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bstract

A novel biosensor for homocysteine determination has been developed. The biosensor was fabricated with l-homocysteine desulfhydrase
mmobilized on the ammonium selective electrode by means of eggshell membrane. The measurement principle is based on determination
f ammonia due to the enzymatic reaction in the medium by ammonium selective electrode. The effects of enzyme loading, glutaraldehyde

oncentration, pH, buffer concentration, temperature, dithiotreitol (DTT) concentration and ionic strength adjustment buffer (ISA) on the biosensor
esponse were investigated in detail. The linear detection range and limit of detection (LOD) for homocysteine were found to be 0.15–1.8 mM and
5 �M, respectively. Finally, the homocysteine biosensor has been applied to plasma samples for determination of total homocysteine contents.
 2007 Elsevier B.V. All rights reserved.
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. Introduction

Homocysteine is a non-protein forming sulfur amino acid
nd formed during methionine metabolism. It has a key role
n the sulfur amino acid metabolism and in one-carbon trans-
er reactions, therefore, information about the efficiency of
hese reactions as well as about the vitamin cofactors involved
folic acid, B12, B6, B2) can be obtained from homocysteine
lasma levels [1]. In biological systems, homocysteine is present
s the disulfide homocystine (RSSR), as a mixed disulfide
ith other low-molecular weight thiols (homocysteine/cysteine-

nd homocysteine-reduced glutathione mixed disulfides) and as
omocysteine disulfide cross-linked to proteins. The term total
omocysteine, as applied to biological samples such as plasma,
efers to the sum of concentrations of all the homocysteine
pecies present in the plasma [2]. For a healthy person plasma
otal homocysteine concentration is in the range of 5–16 �M [3].
levated levels of homocysteine are strongly correlated with an
ncreased risk of coronary artery disease, cerebrovascular dis-
ase and peripheral vascular disease. Recent clinical studies have
emonstrated that plasma homocysteine levels correlate better
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han cholesterol levels with an increased risk of arteriosclerosis
4]. Because of the relationship between elevated homocys-
eine and several diseases, determination of homocysteine has
ained high interest within biomedical community [5]. For this
urpose a lot of methods are now available for homocysteine
etermination such as high performance liquid chromatogra-
hy [6–9], immunoassay [10,11], enzymatic [12–15], capillary
lectrophoresis [16,17], molecular imprinting [18] and electro-
hemical [19].

Biosensors are analytical devices incorporating a biological
aterial in an intimate contact with a suitable transducer device

hat converts the biochemical signal into quantifiable electric
ignals [20]. Enzyme-based biosensors are currently a major
rea for research and development since essentially all chemi-
al reactions in living systems are catalysed by enzymes. For a
eusable enzyme-based biosensor, most commonly, an enzyme
equired to be immobilized. It has been reported that some bio-
aterials consisting of silk, collagen and eggshell membrane
ere employed as platforms for the immobilization of enzymes.
n eggshell membrane, having excellent gas and water perme-

bility, can be an ideal biomaterial for enzyme immobilization

3,21–24].

In this study, we explore the possibility of fabricating a homo-
ysteine biosensor based on a l-homocysteine desulfhydrase
nzyme-immobilized eggshell membrane. To our knowledge,

mailto:sunatimur@yahoo.com
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his study describes for the first time preparation and evalua-
ion of a biosensor based on l-homocysteine desulfhydrase for
omocysteine determination.

. Experimental

.1. Chemicals and reagents

l-Homocysteine desulfhydrase (E.C. 4.4.1.2 from Tri-
homonas vaginalis) with a specific activity of 2 units/mg
owder was obtained from BioCatalytics Inc. (Pasadena, CA,
SA). dl-Homocysteine, 1,4-dithio-dl-threitol (DTT) and
otassium phosphate dibasic (anhydrous) were obtained from
luka Chemicals (Buchs, Switzerland). l-Cysteine (hydrochlo-
ide, anhydrous) was purchased from Sigma (St. Louis,

O, USA). 50% (w/w) glutaraldehyde solution in water
as purchased from Aldrich (Milwaukee, WI, USA). l-
ethionine was purchased from Ajinomoto Co. Inc. (Tokyo,

apan). One hundred percent of acetic acid and potas-
ium phosphate monobasic (anhydrous) was from Riedel-de
aen (Germany). Bovine serum albumin (factor V) was
btained from Merck (Damstadt, Germany). All chemicals were
sed as received and aqueous solutions were prepared with
istilled water. Chicken eggs were provided from local mar-
ets.

Plasma samples were obtained from a local hospital and incu-
ated with 3 mM DTT for 30 min before determination.

.2. Instrumentation

Model 720A + pH/ionmeter, ammonium selective electrode
model 9318) and Ag/AgCl reference electrode (model 90-02)
ere purchased from Thermo-Orion (Chicago, IL, USA).

.3. Preparation of eggshell membrane

The chemical compositon (by weight) of eggshell has been
eported as follows: calcium carbonate 94%, magnesium car-
onate 1%, calcium phosphate 1% and organic matter 4% [25].
alcium carbonate (main component) is soluble in acetic acid.
herefore, eggs were incubated in 100% acetic acid at 4 ◦C

or 18 h to obtain whole eggshell membranes. After incuba-
ion, weakened eggshell was easily peeled off. Obtained eggshell

embranes were cut into two equal parts and cleaned with copi-
us amount of distilled water after albumen and yolk had been
emoved. The clean eggshell membranes were finally stored at
◦C in a pH 7.0 potassium phosphate buffer (5 mM) until further
se.

.4. Immobilization of l-homocysteine desulfhydrase on
ggshell membrane

For enzyme immobilization, circular (radius nearly 2 cm)

ggshell membrane was removed from the phosphate buffer.
wenty microlitres of (100 mg/mL) l-homocysteine desulfhy-
rase solution in a phosphate buffer (pH 7.0, 5 mM) was
dded and membrane was kept for 90 min at 4 ◦C for adsorb-

f
a
t
T

Fig. 1. Principle of operation.

ion. After adsorbsion, 10 �L of a 1% (w/w) glutaraldehyde
olution as the crosslinking agent was dropped onto the sur-
ace of the membrane and stood for 5 min. A glass rod was
ently used to spread the glutaraldehyde solution thoroughly
n the membrane surface. After 5 min, the membrane was
mmersed and washed with phosphate buffer solution (pH
.0).

.5. Assembly of homocysteine biosensor and
etermination

l-Homocysteine desulfhydrase immobilized eggshell mem-
rane was positioned on the surface of a Thermo-Orion
mmonium selective electrode and kept in a steady position
y an O-ring. Then, ammonium selective electrode and refer-
nce electrode (Orion, model 90-02) were immersed together
nto a stirred reaction media containing phosphate buffer solu-
ion (10 mL). Standard dl-homocysteine or sample solution
as injected into the reaction media and ammonium concen-

ration signal was measured and processed by a Thermo-Orion
50A + pH/ionmeter (Fig. 1).

. Results and discussion

.1. Measuring procedure

The ammonium selective electrode acting as an ammonium
ransducer was employed to measure the rate of ammonium

ormation in the enzymatic consumption of homocysteine. The
nalytical signal of the homocysteine biosensor is the increase in
he millivolts (mV) upon exposure to a homocysteine solution.
he enzymatic oxidation of homocysteine by l-homocysteine
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esulfhydrase is shown in the following equation [26]:

L-homocysteine + H2O

L-homocystiene desulfhydrase−→ NH3 + H2S + 2-oxobutyrate

The increase in the signal (mV) was found to be propor-
ional to the homocysteine concentration. Hence, the biosensor
esponses were defined as �mV and the increase in the sig-
al (mV) was plotted against the homocysteine concentration.
oreover, relative (%) biosensor response was estimated by

ssuming current value 100% at the optimal working conditions.

.2. Optimization of biosensor response

.2.1. Effect of enzyme loading and glutaraldehyde amount
Since the response of the homocysteine biosensor strongly

epends on the enzymatic activity of l-homocysteine desulfhy-
rase, any change in enzyme and cross-linker concentration
n immobilization would affect the sensitivity of the biosen-
or. Enzyme-immobilized eggshell membranes were prepared
y adding various amounts of l-homocysteine desulfhydrase
nzyme on the eggshell membranes. Higher biosensor response
as obtained with an increase in enzyme loading (1 and 2 mg
hich were equal to 2 and 4 units, respectively). Hovewer, when
mg of the enzyme (6 U) was applied, a sharp decrease was
bserved in the response (Fig. 2). This is due to the diffusion
roblem, which is caused by higher protein molecules. As a con-
equence, 2 mg of the enzyme, which was corresponding to 4 U
as chosen as the optimal enzyme amount and used in further

tudies.
The effect of glutaraldehyde concentration on the response

f the biosensor was investigated (Fig. 3). Because of porous
tructure of the membrane and long absorbsion time enzyme

embrane responds well without glutaraldehyde but enzyme

eaching occurs during operation. It is a fact that, when glu-
araldehyde concentrations lower than 1% (w/w) was applied,
ross-linker amount could be insufficient to bind all the enzyme

ig. 2. Effect of enzyme loading on response of the biosensor (pH 7.0; 5 mM
hosphate buffer, 35 ◦C, 3 mM DTT into 30 mM dl-homocysteine).

b
9
b
A
a
a

F
b

ig. 3. Effect of glutaraldehyde on response of the biosensor (pH 7.0; 5 mM
hosphate buffer, 35 ◦C, 3 mM DTT into 30 mM dl-homocysteine).

olecules on the membrane. On the other hand when glutaralde-
yde was larger than 1% (w/w), the excess glutaraldehyde may
ause denaturation of the enzyme and the response time may
lso be prolonged. As a result, the optimum concentration for
0 �L glutaraldehyde was determined to be 1% (w/w).

.2.2. Effect of pH and buffer concentration
The pH range of ammonium selective electrode is speci-

ed as 2.0–7.0 by manufacturer that is why the effect of pH
n the biosensor response was studied in the range 5.5–7.0 as
hown in Fig. 4. The biosensor was subjected to 900 �M dl-
omocysteine in phosphate buffer solutions in various pHs. The
iosensor response is pH-dependent since ionization of amino
cids at enzyme’s active site and homocysteine in aqueous solu-
ions varies with pH [27]. On the basis of Fig. 4, the optimal pH
f the biosensor was chosen to be pH 7.0.

The effect of buffer concentration on the response of the
iosensor was investigated by subjecting the biosensor to
00 �M dl-homocysteine concentration in pH 7.0 phosphate

uffer solutions in various concentrations, shown in Fig. 5.
mmonium selective electrode must be used with ionic strength

djustment buffer (ISA), consisting of 0.25 M magnessium
cetate and 0.5 M acetic acid. But ISA could not be used because

ig. 4. Effect of pH on the biosensor response (pH 5.5–7.0; 5 mM phosphate
uffer, 35 ◦C, 6 mM DTT into 30 mM dl-homocysteine).
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Repeatability is a crucial factor for any bioanalytical tech-

nique, especially for a biosensor. The signal changes of the
biosensor were investigated when it was alternately exposed to
ig. 5. Effect of buffer concentration on the response of the biosensor (pH
.0; 1, 2.5, 5, 15 mM phosphate buffers, 35 ◦C, 6 mM DTT into 30 mM dl-
omocysteine).

t affects pH of reaction media. Therefore the investigated buffer
oncentrations are kept low. Eventually optimum buffer concen-
ration was chosen as 5 mM.

.2.3. Effect of temperature
Temperature range of ammonium selective electrode is

–40 ◦C so the effect of temperature on the homocysteine
iosensor was studied in the range 20–40 ◦C as shown in
ig. 6. It is well known that the analytical performance of an
nzyme-immobilized membrane is highly sensitive to variation
f temperatures. The response rate of the biosensor increased
harply at higher working temperatures. This implies that the
ctivity of an immobilized enzyme is governed by the kinetics
f the enzymatic reaction. Although the analytical sensitivity
as highest at 40 ◦C, for practical purpose, the working tem-
erature was chosen to be 35 ◦C to increase the lifetime of the
iosensor.

.2.4. Effect of DTT concentration
The only substrate of l-homocysteine desulfhydrase is l-
omocysteine so DTT is necessary for reduction of oxidized
omocysteine. For this purpose the effect of DTT concentra-
ions (0.3, 1.5, 3 and 7.5 mM) that were added to 30 mM of
l-homocysteine stock solution were investigated (Fig. 7). The

ig. 6. Effect of temperature on the biosensor response (pH 7.0; 5 mM phosphate
uffer, 20–40 ◦C, 3 mM DTT into 30 mM dl-homocysteine).

a

F
3

ig. 7. Effect of DTT concentration added into 30 mM substrate on the biosensor
esponse (pH 7.0; 5 mM phosphate buffer, 35 ◦C).

esults showed that response of homocysteine biosensor did not
how significant change with DTT concentrations in the range of
.3–7.5 mM. Therefore to avoid enzyme structure and also keep-
ng homocysteine reduced, the optimum DTT concentration was
elected as 3 mM.

.3. Analytical characteristics of the biosensor

.3.1. Linear detection range
Linear detection range of the biosensor has been investi-

ated after optimum conditions found. Linearity was obtained
n a concentration range of 0.15–1.8 mM for dl-homocysteine
ith the equation y = 1.793x + 0.719 and correlation coefficient,
2; 0.998. At higher concentrations calibration curve showed a
eviation from linearity (Fig. 8).

.3.2. Accuracy
phosphate solution and a 0.6 mM homocysteine solution for

ig. 8. Calibration curve for dl-homocysteine (pH 7.0; 5 mM phosphate buffer,
5 ◦C, 3 mM DTT into 30 mM dl-homocysteine).
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Table 1
Repeatability of the proposed biosensing system (pH 7.0; 5 mM phosphate buffer, 35 ◦C, 0.6 mM dl-homocysteine added to reaction media)

Number of measurements (n)

1 2 3 4 5 6 7

Obtained signal (�mV) 1.7 1.8 1.7 1.8 1.7 1.7 1.7
Concentration (�M)a 547 602 547 602 547 547 547

a Concentrations were calculated from calibration graph (Fig. 8).
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Table 3
Recovery values for total homocysteine determination in plasma by standard
addition method (pH 7.0; 5 mM phosphate buffer, 35 ◦C, 3 mM DTT into 30 mM
dl-homocysteine)

Added
dl-homocysteine
(�M)

Obtained signals
(�mV)a

Expected signals
(�mV)b

Recovery
(%)

300 1.2 1.3 92.3
600 1.6 1.8 88.9
900 2.1 2.4 87.5
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ig. 9. Operational stability of the biosensor (pH 7.0; 5 mM phosphate buffer,
5 ◦C, 3 mM DTT into 30 mM dl-homocysteine).

even times (Table 1). The biosensor exhibited a fairly desir-
ble analytical feature of repeatability (n, 7; R.S.D., 4.76%) and
oefficient of variation (±26.83 × 10−3 mM).

.3.3. Operational stability
The operational stability of the biosensor was tested in every

0 min during 6 h. The biosensor was stored in reaction media
phosphate buffer) at 35 ◦C when it was not being used. The
esponse of the biosensor started decreasing after 210 min and
ecreased to 83.3% of its initial value at the end of the period
Fig. 9).

.3.4. Interference study
The interference study was evaluated by exposing the biosen-

or to l-cysteine and l-methionine in a 5 mM phosphate buffer
t pH 7.0 (Table 2). The response rate obtained was cal-
ulated as the homocysteine concentration equivalence (i.e.,

he concentration of homocysteine that can produce the same
esponse as the interferant). The homocysteine biosensor was
ot affected by several concentrations of l-cysteine (0.3, 0.9 and
.5 mM) and l-methionine (0.3, 0.9 and 1.5 mM). l-Cysteine

able 2
nterference study results (pH 7.0; 5 mM phosphate buffer, 35 ◦C, 3 mM DTT
nto 30 mM stock solutions of dl-homocysteine and l-cysteine)

dded amount
mM)

dl-Homocysteine
signal (mV)a

l-Cysteine
signal (mV)a

l-Methionine
signal (mV)a

.3 1.3 0 0

.9 2.4 0.1 0.1

.5 3.5 0.2 0.1

All measurements were performed two to three times and data were given as
he average values.

(
a
i
e
r
o
B
c

4

p
t
l

a All measurements were performed three times and data were calculated by
sing average values.
b Expected signals were calculated from the standard calibration graph.

ould form disulfide bonds so 3 mM DTT was added to its
0 mM stock solution. This conclusion could be supported by
he data that the only known substrate of the enzyme is l-
omocysteine.

.3.5. Sample application and recovery
The homocysteine biosensor was applied to the determina-

ion of homocysteine in human plasma. As the level of plasma
omocysteine in healthy human is below the detection limit of
he biosensor, the recovery test for homocysteine was investi-
ated by adding known amounts of homocysteine to the plasma
nd by diluting them 10-fold with phosphate buffers in reaction
edia. The amounts of added homocysteine were evaluated by

sing the proposed homocysteine biosensor.
In these experiments, the signals obtained from homocys-

eine added plasma samples were compared with the calibration
urve that was given as Fig. 8. Moreover, the own effect of
lasma on the ammonium electrode was searched by using an
ggshell membrane prepared with 2 mg bovine serum albumin
BSA) instead of enzyme and it was observed that plasma cre-
tes 1.5 mV signals by itself. This value includes all interferants
n plasma and was also taken into the consideration while recov-
ries were calculated. Table 3 summarises the results of the
ecoveries. As is shown in Table 3, sample matrix effects were
bserved while the homocysteine concentration was increasing.
ut in lower standard concentrations, higher recoveries that were
losed to 100% were obtained.

. Conclusion
The developed homocysteine biosensor has a very simple
rinciple and it is cost-effective. The biosensor’s linear detec-
ion range was found for dl-homocysteine but our main target is
-homocysteine that is practically half of the dl-homocysteine
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raction. This means that linearity was obtained in a concentra-
ion range of 75–900 �M for l-homocysteine.

During the development of biosensor the main problem was
election of suitable conditions for both ammonium selective
lectrode and enzyme. For example the optimum pH of the
nzyme was given as 7.5 by the manufacturer but in this study pH
.0 was selected as optimum pH because ammonium selective
lectrode’s pH working range is 2.0–7.0.

The improved biosensor could be good alternative for deter-
ination of the moderate and severe hyperhomocysteinemia

evels. It is possible to do a cheap scanning of severe hyperhomo-
ysteinemia over a chosen population. Moreover the obtained
ecovery values were not acceptable but further experiments,
uch as finding better immobilization platform or electrode,
re in progress to improve the recoveries and stability of the
iosensor.
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