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a  b  s  t  r  a  c  t

Uricase  (urate  oxidase,  UOx)  was  adsorbed  onto  a porous  carbon-felt  (CF)  surface  and  the  resulting
UOx-adsorbed  CF  (UOx-CF)  was  successfully  used  as  a  column-type  enzyme  reactor  coupled  with  a
peroxidase-adsorbed  CF-based  bioelectrocatalytic  H2O2 flow-detector  to  fabricate  a flow-amperometric
biosensor  for uric  acid.  In this  flow-biosensor  system,  H2O2 produced  in  the UOx-CF  reactor  was  cathod-
ically  detected  by  horseradish  peroxidase  (HRP)  and a thionine  (Th)-coadsorbed  CF  (HRP/Th-CF)-based
bioelectrocatalytic  flow-detector  at −0.05 V vs. Ag/AgCl.  Various  adsorption  conditions  of the  UOx  (i.e.,  pH
of the adsorption  solution,  type  and  concentration  of  the  buffer  used  as the  adsorption  solvent,  UOx  con-
centration  and  adsorption  time)  and  the operational  conditions  of  the  UOx-CF  and  HRP/Th-CF-coupled
flow-biosensor  (i.e., carrier  flow rate  and  carrier  pH)  were  optimized  to obtain  highly  sensitive,  selective
eroxidase
arbon-felt

and stable  peak  current  responses  to uric  acid.  The  analytical  performance  of  the  UOx-CF  and  HRP/Th-
CF-coupled  flow  biosensor  for  uric acid  was  as  follows:  sensitivity,  0.25  �A/uM;  linear  range,  0.3–20  �M;
lower  detection  limit,  0.18  �M;  and  sample  throughput,  ca. 30–90  samples/h.  The  resulting  ampero-
metric  flow-biosensor  for uric acid  allowed  the  determination  of  uric  acid  in highly  diluted  body  fluids
(human  serum  and  urine),  and  the  analytical  results  obtained  by  the  present  biosensor  were  in  fairly
good  agreement  with  those  obtained  by conventional  enzyme-based  spectrophotometry.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

Uric acid is a final product of the purine-metabolic pathway,
nd its detection is clinically important in the diagnosis of dis-
ases caused by the disorder of purine biosynthesis and/or purine
atabolism (e.g., gout, hyperuricema, Lesch–Nyhan syndrome and
ardiovascular disease) [1].

Colorimetric methods based on the reduction ability of uric acid
2],  adsorption chromatography [3] and high-performance liquid
hromatography [4] have been employed for the detection of uric
cid in body fluids. These methods, however, usually require time-
onsuming and relatively complicated procedures and relatively
xpensive equipment.

Uricase (EC. 1.7.3.3. urate oxidase, UOx) catalyzes the oxidative

ransformation of uric acid to allantoin with concomitant conver-
ion of molecular oxygen to hydrogen peroxide [5].  Because UOx
as a high specificity for uric acid, a UOx-based enzymatic assay has

∗ Corresponding author. Tel.: +81 48 585 6840; fax: +81 48 585 6840.
E-mail address: hasebe@sit.ac.jp (Y. Hasebe).

731-7085/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpba.2011.08.021
also been developed. In this case, enzymatically produced hydro-
gen peroxide is colorimetrically detected via a peroxidase–organic
dye-coupling reaction [6].  A UOx-based fluorometric assay was also
reported [7].  Again, however, these methods are not necessarily
simple or convenient.

As compared to the methods mentioned above, UOx-based uric
acid biosensors would be useful tools that could enable easy, simple
and highly specific determination of uric acid [8–20]. In particular,
a biosensor with a flow-injection mode (i.e., FIA-based biosensors)
has the following advantages; (i) potential applicability for on-
line analysis; (ii) possible high sample throughput; and (iii) the
detectable concentration range and sensitivity can be easily altered
by changing the sample injection volume. Therefore, the develop-
ment of a highly functional, flow-type uric acid biosensor would be
useful, especially for clinical analysis.

Carbon-felt (CF) is a microelectrode ensemble of micro-carbon
fibers (ca. 7 �m diameter) with random three-dimensional struc-

tures [21]. CF has high conductivity and a large effective surface
area (estimated to be 0.1–20 m2 g−1), which allows large measur-
able current density and high electrolytic efficiency. In addition, the
high porosity of CF (>90%) permits a low diffusion barrier of solution

dx.doi.org/10.1016/j.jpba.2011.08.021
http://www.sciencedirect.com/science/journal/07317085
http://www.elsevier.com/locate/jpba
mailto:hasebe@sit.ac.jp
dx.doi.org/10.1016/j.jpba.2011.08.021
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ow. Thus CF is very useful as the working electrode unit of electro-
hemical flow-through detectors [22–26].  As compared with other
orous electrodes, CF has the following advantages: (i) inexpensive;
ii) physically stable; (iii) easily handled; and (iv) easily manufac-
ured to arbitrary shapes.

Thus, biomolecule-immobilized CF is useful as a working elec-
rode unit in electrochemical flow-biosensors. From this view
oint, we have been studying simple, convenient and effective pro-
ocols for enzyme immobilization onto the CF surface, and have
eveloped enzyme-modified CF-based flow-biosensors [22–26].
mong various enzyme immobilization methods, physical adsorp-

ion is the simplest and most convenient. In previous studies, we
eported that coadsorption of horseradish peroxidase (HRP) and
hionine (Th) onto CF is effective for developing a highly sensitive
ioelectrocatalytic flow-through detector for the amperometric
etermination of hydrogen peroxide [24–26].  In this case, the coad-
orbed Th played an important role in facilitating the direct electron
ransfer between the HRP-active heme-center and the CF elec-
rode surface [24–26].  Furthermore, the resulting HRP/Th-CF-based
ow-through detector exhibited an excellent operational stability
repetitive 100 sample injection of 100 �M H2O2 induced no seri-
us current decrease, and the RSD was 0.41–1.21% (n = 100) [24].
trong interactions between the HRP molecule and the CF surface
ay  contribute to this stable response. In addition, this HRP/Th-

F-based flow-through detector has excellent sensitivity toward
2O2 (detection limit, 0.02 �M)  [26]. Therefore, the combination
f this HRP/TH-CF-based H2O2 flow-detector and oxidases, which
roduce H2O2 during their catalyzed reactions, could enable the
evelopment of various flow-biosensors for the determination of
he substrates of oxidases.

In this study, which is part of a series of studies on enzyme-
odified CF-based flow-biosensors, we prepared UOx-adsorbed

F (UOx-CF) and combined it with the HRP/Th-CF-based H2O2
etector to fabricate an electrochemical FIA uric acid biosensor. As
hown in Fig. 1, hydrogen peroxide produced enzymatically during
he UOx-catalyzed oxidation of uric acid in the UOx-CF reactor is
lectrochemically detected by the HRP/Th-CF-based flow-through
etector at −50 mV  vs. Ag/AgCl. The main purpose of this study is
s follows: (1) optimization of UOx adsorption conditions; (2) opti-
ization of operational conditions; (3) evaluation of the analytical

erformance of the CF-based uric acid biosensor; and (4) determi-
ation of uric acid in human serum and urine using the present
F-based uric acid biosensor. If successful, the new system would
e the first example of the combination of an oxidase-modified CF
eactor and an HRP-based H2O2 flow-detector for fabrication of an
xidase/peroxidase coupled flow-biosensor.

. Experimental

.1. Reagents and materials

Horseradish peroxidase (HRP) [EC 1.11.1.7.; >100 units/mg] and
ricase (UOx) [EC 1.7.3.3, from candida sp. 4.2 units/mg] were pur-
hased from Wako Pure Chemicals and were used as received.
ric acid and 30% (v/v) hydrogen peroxide were also obtained

rom Wako Pure Chemicals. Thionine chloride (Th) was  pur-
hased from Tokyo Kasei Kogyo, Co. All of the other chemicals
ere of the highest grade available. A carbon-felt sheet (CF; GF-

0-3F, which was prepared by pyrolysis of polyacrylonitrile at
000 ◦C) was obtained from Nippon Carbon Ltd. The CF sheet
density 0.13 g/cm3 and porosity greater than 90%) was cut into

n appropriate size (i.e., 10 × 3 × 3 mm in size; weight ca. 12 mg;
pparent volume 90 mm3) and used as the immobilization (phys-
cal adsorption) matrix for the enzymes (i.e., UOx and HRP). The
Ox-adsorbed CF (UOx-CF) was used as a flow-bioreactor, and
d Biomedical Analysis 57 (2012) 125– 132

the HRP and Th adsorbed CF (HRP/Th-CF) was  used as a flow-
through bioelectrocatalytic detector for H2O2. A standard solution
of uric acid was prepared by dilution of uric acid with 0.1 M phos-
phate buffer (pH 8.0) as the carrier. An H2O2 standard solution
was prepared by dilution of 30% H2O2 with buffer immediately
prior to use. A 0.1 M phosphate buffer (prepared by using K2HPO4
and KH2PO4) was used as the standard sample and carrier solu-
tion. All of the solutions were prepared with doubly distilled
water.

2.2. Preparation of enzyme-immobilized CF

Prior to surface modification, the CF was  washed by ultra-
sonication for 15 min  in distilled water. The UOx-adsorbed CF
(UOx-CF) was  prepared as follows: The CF was immersed in
UOx-dissolved 0.1 M buffer solution at room temperature. Various
adsorption conditions (i.e., pH, type of buffer, buffer concentration,
UOx concentration and adsorption time) were optimized to obtain
the largest peak current response to uric acid. Various buffers (pH
7.0, 0.1 M)  [i.e., phosphate buffer, Britton–Robinson buffer, Tris–HCl
buffer and borate buffer] were used as adsorption solutions for UOx.
The HRP and Th-adsorbed CF (HRP/Th-CF) was prepared according
to the methods previously reported by us [26]. Briefly, the CF was
immersed in an HRP (0.033 mg  ml)  and Th (0.5 mM)  mixed aque-
ous solution for 5 min  under ultrasonic irradiation at 25 ◦C. These
enzyme-adsorbed CFs were stored in 0.1 M phosphate buffer (pH
8.0) in the refrigerator at 4 ◦C when not in use.

2.3. Electrochemical measurements

In order to evaluate the interfacial properties of the UOx-
adsorbed CF, cyclic voltammetry (CV) and electrochemical
impedance spectroscopy (EIS) were performed with an elec-
trochemical analyzer (ALS 6122a, USA). A deoxygenized 0.1 M
phosphate buffer (pH 8.0, 15 ml)  containing 0.25 mM  hydro-
quinone was used as an electrolyte solution. Prior to measurement,
pure nitrogen gas was bubbled into the solution for at least
for 20 min  to remove dissolved oxygen. The CV and EIS mea-
surements were carried out under anaerobic conditions at room
temperature with a conventional three electrodes system [i.e., the
UOx-CF with platinum lead wire (0.5 mm  of diameter) was the
working electrode, a platinum wire (1 mm  of diameter) was the
counter electrode and Ag/AgCl (RE-1B, BAS, 3 M NaCl) was the
reference electrode]. The applied potential was set at the for-
mal  potential of the hydroquinone/p-quinone redox system (i.e.,
0.05 V vs. Ag/AgCl at pH 8.0). The frequency ranged from 0.01 Hz to
10 kHz.

2.4. Flow injection detection of uric acid and H2O2 by the UOx-CF
and HRP/Th-CF-coupled flow-biosensor

The flow injection analysis (FIA) system used in this study is
essentially the same as the previously reported system, except
for the insertion of the UOx-CF-bioreactor between the pump
and the HRP/Th-CF-based H2O2 detector [24–26].  The schematic
diagram of the UOx-CF-bioreactor and HRP/Th-CF-biodetector cou-
pled FIA uric acid biosensor and the detection scheme for uric acid
are shown in Fig. 1. The UOx-CF and HRP/Th-CF-coupled flow-
uric acid biosensor is composed of a double syringe analytical
pump (Sanuki Industry, SNK DX2000) with a six-way injection
valve (SVM-6M2, SNK, 200 �L injection loop), the UOx-CF-based
column-type-bioreactor, and the HRP/Th-CF-based bioelectrocat-

alytic flow-through H2O2 detector connected to an electrochemical
analyzer (ALS 611B). A single-line manifold for the FIA system
was made from a 0.5 mm diameter PTFE tube with a distance of
40 cm between the injection valve and the UOx-CF-reactor and
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Fig. 1. (A) Schematic diagram of the UOx-CF and the HRP/Th-CF-coupled FIA bi

 cm between the UOx-CF reactor and the HRP/Th-CF detector.
efore the measurements were taken, air-saturated 0.1 M phos-
hate buffer (pH 8.0) was injected at 1.9 ml/min for 1000 s to
emove weakly adsorbed species. After the background current of
he detector had reached steady-state values at −0.05 V vs. Ag/AgCl,
ric acid standard solutions were injected and the cathodic peak
urrent responses based on the HRP-catalyzed electro-reduction of
2O2 produced via UOx-catalyzed oxidation of the uric acid were

ecorded (Fig. 1 B). All FIA experiments were carried out at labora-
ory ambient temperature (22–24 ◦C). Throughout this experiment,
he applied potential to the HRP/Th-CF-based detector was set at
0.05 V vs. Ag/AgCl because this potential is suitable for obtaining

 greater current ratio of the peak current versus the background
urrent [25] and to avoid direct electrochemical oxidation of ascor-
ic acid, which causes interference. As reported previously, at this
etection potential, we measured the cathodic current based on the
irect electron-transfer between HRP intermediates (compounds I
nd II) and the CF electrode surface (not the mediated current of
o-adsorbed Th) [26] (see Fig. 1B).

.5. Assay of uric acid in human serum and urine samples

Control human serum (Wako Pure Chemicals) was  used as
he serum sample. Human urine samples were collected without
reservation and assayed within 5 h after the time of collec-
ion. Urine samples were collected from healthy male volunteers
students of our university aged 21–23 that provided informed
onsent). All urine samples were collected within 2 h after food
ntake. For determination of uric acid in these real samples using
he present biosensor, serum and urine were diluted 100 times
nd 1000 times, respectively, using the carrier (air-saturated 0.1 M
hosphate buffer, pH 8.0). Both real samples were filtered through

 0.45-�m membrane filter (Advantec, Dismic-3cp), and a 200 �L
ortion of the sample was injected. After a calibration curve was
stablished, the diluted real samples were injected. A commercially
vailable Urate-C test kit (Wako Pure chemicals) was  manually used
or the determination of uric acid in the same serum and urine
amples (diluted 10 times). This kit contains uricase, ascorbate oxi-

ase, peroxidase and color-producing reagent, and uric acid can be
pectrophotometrically detected at 550 nm.  The analytical results
ere compared with those obtained by the UOx-CF and HRP/Th-
F-coupled flow-biosensor.
r for uric acid. (B) Detection scheme for uric acid by the present FIA biosensor.

3.  Results and discussion

3.1. Optimization of UOx-adsorption conditions

Although some UOx-based biosensors have employed various
immobilization matrices for UOx (e.g., polyaniline [8];  eggshell
membrane [9];  a layer-by-layer polyelectrolyte film [10]; a
Langmuir–Blodgett film [11]; an epoxy-resin-biocomposite mem-
brane [12]; and a sol–gel matrix [17]), there has been little study
of the direct physical adsorption of UOx on an electrode surface
(especially carbon electrodes).

In general, protein adsorption onto the surface is a complex
process involving various interactions, such as hydrogen bonding,
electrostatic interactions, hydrophobic interactions, and van der
Waals interactions. Thus, various factors such as the pH and ionic
strength of the adsorption solution, surface chemistry, and surface
morphology can affect protein adsorption situations.

Given these considerations, we  first optimized the pH of the
adsorption solution to obtain larger responses. Because phos-
phate buffer is the most commonly used buffer at physiological
pH, the pH was  controlled by using a 0.1 M phosphate buffer
(KH2PO4/K2HPO4) over the pH range from pH 5.0 to 9.0. Although
the buffer capacity of phosphate buffer at acidic and alkaline pH
regions (i.e., pH 5 and 9, in this case) is weak, we  confirmed that
the pH of the UOx-dissolved solutions was not changed during the
adsorption period.

The catalytic activity of the adsorbed UOx  on the CF surface was
evaluated by measuring the cathodic peak current to 10 �M uric
acid by the UOx-CF and HRP/Th-CF-coupled flow-biosensor (see
Fig. 1B). As can be seen in Fig. 2A, among examined pH levels (from
pH 5.0 to 9.0), the neutral pH region (pH 6.0–8.0) seemed to be
preferable for obtaining greater catalytic activity, and the largest
activity was  obtained at pH 7.0, although the optimum pH of the
catalytic activity of free UOx (from candida sp.) is reported to be pH
8.5 [5]. This result implies that the pH of the adsorption solution
affects not only the structure and activity of the UOx  but also the
interfacial properties of the adsorbed UOx-layer on the CF surface
(e.g., amount, orientation and conformation of the adsorbed UOx).
Electrochemical impedance spectroscopy (EIS) is useful for
studying the interfacial properties of surface-modified electrodes
[27]. In the present case, the surface coverage of the adsorbed UOx
on the UOx-CF surface can be evaluated by EIS, assuming that (1) the
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Fig. 2. (A) Effect of the pH of the UOx adsorption solution upon the relative peak current responses to 10 �M uric acid. 0.1 M phosphate buffer containing UOx (0.5 mg ml)  was
used  as an adsorption solution. Adsorption time was  30 min. Air-saturated 0.1 M phosphate buffer (pH 8.0) was used as the carrier at a flow rate of 1.9 ml/min. The applied
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lectroactive species (in this case, hydroquinone/p-quinone) can
irectly diffuse to bare spots on the CF through pores and defects

n the adsorbed UOx layer; and (2) the electroactive species can
ermeate through the adsorbed UOx layer and react at the CF sur-
ace. Nyquist plots of EIS for UOx-CF prepared from pH 5.0, 7.0 and
.0 solutions are displayed in Fig. 2B. The electron transfer resis-
ance (Rct) at the electrode surface, which can be estimated by the
yquist diameter, is a useful parameter for evaluating the inter-

acial properties of protein-adsorbed electrode surfaces [27]. The
stimated Rct value of the UOx-CF prepared at pH 5.0 (curve a,
2800 �)  was larger than that for the materials prepared at pH
.0 (curve b, ≈1900 �)  and 9.0 (curve a, ≈1300 �).

It was reported that maximum adsorption occurs at the pH near
he isoelectric point (pI)  of the protein, where the net charge of
he protein is zero and the protein molecule is in its most compact
orm [28,29]. The pI of UOx (from candida sp.) is reported to be pH
.6 [5].  Thus, the observed EIS results for the surface coverage of
he adsorbed UOx are reasonable. Although the detailed structure
f the adsorbed UOx-layer (e.g., orientation, conformational relax-

tion and multilayer build-up formation) cannot be characterized
y this EIS data, it is reasonable to say that the surface coverage
f the adsorbed UOx-layer is significantly affected by the solution
H and that larger surface coverage of the adsorbed UOx is not
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uffers were used. The UOx concentration was fixed at 0.5 mg  ml  and the adsorption tim
he  relative peak current response to 10 �M uric acid. Phosphate buffer was  used. The me
e pH values of the adsorption solutions are (a) 5, (b) 7 and (c) 9. EIS measurements
ate buffer (pH 8.0) containing 0.25 mM hydroquinone was used as an electrolyte
.05 V vs. Ag/AgCl). The frequency is from 0.01 Hz to 10 kHz.

necessarily favorable for the apparent activity of the adsorbed UOx
on the CF surface. Synergistic effects of pH on the activity and struc-
ture of the UOx and on its adsorption behavior would explain this
result.

It has also been reported that buffer type and buffer concentra-
tion have significant effects on protein adsorption [30]. Thus we
next examined the effect of the type of buffer used for UOx adsorp-
tion. Four kinds of 0.1 M buffers (i.e., phosphate buffer, Tris–HCl
buffer, Britton–Robinson buffer and borate buffer) were exam-
ined with the pH maintained at pH 7.0. As shown in Fig. 3A,
the order of magnitude of the relative peak current responses
to 10 �M uric acid (average of five consecutive injections) was
as follows: phosphate buffer (100%, RSD = 1.35) > Britton–Robinson
buffer (96%, RSD = 2.26) > Tris–HCl buffer (70%, RSD = 0.27) > borate
buffer (61%, RSD = 1.01). Inorganic ions, metal ions and ionic species
present in the buffer solutions might interact with not only the UOx
molecule but also the CF surface, which would influence both the
activity and the adsorption phenomena of the UOx. Based on this
result, we selected phosphate buffer as the UOx-adsorption solvent.
Because the type of buffer affected the activity of the
adsorbed UOx on the CF, we  considered that buffer concen-
tration could also affect UOx-adsorption behavior. Therefore
we examined the effect of buffer concentration using three
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Fig. 4. (A) Effect of adsorption solution UOx concentration on the relative peak current responses to 10 �M uric acid. 0.1 M phosphate buffer (pH 7.0) was used as an
a ons fo
o l.  The

p
s
e
i
t
o
s

p
i
b
p
a
l

c
l
c
t
a

a
c
c
a
h
m
b
g
T
t
t
s
a
i
a
o
i
t
l
o
n
t
h
p

dsorption solution and the adsorption time was  30 min. The measurement conditi
f  UOx-adsorbed CFs. UOx concentrations are (a) 0.1, (b) 0.25, (c) 0.5 and (d) 1 mg  m

hosphate buffer concentrations (0, 20, 100 and 500 mM).  Fig. 3B
hows the comparison of the peak current responses, which were
valuated as the catalytic activities of the UOx-CF reactor. The activ-
ty of the adsorbed UOx tended to increase as the concentration of
he phosphate buffer increased from 0 to 100 mM,  and the activities
f the UOx-CF prepared at 100 and 500 mM buffer concentrations
eemed to be nearly the same.

The effect of ionic strength on protein adsorption is rather com-
lex [28,29]. In some cases, protein adsorption is enhanced at high

onic strength due to the reduction of lateral electrostatic repulsion
etween the adsorbed protein molecules, which leads to increased
rotein density on the surface. However, inversely, the adsorption
mount of lysozyme on modified agarose gels (at pH 7.4, pI of the
ysozyme) decreased with increasing ionic strength.

The estimated Rct value of the UOx-CF prepared at higher buffer
oncentrations was larger than that of the UOx-CF prepared at a
ower concentration. These results suggest that at higher buffer
oncentrations, the conformational stability of the adsorbed pro-
ein may  be enhanced, which would lead to an increase in the
mount of active UOx molecule on the CF surface.

In our previous study, we reported that the activity of the
dsorbed HRP on the CF was significantly influenced by the HRP
oncentration in the adsorption solution, and a higher HRP con-
entration (0.3–1 mg  ml)  was found to be unsuitable for obtaining

 larger peak current response to H2O2 [25]. Other researchers also
ave reported that the structure of the protein (human serum albu-
in) adsorbed on a hydrophobic surface is significantly influenced

y the bulk protein concentration [31]. Therefore, we  next investi-
ated the effect of the UOx concentration in the adsorption solution.
he UOx was dissolved in 0.1 M phosphate buffer (pH 7.0), and
he adsorption time was fixed at 30 min. Fig. 4A shows the rela-
ionship between the UOx concentration in the UOx-adsorption
olution and the cathodic peak current response to 10 �M uric
cid. The magnitude of the peak current to uric acid increased with
ncreasing UOx concentration up to 0.5 mg  ml  and then decreased
t 1 mg  ml.  Nyquist plots of UOx-CFs prepared from UOx solutions
f various concentrations are shown in Fig. 4B. These EIS results
ndicate that a higher UOx bulk concentration in the UOx adsorp-
ion solution leads to larger surface coverage of the adsorbed UOx
ayer on the CF surface. Comparing the results at 0.5 and 1 mg  ml
f UOx, it is supposed that the larger amount of adsorbed UOx is

ot necessarily preferable for a larger response. A higher bulk pro-
ein concentration produces dense and thin layers of protein on the
ydrophobic surface [31]. Other literature suggests that compact
acking and/or multilayer-formation tend to cause the deactivation
r the peak current are the same as those in Fig. 2A and (B) Nyquist plots of the EIS
 EIS measurement conditions are the same as those in Fig. 2B.

of  adsorbed enzymes in which lateral interactions between the
adjacent adsorbed enzymes likely drive a structural transition pro-
cess [32]. Thus, the interfacial properties of the adsorbed UOx (i.e.,
surface coverage, layered structure and molecular-packing condi-
tions) influence the catalytic activity of the adsorbed UOx  on the
CF. Based on these results, we selected 0.5 mg ml as the optimum
UOx concentration for adsorption.

Finally, we studied the effect of adsorption time (5, 30 and
60 min) using 0.1 M phosphate buffer (pH 7.0) containing UOx
(0.5 mg  ml). With an increase in the adsorption time from 5 to
30 min, the catalytic activity of the UOx-CF also increased, but
nearly the same activities were observed for the 30 and 60 min
adsorptions (data not shown). The Rct values of the UOx-CF pre-
pared with 30 and 60 min  adsorption times were also the same (ca.
1900 �).  These results imply that the UOx adsorption kinetics are
fast, and that the CF was nearly saturated within 30 min under the
present adsorption conditions.

Although the detailed surface-morphology, coverage and struc-
ture of the adsorbed UOx layer on the CF surface are not clear at
the present stage, overall we determined the optimized adsorp-
tion conditions as follows: 0.1 M phosphate buffer at pH 7.0, a UOx
concentration of 0.5 mg  ml,  and an adsorption time of 30 min.

3.2. Optimization of the operational conditions

Because this uric acid biosensor is a UOx and HRP-coupled sys-
tem, the activities of both enzymes should influence the response.
As shown in Fig. 1B, H2O2 produced by the UOx-catalyzed oxidation
of uric acid in the UOx-CF reactor is detected amperometrically at
the HRP/Th-CF-based flow detector. Thus, in order to optimize the
operational conditions, we  first examined the effect of the carrier
pH on the peak current response to uric acid.

Fig. 5A shows the effect of the carrier pH on the peak current
responses to uric acid and H2O2. The pH was adjusted by using
a 0.1 M phosphate buffer. Although the capacity of the phosphate
buffer is weak at acidic and alkaline regions (in this case, pH 5.0
and pH 9.0), we  confirmed that the pH was not changed during the
experiment. As shown by the solid circles, the response to uric acid
was considerably influenced by the carrier pH, and a slight alkaline
condition (pH 8.0) seemed to be preferable. In the slightly acidic
region (pH 5.0 and 6.0), however, the response to uric acid is less

than 10% of that at pH 8.0. In contrast, in the case of the response to
H2O2, a slightly acidic pH seemed to be preferable (pH 6.0 showed
the maximum response), probably due to the broad pH dependency
of HRP activity [33]. The optimum pH for the UOx (free enzyme)
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Fig. 5. (A) Effect of carrier pH on the relative peak current responses to 10 �M uric
acid  (�) and 10 �M H2O2 (©). Air-saturated 0.1 M phosphate buffer (pH 8.0) was
used as the carrier at a flow rate of 1.9 ml/min. The applied potential is −0.05 V vs.
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Fig. 6. Typical peak current responses to various concentrations of uric acid stan-
g/AgCl and (B) effect of carrier flow rate on the relative peak current responses to
0  �M uric acid (�) and 10 �M H2O2 (©). Air-saturated 0.1 M phosphate buffer (pH
.0) was used as the carrier.

sed in this study is pH 8.5 [5],  and since this uric acid biosensor
s a UOx–HRP-coupled system, it should be safe to assume that the
ctivity of the UOx-CF reactor primarily determines the response
o uric acid. Accordingly, we selected 0.1 M phosphate buffer (pH
.0) as the carrier solution.

Carrier flow rate is one of the important factors that influence
he analytical performance of an FIA biosensor. The theory of flow
lectrolysis on a porous electrode has been reported [34], and the
ocal limiting current (iL) of the porous electrode was  given by

L = RnFCV (1)

here n is the number of electrons transferred per molecule, F is
he Faraday constant, C is the local concentration of the electro-
ctive species and V is the specific flow rate, i.e., the volume flow
hrough a unit of cross-sectional area of the electrode. Here, R is the
onversion efficiency, given by

 = 1 − exp(−msaL/V) (2)
here m is the mass transfer coefficient, s is the specific surface
rea, a is the cross-sectional surface area of the electrode and L is the
ength of the electrode. From these equations, it can be understood
hat the limiting current of the porous electrode in a flow-through
dard solutions. Uric acid concentrations: a, 1; b, 3; c, 10; d, 30; and e, 100 �M.
Air-saturated 0.1 M phosphate buffer (pH 8.0) was used as the carrier at a flow rate
of  1.9 ml/min. The applied potential is −0.05 V vs. Ag/AgCl.

detector should essentially be proportional to the carrier flow rate,
which differs from disk electrodes.

Thus, we next investigated the effect of the carrier flow rate on
the peak current responses to uric acid and H2O2. The carrier flow
rate was  varied in the range from 0.4 to 1.9 ml/min (1.9 ml/min
is the maximum limit of the pump used in this study). As shown
in Fig. 5B, the peak current responses to both uric acid and H2O2
increased with increasing carrier flow rate. These results imply that
the rate of the enzymatic oxidation of uric acid by the UOx-CF and
the rate of the bioelectrocatalytic reduction of H2O2 by the HRP/Th-
CF are both sufficiently fast, and mass transport (i.e., uric acid,
oxygen and H2O2) limits the response of this uric acid biosensor.

3.3. Analytical performance of the uric acid biosensor

Under the optimized operational conditions (carrier flow rate of
1.9 ml/min and carrier pH of 8.0), we  evaluated the analytical per-
formance of the UOx-CF and HRP/Th-CF-coupled flow-biosensor for
uric acid. Fig. 6 illustrates typical peak current responses to vari-
ous concentrations of uric acid. As can be seen, the reproducibility
of the response to the same concentrations of samples seems to
be good. The RSDs (n = 3) varied from 0.16 to 2.17. The peak width
was in the range of ca. 35–110 s. Thus the sample throughput was
in the range of ca. 30–90 samples/h. The peak currents were found
to be linear over the concentration range from 0.3 to 20 �M with
a sensitivity of 0.25 �A/�M (correlation coefficient, r2 = 0.9968).
The lower detection limit was  found to be 0.18 �M (S/N = 3, noise
level 15 nA). These analytical parameters (i.e., sensitivity, detection
limit and linear calibration range) of the electrochemical FIA uric
acid biosensor are superior to those of other uricase/peroxidase-
coupled bienzyme electrochemical uric acid biosensors (e.g.,
UOx/peroxidase bilayer-modified tin(IV) oxide electrode, 5 �M
[13]; poly(o-aminophenol)-modified bienzyme carbon paste elec-
trode, 3 �M [14]; microperoxidase modified mixed self-assembled
monolayer and UOx-combined Au electrode, 2 �M [15]; and
UOx/HRP-coupled fluorimetric fiber optic biosensor, 0.89 �M [18];
and chemiluminescence biosensor chip based on a microreactor,
0.6 �M [20]) and almost comparable to the UOx/peroxidase-
coimmobilized Teflon membrane-based urate biosensor, 0.1 �M
[16]. However, the sensitivity of the present uric acid sensor is

inferior to that of a fluorescent-based UOx–peroxidase sol–gel
biosensor, 0.02 �M [17] and a UOx–peroxidase coupled sepharose
column based luminol chemiluminescence system, 0.08 �M [19].
In our flow biosensor system, however, a decrease in the sample
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Table 1
Analytical results of uric acid in body fluids.

Sample Sensora Spectrophotometryb

[uric acid] (mM)  RSD (%) n = 3 [uric acid] (mM)

Serum A 0.23 ± 0.007 3.23 0.20
Serum B 0.34 ± 0.01 3.12 0.31
Urine A 3.3 ± 0.06 1.89 3.1
Urine B 2.7 ± 0.05 1.99 2.8
Urine C 3.8 ± 0.05 1.53 3.6

a Sample was  diluted by 0.1 M phosphate buffer (pH 8.0). Dilution ratios of the
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erum and urine samples were 100 and 1000 times, respectively.
b Sample was diluted ten times by using phosphate buffer (pH 6.4) provided from

he  Urate-C test kit.

njection volume (e.g., 200–50 �l) may  result in the expansion of
ts linear range.

The electrochemical Lineweaver–burk double reciprocal plot is
iven by

 = Imax[uric acid]/(Kapp
m + [uric acid]) (3)

he apparent Kapp
m and Imax were estimated to be 22.9 �M and

.81 �A, respectively, based on the equation Y = 2.5898X + 0.1168
r2 = 0.9989).

.4. Determination of uric acid in human serum and urine
amples

We applied the present uric acid biosensor to real sample anal-
sis. Human serum and urine samples were diluted 100 and 1000
imes, respectively, using the carrier buffer (0.1 M phosphate buffer
t pH 8.0), and injected three consecutive times.

The analytical results were compared with those obtained using
 commercially available colorimetric uric acid analysis kit. Table 1
hows the comparison of the analytical results for the human
erum and urine obtained by the present flow-biosensor and with
onventional enzyme (uricase/peroxidase)-based spectrophotom-
try. As can be seen, the analytical results obtained by the present
ensor seem to be in fairly good agreement with the standard spec-
rophotometric method. The determined uric acid concentrations
n human serum were close to the average serum uric acid level
0.12–0.42 mM)  [1].  Since this sensor has sufficient sensitivity for
ric acid in highly diluted body fluids (100–1000 times), the elec-
rochemical interference of ascorbic acid can be avoided, resulting
n the accurate measurement of uric acid in human body samples.

.5. Stability and reproducibility

Operational stability is an important parameter of flow biosen-
or systems, especially for on-line analysis applications. As reported
reviously, the HRP/Th-CF-based flow-detector exhibited excellent
perational stability for repetitive injections of H2O2 (repetitive
00 sample injection of 100 �M H2O2 induced no serious current
ecrease, and the RSD was 0.41–1.21% (n = 100) [24]. Consecu-
ive injections of 10 �M uric acid standard solutions (15 samples)
n the new biosensor resulted in stable responses (the RSD was
.55, n = 10). Therefore, it can be reasonably assumed that serious
esorption and inactivation of adsorbed UOx is negligible at least
uring the continuous measurement period (up to 3 h).

In order to evaluate the intra-day precision (between-lot varia-
ion) of UOx-CF, three UOx-CFs were prepared in the same manner
n the same day, and the peak current responses to 10 �M uric
cid (five consecutive injections) were measured. In order to reduce

he effect of the between-lot variation of the HRP/Th-CF detector,
e used the same HRP/Th-CF detector throughout this validity-

heck experiment. As reported previously, the HRP/Th-CF-based
ow-through detector exhibited an excellent operational stability
d Biomedical Analysis 57 (2012) 125– 132 131

[24].  The RSD value (n = 3) for the peak current response to uric acid
obtained by different UOx-CF-reactors was  3.2%, indicating that the
present physical adsorption protocol of the UOx-CF has acceptable
reliability.

Because the activities of both the UOx-CF and HRP/Th-CF reflect
the total response of the present flow-biosensor, we also evalu-
ated the inter-day precision of the present biosensor. The RSD of
the peak current responses to 10 �M uric acid was  4.84% (n = 4).
Therefore, it can be safe to say that the enzyme-adsorbed CF-reactor
and detector-coupled flow-biosensor has acceptable reproducibil-
ity even though the preparation protocol is quite easy and simple,
which is one of its notable advantages.

Storage stability was  also checked. When not in use, the UOx-
CF was  stored in 0.1 M phosphate buffer (pH 8.0) at 4 ◦C in the
refrigerator. The HRP/Th-CF was prepared every time because the
fabrication reproducibility of the HRP/Th-CF is acceptable (5.7%,
n = 3). Unfortunately, the UOx-CF exhibited ca. 81% of its original
activity after 3 days of storage. Moreover, the activity of the UOx-CF
was decreased to ca. 63% after 7 days.

In order to confirm the interfacial properties of the UOx-CF (i.e.,
amount and structure of adsorbed UOx), we checked the change
in the surface resistance evaluated by the Nyquist diameter of the
EIS. Although the Rct value on the initial day was  ca. 1500 �, the
Rct value gradually increased during the storage period (3rd day,
ca. 1800 � and 7th day, ca. 3000 �).  These results suggest that the
reduced storage stability of the UOx-CF may  mainly be caused by
unfavorable conformational changes (e.g., spreading and/or unfold-
ing) of the adsorbed UOx on the CF surface and not desorption
(leaching) from the CF surface. Thus, some appropriate additives
(e.g., conformational tightening reagents) and/or entrapment of
UOx in a polymer matrix and/or chemical modification of UOx on
the CF surface could be useful for improving its storage stability,
and such studies are currently underway in our laboratory.

4. Conclusion

In this work, we have developed a simple and relatively highly
sensitive enzyme-adsorbed CF-based flow-biosensor for uric acid.
The UOx-adsorbed CF (UOx-CF) was used as a column-type reactor
and was combined with a highly sensitive bioelectrocatalytic flow
detector for H2O2 using HRP/Th-coadsorbed CF (HRP/Th-CF). The
adsorption conditions for UOx and the operational conditions of
the UOx-CF and HRP/Th-CF-coupled uric acid flow biosensor were
optimized. The resulting UOx-CF and HRP/TH-CF-coupled flow-
biosensor allowed continuous, reproducible and highly sensitive
determination of uric acid within the concentration range between
0.3 �M and 20 �M.  The stable response (good operational stabil-
ity) of this sensor may  be originated from the strong affinity of
both UOx and HRP on the CF surface. Furthermore, the biosensor
allowed the accurate determination of uric acid in human serum
and urine. Improvement of the storage stability of the UOx-CF is
now underway in our laboratory.
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