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Abstract

Since the identification of nitric oxide (NO) as an endothelial-derived relaxing factor, it became very important to
quantify NO in biological models eventhough it is present in very low concentrations with a very short half-life. The
use of electrochemistry as an alternative detection method is quite promising and electrochemical probes are now
being developed to detect NO. This paper consists of an amperometric, bi-polymer modified, platinum–iridium
microelectrode (Pt 90%–Ir 10% alloy, multistranded, total diameter 130 �m) design and its application for NO
detection in acetylcholine (Ach) introduced, rabbit isolated carotid artery endothelium model. In a pH range of
3.0–10.0. pH 3.0 was found to be the optimum pH. As the pH values increased up to 10.0, the response current
decreased as the oxidation of NO is catalyzed by H+ in the acidic media. Temperature effect was checked at 25 °C
(room temperature), 30 and 40 °C. An increasing trend was observed in sensor response with the increasing
temperature. Most common biological interferences as ascorbic acid, uric acid and glucose were eliminated via
bi-polymer coatings of four layers of Nafion and a layer of 50 mM o-phenylenediamine (OPD). When S/N ratio was
accepted as 3, limit of detection was calculated as 15 nM. NO release from carotid artery endothelium was also
determined by measuring response force in thermostatic isolated organel baths. Obtained force responses (mg) were
compared with the electrochemical (nA) sensor responses. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

In 1980, Furchgott and Zawadski [1] for the
first time identified the endothelium-derived relax-
ing factor, later identified as nitric oxide (NO)
[2,3]. NO plays an important role in many physio-
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logical and pathophysiological processes that
have been previously reviewed [4–9].

Because of its importance, new accurate and
specific methods for nM NO determination in
biological systems are being developed [10–14].

The desire to measure small amounts of NO
release in situ has created an active field of re-
search involving the design of microelectrochem-
ical sensors. The use of electrochemistry as an
alternative detection method is very promising
and electrochemical probes are now being devel-
oped for in situ NO detection. In such probes a
case to highlight is the need for the modification
of the electrode surface for making the electrode
material more selective for NO. Various poly-
mers and transition metals have been used for
the surface modification. Shortly after its char-
acterization by Malinski et al. [15], nickel-por-
phyrine became one of the most common
catalysts used [16–25]. The usage of iridium, as
alloys in platinum, for surface modification has
also been reported by Ichimori et al. and the
prepared electrode’s been electrochemically char-
acterized [26]. Nafion and o-phenylenediamine,
alone or with some co-polymers, have also been
used in surface modification against some com-
mon interferences [13,27–30].

In our study we designed an amperometric
bi-polymer (Nafion and OPD) coated mi-
croprobe for in situ quantification of NO in
Acetylcholine induced, rabbit isolated carotid
artery endothelium model. Current responses
were obtained via successive Ach injections into
the 10 ml electrochemical cell. Obtained current
responses (nA) were compared with that of con-
tractile force responses (mg) obtained in isolated
organel baths via Ach increments of the same
concentration. The aim of our study was to em-
ploy two different measurement techniques on
the same sample for the comparison of the data.
To our best knowledge such an approach of
data on the same sample with two different
measurement techniques has not been recorded
yet. Thus the concept and the comparison of the
two sets of results will be a valuable contribu-
tion to the literature we believe. Other studied
experimental parameters were the effect of pH,

temperature on sensor response, elimination of
biological interferences and limit of detection.

2. Experimental

2.1. Apparatus

Electrocemical detection was performed with a
three-electrode system. A multistranded Pt–Ir
alloy wire (Pt 90%–Ir 10%, 130 �m total diame-
ter) served as the working electrode after modifi-
cations. Ag–AgCl electrode (Model RE-1, BAS)
was used as the reference and an ordinary plat-
inum wire (1 mm id) as the auxiliary electrode.
All electrochemical processes and in vitro deter-
minations were carried out in an electrochemical
cell (10 ml Fig. 1) with a magnetic stirrer
providing 400 rpm convective transport at room
temperature. The potentiostats used were:
EG&G PAR Model (Princeton Applied Re-
search) 264 A Voltammetric Analyzer and 626
Polarecord Metrohm Voltammetric Analyzer/
Recorder. An Orion 290 A pH-meter was used
in buffer preparations.

2.2. Chemicals

A NO saturated solution was obtained by
bubbling NO gas through deoxygenated 0.1 M
phosphate buffer for 30 min, having a value of
�2 mM (1.9 mmol/l) concentration at satura-
tion [31]. A series of standart NO solutions were
prepared by diluting the NO saturated solution
and were used in sensor calibration. K2HPO4

and KH2PO4 were purchased from Sigma. Phos-
phate buffer (0.1 M, pH 7.4) was prepared daily
via bi-distilled water. Glucose, ascorbic acid,
uric acid, acetylcholine and o-phenylenedi-
amine(1,2-diaminobenzene) were obtained from
Sigma. Teflon-insulated, multistranded Pt–Ir al-
loy wire (total diameter 130 �m) (10% Ir–90%
Pt) was purchased from Medwire®. Ninety-five
to ninety-eight percent (w/w) H2SO4 stock solu-
tion and NaNO2 were obtained Merck and used
without extra purification. Other chemicals were
at least reagent grade quality and used as re-
ceived. The aqueous solutions were prepared
with bi-distilled water.
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2.3. Microelectrode preparation

All the working electrodes (microelectrodes)
were prepared from Teflon-insulated Pt–Ir alloy
wire (Pt 90%–Ir 10%, 130 �m total diameter) by
removing 3 mm of the Teflon coating (from the
tip of the wire) using ordinary flame. Pt–Ir alloy
was used because of the reported electrocatalytic
effect of iridium in oxidation reactions [32]; on the
other hand pure platinum is more fragile than the
Pt–Ir alloy, which makes it harder to use in real
sample applications. Electrodes were then precon-
ditioned in 0.5 M H2SO4 solution by applying a
constant potential of +1.9 V for 30 s followed by
a cyclic voltammetry between the ranges −0.25–
+1.1 V with a scan rate of 100 mV/s for 10 min.
Prepared electrodes were dip-coated four times

(four layers) with 1/10 diluted Nafion solution
each dried at 200 °C for 4 min as indicated [13].
Electropolymerization of 50 mM OPD was per-
formed on the Nafion-coated electrodes by apply-
ing +0.65 V (vs. Ag–AgCl) for 10 min. The
formation of poly(phenylenediamine) films was
checked with cyclic voltammetry (not shown).
Electrodes were calibrated individually before use.

2.4. Procedure

Freshly obtained rabbit carotid arteries were
cut into two equal segments of 0.5 mm in length
and were kept in Krebs solution at 4 °C till use.
One portion was used in electrochemical studies
in the electrochemical cell while the other was
placed in thermostatic organel bath for force
measurements.

Fig. 1. Schematic drawing for electrochemical (A) and force measuring (B) experimental instrumentation for nitric oxide (NO) and
vascular relaxation detection of carotid artery. In electrochemical and force measuring methods, 0.05 M phosphate buffer solution
(PBS) (pH 7.4) and Krebs solution was used, respectively as the supporting electrolyte.
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2.4.1. Current measurements
Fresh, isolated, rabbit artery was placed in

electrochemical cell containing 10 ml 0.1M phos-
phate buffer (pH 7.4) solution (PBS). PBS was the
supporting electrolyte as the electrode calibration
was done in PBS. Current reponses in PBS and
Krebs media were checked and found to be the
same. Ag–AgCl reference, Pt auxiliary electrode
and multistranded Pt–Ir microelectrode (working
electrode) were placed through the holes in its
teflon cover (Fig. 1). Fifty microliter of Ach stock
was injected under N2 atmosphere and 400 rpm
convective transport with the Ach final concentra-
tion being 10−9, 3×10−9, 10−8, 3×10−8, 10−7,
3×10−7, 10−6, 3×10−6, 10−5, 3×10−5, 10−4

M, respectively. Simultaneously current–time
recordings were recorded at room temperature
and then %Resp–log[Ach] plots were obtained.

2.4.2. Force measurements
Fresh, isolated, rabbit carotid artery segment

was placed in 25 ml thermostatic organel bath in
10 ml Krebs solution, between the stainless steel
hooks. Ach final concentrations were the same of
current measurements after injections with the
increments in logarithmic scale. Dose–response
recordings were obtained and were used in graph-
ing the logarithmic %Resp–log[Ach] plots. All
force measurements were recorded and edited by
the software VbPoly®, connected to the force
transducers via RS-232 A/D convertor card.

3. Results and discussion

The experimental setup and instrumentation
used during current (A) and force (B) measure-
ments are displayed in Fig. 1. Freshly obtained
rabbit carotid artery was cut into two equal seg-
ments (0.5 mm in length) and placed both in
electrochemical cell and the thermostatic organel
bath. In electrochemical cell under pure nitrogen
atmosphere in 0.1 M phosphate buffer (pH 7.4),
after the settlement of the three electrode system
(working, reference and the auxiliary electrode),
operational potential (+0.90 V) was applied and
steady-state values of current was obtained before
the injections of Ach with the final concentrations

being; 10−9, 3×10−9, 10−8, 3×10−8, 10−7,
3×10−7, 10−6, 3×10−6, 10−5, 3×10−5 and
10−4. This concentration range was chosen where
the carotid artery segments displayed the best
relaxations and contractions. At the same time
simultaneously current–time recordings were ob-
tained with a convective transport of 400 rpm. In
the thermostatic organel bath the carotid artery
segment was placed between stainless steel hooks
with one end connected to the force transducer so
that desired force could be applied and the change
in contractile force could be measured during
relaxation when NO was released. The force
transducer system was computerized with a RS-
232 A/D converter and by using the software
(VbPoly®) Dose–Response (Relaxation) record-
ings could be obtained.

Fig. 2 shows the electrochemical characteriza-
tion of the electrode using the experimental
parameters examined. After the modification of
the electrode with four layers of Nafion and 50
mM OPD, the permeability of the membrane was
checked with 2 mM NO using differential pulse
voltammetry (Fig. 2A). Here A�, B�, C� represent
the voltammograms (scan rate 10 mV/s) of phos-
phate buffer with membrane modified electrode, 2
mM NO with unmodified electrode and 2 mM
NO with membrane modified electrode, respec-
tively. It is obviously clear that 2 mM NO re-
sponse with (c) and without (b) membranes is the
same in NO saturated 0.1 M phosphate buffer
(pH 7.4). As can be seen from all these three
voltammograms, modification of the electrode
with membranes has no negative effect on NO
permeability. The selectivity of the membrane
modified electrode was also studied (Fig. 2B).
While the unmodified electrode gave high re-
sponses to 10−2 M glucose (b), 10−2 M ascorbic
acid (c) and 10−2 M uric acid (d), the modified
electrode did not respond to any of these interfer-
ences. Therefore, the modified electrode may eas-
ily be used in a biological matrix media in the
presence of such biological interferences. The de-
pendence of the electrode response on tempera-
ture is displayed in Fig. 2C. With the increase in
temperature the response current also showed an
increase trend. The response for 5×10−4 M NO
at 25 °C (n=6, coefficient of variation (CV%)=
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Fig. 2. NO permeability (A), selectivity (B), temperature dependence (C), calibration plot (D) of the membrane modified electrode.
Differential voltammograms (scan rate +10 mV/s) of PBS with membrane modified electrode (A�), 2 mM NO with unmodified
electrode (B�) and 2 mM NO with membrane modified electrode (C�) (Fig. 2A). Differential pulse voltammograms (scan rate +10
mV/s) of 10−2 M glucose (b), ascorbic acid (c), uric acid (d) with unmodified electrode and membrane modified electrode (a) (Fig.
2B). Other conditions as in Fig. 1.

8.10) is 2.35 times smaller than the one at 40 °C
and 2.00 times bigger than the one at 10 °C,
which is parallel to previous remarks in literature
[33]. In Fig. 2D, the calibration plot for the
membrane modified electrode was obtained and
linearity was checked in the operational concen-
tration range up to 1 �M NO and no departure
from linearity was observed. The equation and the
R2 value of the calibration plot was found out to
be y=0.077× −0.6929 and R2=0.9997, respec-
tively. In the concentration range examined, the
reproducibility of the electrode responses were
also checked and CV% (n=10) was calculated as
16.33%. The reproducibility seems not to be so

good this may be due to the stability problems of
NO in aqueous solutions due to its gaseous state.
It is indicated that at 4 °C saturated aqueous
solution of NO is stable for 48 h [31] but the
diluted solutions are expected to have shorter
stability and the recordings have been done at
room temperature which induces the decrease in
the NO concentration.

The prepared electrodes, as they were not en-
zyme electrodes and do not contain any biological
component, the stability was not especially
checked, but polymer (bi-polymer coatings of four
layers of Nafion and a layer of 50 mM o-
phenylenediamine-OPD) modified electrodes are
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stable for 10 days at 4 °C (same response current
obtained for 10 days for 2 mM NO via differen-
tial pulse voltammetry).

The effect of pH and temperature was also
investigated in the range pH 3.0–10.0 (Fig. 3)
with increasing NO concentration in 20 nM steps.
In the range pH 3.0–6.0 the media was 0.05 M
acetate buffer where as for the range pH 7.0–10.0
was 0.05 M phosphate buffer. The optimum pH
range was found to be 3.0–5.0. Acidic media was
the suitable range as expected as the oxidation of
NO needed protons. As the pH values increases to
basic state decrease in current values were ob-
served as expected. The maximum response was
obtained at pH 6.0 with a poor reproducibility
(CV% as 63.92). The best reproducibility was
obtained at pH 7.4 (CV% calculated as 14.31).
For pH 9.0 and 10.0 no response was obtained.
Calculated CV% values for the range pH 3.0–8.0
are as follows, respectively (n=4); 16.00, 18.26,
30.60, 63.92, 14.31 and 142.30. As the best repro-
ducibility was obtained with satisfactory response
at pH 7.4, membrane modified electrode is appli-
cable to biological media where the pH value is
known to be around 7.4.

When S/N ratio was accepted as 3 the limit of
detection on the designed electrode in determined
as 15 nM (not shown), which indicates that the
prepared electrodes can be employed for in vitro
NO monitoring on rabbit carotid arteries and
other real samples since the maximum NO con-
centration released from endothelium cells may be
up to 0.5–1.0 �M [13,18,34]. Same designed elec-
trodes were also used for NO detection in 5-
aminolaevulinic acid based photodynamic therapy
in rat cerebellum [35] and very similarly designed
electrodes (difference in OPD–Nafion ratio)
modified with glucose oxidase used for glucose
mapping in experimental focal epilepsy [36].

Fig. 4 is the comparison of the draft data
obtained by two different techniques; measuring
force (Fig. 4A) and measuring current (Fig. 4B)
on the equal pieces of the same rabbit carotid
arteries. During force measurement, initial re-
sponse forces measured before the injections of
Ach were 6510 mg (a), 7920 mg (b), 10 060 mg (c),
8820 mg (d), 3425 mg (e), respectively. With the
injections of Ach, relaxation was observed and the

force began to decrease in each artery, making a
minima at 3×10−6 M (a), 3×10−6 M (b), 3×
10−5 M (c), 10−4 M (d) and 3×10−5 M (e),
respectively. The current results obtained (Fig.
4B, a–e) have the similar response trend to Ach
injections. The increasing NO formation trend
was observed during Ach injections. The mem-
brane modified electrode does not respond to Ach
injections in the absence of carotid artery segment
(not shown).

Percentage response–pAch(− log[Ach]) graphs
were plotted in Fig. 5 to see the overview of the
response trend during force (�) and current (�)
measurements of different arteries (a–e). The
maxima values obtained during measurements
were accepted as 100% and Ach concentrations
were plotted as pAch(− log[Ach]) values in x-
axis. During force measurements, carotid arteries
began relaxation starting usually at 3×10−8 till
3×10−5 M. Following this concentration range,
the rate of NO release began to decrease leading
to contraction of the artery as expected. While
measuring current, NO oxidation started at
around the same concentration value of 3×10−8

M Ach. The same increase trend was observed all
during the Ach injections (Fig. 5, a–e).

4. Conclusion

In this paper, we have displayed the fabrication,
electrochemical characterization of a bi-polymer
modified amperometric platinum microelectrode
and its application for in vitro NO measurements
from rabbit isolated carotid artery endothelium.
At the same time we have obtained dose–re-
sponse curves in thermostatic organel bath for the
same rabbit isolated carotid artery endothelium.
To our best knowledge no effort has been
recorded to employ both techniques on the same
sample to quantify NO release and compare the
trends in the two sets of results. Thus we believe,
making an overview on the two detection tech-
niques, and the comparison of our obtained data
of the same sample will be a valuable contribution
to the literature.
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Fig. 3. Dependence of electrode response on pH. 0.05 M acetate buffer for pH range 3.0–6.0 and PBS for the range 7.0–10.0. Other
conditions as in Fig. 1.
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Fig. 4. Draft data of force (A) and current (B) measurements of various carotid arteries (a–e). Triangles (�) indicate the
acetylcholine (Ach) injections in the range 10−9–10−4 M. Other conditions as in Fig. 1.
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Fig. 5. Percentage response–pAch (− log[Ach]) graphs obtained from the draft data of Fig. 4 to see and compare the overview of
the response trend during force (�) and current (�) measurements. Conditions as in Fig. 1.
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