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Development of an ion-channel sensor for heparin detection

Victor P.Y. Gadzekpd Philippe Biihimann, Kang Ping XidpHiroshi Aoki, Yoshio Umezawa
Department of Chemistry, School of Science, The University of Tokyo, 7-3-1 Hongo, Tokyo 113-0033, Japan

Received 6 September 1999; received in revised form 28 December 1999; accepted 21 January 2000

Abstract

The ion-channel sensor technique was used to determine heparin concentrations in artificial and horse serum with cyclic
voltammetry. The sensor is based on self-assembled monolayers (SAMs) of thioctic acid on which protamine is attached as
a receptor to control the rate of [Mo(C§JJ~ oxidation or [Fe(CNy]3~ reduction in the presence of heparin. The analyte,
heparin, with its negative charges, neutralizes the positive charges on the protamine receptor and at high heparin concentrations
provides the electrode surface with an excess of negative charge, thereby repulsing the marker ions from the electrode surface.
This decreases the redox currents and makes them a function of the analyte concentration. In artificial serum, a linear
concentration range of 0.05—Ju8/ml was obtained for the heparin response at a scan rate of 10.24 V/s when [MB(CN)
was used as marker. Repeated measurements of heparin in artificial and horse serum gave average heparin concentrations
of 1.30 and 1.5.g/ml, respectively, compared to 1.28/ml heparin that was introduced into the serum. Measurements of
heparin in horse serum using a fresh electrode for each sample, however, gave an average heparin concentraiighmdf 1.21
with a standard deviation of 0.02&)/ml. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction [16,17], and dopamine [18]. The principle of this
technique is based on binding of the analytes to
Since the introduction of ion-channel or ion- receptors at an electrode surface, which controls
channel-mimetic sensors in 1987 [1], research ef- the reduction or oxidation of electroactive ions or
forts have been directed at the use of this technique molecules, often referred to as markers. This control
for the detection of various ions and molecules [2]. is either due to physical exclusion [1] or electrostatic
For example, they have been used for the detection attraction or repulsion [1,11,12] between the recep-
of hydrogen ions [3-6], metal cations [1,7-10], nu- tor/analyte complexes and the electroactive markers.
cleotides [11-14], inorganic anions [15], antibodies Because the working principle of these sensors is
similar to that of ion-channel proteins in biomem-
* Corresponding author. Fax:81-3-5841-8349. branes, these sensors have been called ‘ion-channel
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are paramount for techniques in routine analysis. times. A heparin responsive potentiometric sensor has
Recently, we have reported that an ion-channel sen-been reported with a detection range of 1.0-9.8 U/ml
sor based on electrodes chemically modified with [29-36]. This sensor employed tridodecylmethylam-
self-assembled monolayers (SAMs) of thioctic acid monium chloride (TDDMACI) as a sensing element
can detect protamine, a polycation, at concentrations incorporated in a polymeric liquid membrane. This
as low as 0.;g/ml when [Ru(NH33]3* is used as  polymeric membrane electrode has been used suc-
a marker ion [21]. The detection of polyions with cessfully to determine heparin concentrations in blood
ion-channel sensors is advantageous since the largesamples. van Kerkhof et al. have reported on a heparin
charge numbers on polyions (abou?0 for heparin) sensor based on protamine as affinity ligand using an
result in strong binding to receptors and, therefore, ion-sensitive field effect transistor (ISFET) [28,36].
allow highly sensitive detection of the polyions. The An indirect ion-step method was employed in this
detection of protamine with an ion-channel sensor technique to detect heparin. The detection range of
has encouraged us to further investigate the use ofthis sensor was reported to be 0.1-2.0U/ml. A sur-
ion-channel sensors for the detection of heparin, a face plasmon resonance sensor based on protamine
polyanion and an important biopolymer. and polyethylene imine (PEI) as affinity ligand has
Heparin is extensively used as an anticoagulant in also been reported for heparin measurements in blood
many clinical procedures for the prevention of blood plasma with a detection limit of 0.2 U/ml and a linear
clotting, especially during open heart surgery [22,23]. range of 0.2—2.0 U/ml [37-39].
The normal heparin concentration during these pro-  Inthis paper we report the detection of heparin using
cedures is between 2 and 8 U/ml, which corresponds ion-channel sensors based on electrodes chemically
to 0.8-3.2.M or 12-48ug/ml [24]. In the treatment  modified with SAMs. The sensor has been applied
of post-operative thrombosis and embolism, how- to the measurement of heparin in artificial and horse
ever, the therapeutic concentration range of heparin serum.
is 0.2-0.7U/ml [25]. This implies that any method
for heparin analysis should be able to detect heparin
at concentrations as low as 0.2 U/ml. Heparin has a 2. Experimental
molecular weight ranging from 5,000 to 30,000 with
an average molecular weight of 15,000. At physi- 2.1. Reagents
ological pH, heparin is ionized and becomes nega-
tively charged due to complete ionization of sulphate  Thioctic acid (1,2-dithiolane-3-pentanoic acid),
(ROSG~ and RNHSQ@™) and carboxylate (RCOQ N,N-dicyclohexyl carbodiimide, and protamine sul-
groups [26]. The method commonly used for hep- phate (salmine sulphate from salmon sperm with av-
arin determination in blood samples is the activated erageM;, of 4,500) were obtained from Tokyo Chem-
clotting time (ACT) method or the activated partial ical Industry (TCI), Tokyo, Japan. [Ru(NpE]Cl3
thromboplastin time (APTT) method [27]. In these and (2-aminoethyl)trimethyl ammonium chloride
methods, the clotting time of the plasma sample is were purchased from Aldrich, Milwaukee, WI, USA,
measured after an initiator of the clotting process has and triethylamine from Kokusan Chemical Works,
been added. The heparin activity is then determined Tokyo, Japan. Tris(hydroxymethyl)aminomethane
from the delay in the appearance of a clot. Typical (Tris), N-hydroxysuccinimide, albumin (bovine
clotting times for normal plasma are in the order of serum, low salt), K[Fe(CN)], KCI, NaCl, MgCl,
30-40s. Even though these methods give accurateCaCh, KH,PQOy, and MgSQ were obtained from
results and have been in use for quite a long time, it WAKO Pure Chemical Industries, Osaka, Japan.
has been reported that the clotting times determined K4[Mo(CN)g] was prepared and purified according
by these methods not only depend on the amount of to Refs. [40,41]. Heparin was obtained as a dona-
heparin but also on the concentration of antithrombin tion from Daiichi Chemical, Tokyo, Japan, while
[l (ATIII) and other coagulation factors [28]. 1-ethyl-3-(3-dimethylamino-propyl)-carbodiimide
Research efforts have been directed at develop- hydrochloride was obtained from Nacalai Tesque,
ing alternative methods of heparin analysis in recent Kyoto, Japany-Globulin was obtained from Sigma
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Chemical, St. Louis, MO, USA, and horse serum was and 1-ethyl-3-(3-dimethylamino-propyl)-carbodiimide
obtained as a donation from Tissue Culture Biologi- (0.4 M) for about 10 min. The electrode was washed
cals, Tokyo, Japan. All chemicals were of the highest with water and then dipped into a protamine solution
grade available and used without further purification. (1 mM). After 20 min the electrode was washed and
Buffer solutions of pH 7.4 contained 10 mM Tris. The stored in water until use. To ascertain the protamine
pH values of the buffer solutions were adjusted with attachment, CVs were run as described for the case
KOH or HCI. All solutions were prepared from deion-  of the electrostatic attachment.

ized and charcoal-treated water (specific resistance
>18 MQ cm) prepared by passage through a Milli-Q
cartridge filtering system (Millipore, Bedford, MA,
USA).

2.5. Preparation and self-assembly

of N-(2-trimethylammoniumethyl)
1,2-dithiolane-3-pentanamide chloride

2.2. Self-assembly of thioctic acid monolayers on Au

electrodes Thioctic acid (1M, 2ml) andN,N-dicyclohexyl-
carbodiimide (1M, 2ml) were mixed and al-

A gold electrode (Bioanalytical Systems, West lowed to stand for about 10min. Then, 2ml of
Lafayette, IN, USA) was polished with wet 0.3 and N-hydroxysuccinimide (1.0M) was added and the
0.05um alumina slurry (Alpha Micropolish alumina  solution stirred and allowed to stand again for
No. 2 and Gamma Microponsh alumina No. 3, respec- about 10min. A 1:1 mixture of triethylamine and
tively; Buehler, Lake Bluff, IL, USA) on a felt pad  (2-aminoethyl)trimethylammonium  chloride  was
for 10min and rinsed several times with water and Prepared, each with a concentration of 1.0M.
finally cleaned in a sonicator. The polished electrode Then, 2ml of this 1:1 mixture was added to the
was then dipped in 0.5M KOH and the potential was N-hydroxysuccinimide mixture and stirred for 1
cycled between 0 and1.4V until the cyclic voltam- ~ month at room temperature-@7°C). All the solu-
mogram (CV) indicated a perfecﬂy clean electrode tions were prepared in deuterated dlmethyl sulfoxide
surface. The electrode was then rinsed several times(DMSO-dg) and the extent of each reactions deter-
with water and finally with anhydrous ethanol. The mined by comparing the intensities of the signals
electrode was then immersed in a 0.1% thioctic acid for CH2COOH of thioctic acid at 2.10 ppm and for
solution in ethanol for at least 24 h and rinsed several CH2CONH of the product at 2.06 ppm. Formation

times with water. of the product was further confirmed by FAB mass
spectroscopy. Attempts to enhance the reaction rate

2.3. Electrostatic attachment of protamine to with higher temperatures failed because this led to the

self-assembled thioctic acid formation of byproducts, apparently acylated dicy-

clohexylureas. At the end of the reaction, DM8®-
Gold electrodes with the self-assembled thioctic was evaporated using a bulb-to-bulb tube oven and
acid were dipped in tris(hydroxymethyl)aminomethane the resulting product dissolved in methanol at re-
(Tris) buffer/0.1M KCI solution (pH 7.4) contain-  flux temperature. Upon slowly cooling to°0 and
ing 55.6pg/ml protamine. To ascertain that pro- removal of aN,N-dicyclohexylurea precipitate by
tamine adsorbed to the thioctic acid SAM, CVs of filtration, the solvent was evaporated, giving a very
[RU(NH3)]*" were run in Tris/0.1M KCI buffer  hygroscopic crude product containing the desired re-

solution of pH 7.4 between the potentials 0.1 ceptor. It was dissolved in ethanol and directly used
and—0.5V. The decrease in oxidation and reduction for self-assembly without further purification.

peaks confirmed the protamine attachment.

2.4. Covalent attachment of protamine to 2.6. Artificial serum
self-assembled thioctic acid
Artificial serum was prepared by dissolving
The thioctic acid modified electrode was dipped 4.037g NaCl, 0.109g KCI, 0.100g KiRQy,
into a 1:1 mixture ofN-hydroxysuccinimide (0.1 M) 0.185g CaCGl-2H,O, and 0.129g MgS®7H0O
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in 500 ml water, as recommended [42]. This com-
position is typical for blood.y-Globulin (3.519)
and albumin (bovine serum, 6.0g) were dis-
solved in 100 ml of the blood electrolyte solution.
Tris(hydroxymethyl)aminomethane (0.12 g) was then
added and the pH adjusted to 7.4. The solution so
prepared in this work is referred to as artificial serum.
It was stored ak0°C.

2.7. Electrochemical measurements

Cyclic voltammetry experiments were performed
with a BAS CV-50W potentiostat/galvanostat (Bio-
analytical Systems). All potentials were measured
versus a Ag/AgCl reference electrode, and a platinum
wire was used as an auxiliary electrode. All CVs were
run after purging the sample solutions with nitrogen
gas for 15 min. Solutions for cyclic voltammetry con-
tained 0.1 M KCI and either 1.0 mM #{Fe(CN],
1.0mM [Ru(NHz)g]Cl3 or K4[Mo(CN)g]. They con-
tained Tris buffer of pH 7.4, unless stated otherwise.
The heparin stock solutions also contained Tris buffer
and 0.1 M KCI. The concentration of heparin was var-
ied by spiking small aliquots of 0.101 mg/ml heparin
stock solutions into 10 ml of the KCl/marker solu-
tions. Potential windows 0f-0.6 to—0.1V, +0.1 to
—0.5V and+0.1 to+0.65 V were used for the cyclic
voltammetry with [Fe(CN§]3~, [Ru(NHz)g]®+ and
[Mo(CN)g)]*~, respectively.

2.8. Preparation of artificial and horse serum
heparin samples

Heparin solutions were prepared by dilution of 80
of heparin stock solution (5Q0y/ml) to 1 ml with the
blood electrolyte solution. Five microliters of the thus
prepared solution was pipetted into 5 ml of the artificial
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of 10.24 V/s. Heparin standard (0.101 mg/ml; 60 ml)
prepared in blood electrolyte solution was added and
CVs run again. The peak potential of the CV before the
serum was added was used to assess the [Ma{€N)
reduction current. The concentration of heparin in the
unknown serum was then calculated by the standard
addition equation.

3. Results and discussion
3.1. Thioctic acid SAMs on gold electrode

Electrodes chemically modified with SAMs of
thioctic acid have been reported as ion-channel sen-
sors for the detection of protamine [21]. The negative
charges on the surface of self-assembled thioctic acid
monolayers caused protamine to bind electrostatically
to the thioctic acid monolayers. This allowed nega-
tive marker ions in solution to approach the electrode
surfaces or repulsed positive marker ions from them,
thereby controlling the redox current of the marker
ion. The protamine bound to the thioctic acid mono-
layer was not removed unless it was washed in 0.1 M
KCI solution with its pH adjusted to 5.1 [21]. This
suggested that protamine-modified electrodes could
also be used as sensing elements. The major compo-
nents of protamine contain approximately 20 arginine
groups. Their guanidine groups provide protamine
with a charge of abou#-20 per molecule and can
repulse positively charged marker ions or attract neg-
atively charged marker ions [43]. In the presence of a
negatively charged analyte, the reduction or oxidation
of the marker ions can be thus controlled accord-
ing to the principle of ion-channel sensing, thereby
allowing the detection of the negatively charged
analytes. We have herein investigated monolayers

serum and horse serum, giving a heparin concentrationof ~N-(2-trimethylammoniumethyl)-1,2-dithiolane-3-

of 27 ng/ml in both the horse and artificial serum. This
concentration is equivalent to 4.2 U/ml heparin.

2.9. Determination of heparin in artificial and horse
serum

Artificial or horse serum (50Ql) was pipetted into
9.5 ml of blood electrolyte solution containing 1.0 mM
[Mo(CN)g]*~. CVs of [Mo(CNx]*~ were run be-
tween the potentials 6f0.1 and+0.65 V at a scan rate

pentanamide chloride, and protamine electrostatically
or covalently attached to thioctic acid monolayers as
receptors for heparin detection (Fig. 1).

3.2. Heparin response with [Mo(CH)~ as marker
using electrodes with electrostatically attached
protamine as receptor

The heparin responses of the ion-channel sen-
sor based on electrostatically attached protamine as
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Fig. 1. Chemical structures of heparin receptors. (A) Protamine electrostatically attached to a SAM of thioctic acid. Protamines are a
group of simple oligopeptides that contain arginine, alanine, and serine as major amino acids, as well as proline, valine, glycine, isolycine,
cysteine, histidine, lysine, threonine, aspartic and glutamic acid [43]. (B) Protamine covalently attached to a SAM of thioctic acid. (C)
Synthetic receptor with a quaternary ammonium groNg3-trimethylammoniumethyl)1,2-dithiolane-3-pentanamide chloride).

receptor (Fig. 1A) at pH 7.4 (Tris bufferin 0.1 M KCI) is shown in Fig. 3. The reduction currents+ad.525,
with [Mo(CN)g]4~ as marker are shown in Fig. 2. CVs  40.506,4-0.471 and+0.448 V in the backward scans
were obtained at a scanrate of 0.1 V/s. A pH of 7.4 was of the CVs were used to assess the heparin responses
used because it is close to the pH of blood. It can be at 0.1, 1.0, 5.12 and 10.24 V/s, respectively. These
seen that as the currents for the [Mo(GNY /3~ re- potentials are the peak potentials of the [Mo(gR)

dox couple decrease, the separation between the peakeduction in the absence of heparin. At a scan rate
potentials increases and the CVs become irreversibleof 0.1V/s, the response range for heparin is from
as aliquots of heparin are added to the buffer. These 1.0 to 3.0ug/ml. Fig. 3 shows the response range for
changes can be ascribed to binding of the negatively heparin from 1.0 to 3.0g/ml. We showed previously
charged heparin to the positively charged electrostati- that increasing the scan rate of the CVs allows detec-
cally attached protamine. The presence of heparin ontion of the analyte at lower concentrations and also
the electrode surface results in electrostatic repulsion increases the linear concentration range [21]. This
of [Mo(CN)g]*~ and [Mo(CN}]3~. The dependence is also the case for this sensor, as shown in Fig. 3,
of the sensor response on the heparin concentrationwhere the current over the square root of the scan



168

V.P.Y. Gadzekpo et al./Analytica Chimica Acta 411 (2000) 163-173

2
0
s 2
g
S
=
© .
19 ol
ARE
-6 I
Mo(CN)g]* ﬁm?(cma]‘F
-8 L
300

500

400

200

E (mV) vs. Ag/AgCl

Fig. 2. Cyclic voltammograms of [Mo(CN)*~ (1 mM) in Tris buffer (pH 7.4)/0.1M KCI with protamine electrostatically attached to
SAMs of thioctic acid. Heparin concentrations: (a) 0.00, (b) 1.52, (c) 2.02, (d) 2.53, and (g).g/fd# Scan rate, 0.1 V/s.

rate is plotted against the heparin concentration. The a dynamic range of 0.6-3u@/ml (0.1-0.5U/ml).
dynamic range increased as the scan rate is increasedFor the scan rate of 10.24V/s, the dynamic range is
The linear concentration range for the scan rate of wider (0.2 to 2.5.g/ml, 0.03-0.42 U/ml) with a linear

1.0V/sis from 1.0 to 2.5.g/ml (0.17-0.42 U/ml) with

15
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Fig. 3. Effect of scan rate on the dynamic range of heparin
response (1.0mM [Mo(CN)*~ as marker; in Tris buffer pH
7.4/0.1M KCI). (a) 0.10, (b) 1.00, (c) 5.12, and (d) 10.24V/s.
For enhanced comparability, theaxis represents the ratio of the

concentration range of 0.6-2.8/ml (0.1-0.41 U/ml)
for the scan rate of 10.24 V/s. These linear ranges are
at similar but slightly lower concentrations than the
linear response ranges that have been reported so far
for heparin detection [28,30,39]. This may be due to
the strong binding between electrostatically attached
protamine and heparin on one hand and the high sur-
face concentration of the receptor on the other hand.
The stronger the binding and the higher the surface
concentration of the receptor, the more sensitive is
the response, resulting in responses at lower con-
centrations. These sensors are suitable for heparin
determination in blood serum. The reproducibility of
the heparin calibration curve using the same electrode
at a scan rate of 1.0V/s is shown in Fig. 4. In all,
four measurements were taken for each heparin con-
centration, and averages are plotted with the standard
deviations.

After heparin detection, heparin was removed from
the surface of the electrode by washing the electrode
in 0.1 M KClI solution of pH 1.5 (The pH was adjusted

oxidation currents at the peak potential in the backward scans and PY the addition of small aliquots of concentrated

the square root of the scan rate.

HCI to the KCI solution.). The washing was done by
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12 as the marker ion are shown in Fig. 5. In the absence of

108 heparin, a reversible CV is obtained. With the addition
3 of small aliquots of heparin (1.Qidg/ml) to the sam-
8 ple solution, the peak current decreased and the CV
{ becomes quasi-reversible. Further addition of heparin
up to 3.03.g/ml further reduces the reversibility of the
% CVs. The presence of heparin in the sample solution
clearly inhibits the reduction of the negatively charged
[Fe(CN)]3~ at the electrode surface. This result can
i i s g be explained by binding of heparin to the protamine
0 : : : : electrostatically attached to the surface of the thioc-
tic acid monolayer. Heparin with its negative charges
Concentration (pg/mL) binds to the protamine, reducing the positive excess
. - o charge on the monolayer, and at high heparin concen-
Fig. 4. Reproducibility of the heparin calibration curve at a scan . . .
rate of 1.00V/s when using 1.0mM [Mo(CHf~ as marker in trations gives the elgctrode surface an excess negative
Tris buffer pH 7.4/0.1M KCI. The current was measured in the Charge. The reduction current depends on the hep-
backward scan at-506 mV versus Ag/AgCl. arin concentration at different scan rates, as shown in
Fig. 6. The calibration curve at a scan rate of 51.2 V/s
gave the most linear curve with a rather wide linear
shaking a test tube containing the washing solution concentration range of 0.05-3.@/ml. This result is
and the electrode for about 2min. This washing re- comparable to that obtained with [Mo(C§}j~ as a
moved both protamine and heparin from the surface marker ion. The linear concentration range, however,
of the electrode. A CV of [Ru(Nk)g]>+ was then run was at a lower heparin concentration with a shorter
in Tris/0.1 M KCI buffer (pH 7.4) to ascertain that all dynamic range for the sensor with [Fe(GN) as
heparin and protamine had been removed from the marker. The response of the same electrode at a scan
electrode surface. Then, the new CV was compared torate of 51.2V/s gave results similar to those shown
that of [Ru(NH)s]3t before the electrode was used in Fig. 4 for [Mo(CN)]*~. Half of the maximum
for the heparin measurement. Protamine was againresponse was reached at 0.6 mg/ml heparin.
put back on the electrode by dipping the electrode in
a 56pg/ml protamine solution and a CV was run to 3.4. Heparin response using electrodes with
ensure that protamine was indeed bound to the elec-covalently attached protamine as receptor
trode. The 5.g/ml of protamine was found to be the
minimum concentration of protamine that gave no  Protamine was permanently attached to monolay-
further significant decreases in the reduction current ers of self-assembled thioctic acid through covalent
for [Ru(NHz)e]3" when the electrode was once more bonding of protamine to the carboxylic acid groups
exposed to a protamine solution. Such electrodes of the thioctic. This attachment likely mainly occurs
can thus be used repeatedly by going through the by formation of amide type bonds to the guanidinium
washing and the protamine attachment process until groups of heparin, but covalent attachment through
the CV of the marker after protamine attachment is the side chains of other amino acids appears possible,
different from the CV right before the first electrode resulting, e.g., in formation of ester bonds (c.f. Fig.

Current at 506.1 mV (uA)

use. 1B). This covalently attached protamine was used as
a receptor. The response of this ion-channel sensor
3.3. Heparin response with [Fe(CAf~ as marker to heparin with [Fe(CNy|3~ as marker is similar to
using electrodes with electrostatically attached the other responses mentioned above. As aliquots of
protamine as receptor heparin are added to the buffer solution, the current

of [Fe(CNX]®~ reduction decreases, the reduction
The responses of this ion-channel sensor to heparin peak potential shifts to a more negative value and the
at pH 7.4 (Tris buffer in 0.1 M KCI) with [Fe(CNJ3~ CVs become irreversible. These changes can also be
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Fig. 5. Cyclic voltammograms of 1.0mM [Fe(C§$~ in Tris buffer pH 7.4/0.1 M KCI with protamine electrostatically attached to SAMs
of thioctic acid. Scan rate, 0.1 V/s. Heparin concentrations: (a) 0.00, (b) 1.01, (c) 1.52, and (dp8r03

attributed to binding of the negatively charged hep-

scan rates gave responses with a dynamic range of

arin to the positively charged and covalently attached 0.05-0.5.g/ml for all the scan rates investigated. The
protamine. The dependence of the sensor responsdinear concentration range increased as the scan rate

on the heparin concentration at pH 7.4 at different
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Fig. 6. Calibration curves of heparin response at different scan
rates using protamine electrostatically attached to SAMs of thioctic
acid in 1.0mM [Fe(CN3]®~ marker; Tris buffer pH 7.4/0.1M
KCI. For enhanced comparability, theaxis represents the ratio
of the measured currents and the square root of the scan rate.

was increased. At a scan rate of 51.2V/s, the linear
concentration range was 0.05—-Qg/ml. This range

is narrower than what was observed for the electro-
statically attached receptor. This may be explained by
the fact that the covalently attached protamine covers
the electrode with a higher concentration, resulting in
a more homogeneous coverage of the electrode and
avoiding surface sites of low protamine concentration
that can only be blocked at high heparin concen-
trations. After exposure of the sensor to heparin,
however, it was difficult to remove heparin from the
surface of the electrode. Using the same electrode with
[Mo(CN)g]*~ as a marker, it responded to heparin with
a dynamic range of 0.1-0u&/ml for the scan rates of
5.12 and 10.24 V/s. The dynamic range for this sensor
at the scan rate of 1.0V/s is at 0.2—-Q@'ml, which

is also at lower heparin concentrations as compared
to the dynamic range of the sensors based on electro-
static attachment. This further suggests that covalently
attached protamine has a higher surface concentration
than electrostatically attached protamine. However,
heparin could not be removed from the electrode sur-
face, as it was also the case when using [Fe([N)
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as marker. Therefore, these sensors could not be usedeparin. At present, this result cannot be satisfacto-

for repeated measurements of heparin.

3.5. Heparin response using a synthetic receptor
with a trimethylammonium group

Trying to avoid the removal of the receptor to-
gether with heparin in the washing procedure (c.f.

rily explained and will require further exploration.
Notwithstanding, these results indicate that artificial
receptors for heparin appear to be promising for fur-
ther lowering detection limits and improve the ease
of regeneration of ion-channel sensor for heparin.

3.6. Heparin determination in artificial and horse

Section 3.2) and to avoid the problems encountered serum

with the covalently attached protamine (c.f. Section

3.4.), we designed and synthesized a receptor with The sensor based on the electrostatic attachment of

a disulfide group for the attachment to gold and a
guaternary ammonium group for binding of hep-
arin, N-(2-trimethylammoniumethyl)1,2-dithiolane-3-

pentanamide chloride, (Fig. 1C). A receptor group
with a quaternary ammonium group rather than a pro-

protamine (Fig. 1A) was used for the determination
of heparin in both artificial and horse serum. Previous
studies of ion-channel sensors for protamine revealed
no significant interference from blood electrolytes
such as sodium, potassium, calcium and magnesium

tonated amine was chosen because this avoids that thd21]. In horse serum, while the response of the sen-
charge density of the monolayer depends on the pH sor was small at low potential scan rates, the analyte

of the sample solution. Evaluation of the desorption
peak in the CVs by assuming desorption of two thiol

could be detected at a high CV scan rates [21]. Sim-
ilarly, the present heparin sensor with [Mo(GM)-

groups per receptor shows that the surface density of as marker responds to heparin in artificial serum with

this receptor was 2.9410-19mol/cn?. Considering
the typical surface density of 7a0-19mol/cn?
for alkanethiols [44] and the fact that with two sul-
furs the footprint of this receptor must be expected
to be larger than that of alkanethiols, this indicates
formation of a fairly well packed monolayer of the
quaternary ammonium receptor.

This receptor, when used with [Ru(Ng}t as
marker in 0.1 M KCI, repulsed the marker from ap-

a linear concentration range of 0.05—@ml at a
scan rate of 10.24 V/s. This marker was used because
at moderately high scan rates the current response to
heparin was linear even at lower heparin concentra-
tions. The determination of heparin was, therefore,
carried out at a scan rate of 10.24 V/s. The artificial
serum contained albumin (6 g/100 ml) apdlobulin
(3.5¢/100ml) in addition to the blood electrolytes
sodium (140 mM), potassium (5.6 mM), calcium

proaching the electrode surface, causing a peak sepa{2.5 mM) and magnesium (1.5mM). This composi-
ration of 67, 123, 143 and 224 mV when the scan rates tion is typical for blood serum [42]. This shows that

of 0.1, 5.12, 10.24 and 51.2V/s were used, respec-

interference from blood electrolytes and these two

tively. For heparin detection, the sensor was used with macromolecules is minimal.
[Mo(CN)g]4~ as a marker. The response at a scan rate  The method of standard addition was then used for
of 10.24 V/s gave the best response with a decreasethe determination of heparin in diluted artificial and

of the total current of already 15% below 0.0&/ml.

horse serum. Heparin was introduced into the serum

It is interesting to note that upon washing the sensor sample by spiking with an aliquot of heparin stock

with water, the CV showed currents and peak poten-
tials almost equal to the original CV before contact of

solution. The artificial serum and the horse serum
samples were both diluted 20 times, bringing the hep-

the sensor with heparin. This implies the absence of arin concentration to 1.28g/ml (0.21 U/ml). In the
heparin on the electrode surface and shows that thisartificial serum, an average result of 1,38§/ml was
sensor can be more easily regenerated than the otheobtained for three measurements, using the same sen-
ones reported here. However, the response at highsor repeatedly. This result is 4.0% higher than what
heparin concentrations was not as sensitive as in thehad been actually added. In the horse serum, however,
case of the sensors based on electrostatically attachedin average heparin concentration of 1ugéml was

protamine. At 1.Qug/ml heparin, the sensor response

obtained when the sensor was used repeatedly, which

was still nearly 75% of the response in absence of is 24.5% higher than the true value. The higher devia-
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tion in the analysis of horse serum may be due to the
false positive and partly irreversible response to other
macromolecules, resulting in a constant increase in
the value in repetitive measurements. When a fresh
electrode was used for each determination of hep-
arin in horse serum, however, a heparin concentration
of 1.21ug/ml was obtained in three measurements,
which is 2.9% lower than what was added. The stan-
dard deviation was 0.026y/ml. Further work will be

required to allow the repeated use of these electrodes.

4. Conclusions

lon-channel sensors have been used for the detec-

tion of heparin with [Mo(CN3]*~ or [Fe(CN}]®~ as
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