hoffman, A., Schoen, F., Lemons, J., 2004. Biomaterial Science: An Intro-

duction To Materials In Medicine. Academic Press, San Diego, CA.
Thorens, B., Charron, M.J., Loddish, H.F., 1990. Diabetes Care 12 (3), 209–218.
Lynch, R.M., Tompkins, L.S., Brooks, H.L., Dunn-Meynell, A.A., Levin, B.E., 2000. Dia-

betes 49 (5), 693–700.
Wilson, G.L., Hartig, P.C., Patton, N.J., Le Doux, S.P., 1988. Diabetes 37 (2), 213–216.
Werther, G., Hogg, A., Oldfield, B., McKinley, M., Figdor, R., Allen, F., Mendelsohn, A.,

1987. Endocrinology 121 (4), 1562–1570.
Brant, A.M., Jess, T.J., Milligan, G., Brown, C.M., Gould, G.W., 1993. Biochem. Biophys.

Res. Commun. 192 (3), 1297–1302.


	The application of glucose biosensor in studying the effects of insulin and anti-hypertensive drugs towards glucose level in brain striatum
	Introduction
	Experimental
	Reagents
	Microsensors fabrication
	Electrochemistry
	In vitro evaluation
	In vivo techniques

	Results and discussion
	Response of the microelectrode towards glucose
	Glucose detection in vivo

	Conclusion
	Acknowledgements
	References


