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This work develops and validates an electrochemical
approach for uric acid (UA) determinations in both
endogenous (cell lysate) and physiological (serum) samples.
This approach is based on the electrocatalytic reduction
of enzymatically generated H,O. at the biosensor of
uricase—thionine—single-walled carbon nanotube/
glassy carbon (UOx—Th—SWNTs/GC) with the use of
Th—SWNTs nanostructure as a mediator and an en-
zyme immobilization matrix. The biosensor, which was
fabricated by immobilizing UOx on the surface of
Th—SWNTs, exhibited a rapid response (ca. 2 s), a low
detection limit (0.5 + 0.05 pM), a wide linear range
(2 uM to 2 mM), high sensitivity (~90 gA mM™! cm™2),
as well as good stability and repeatability. In addition,
the common interfering species, such as ascorbic acid,
3,4-dihydroxyphenylacetic acid, 4-acetamidophenol,
etc., did not cause any interference due to the use of a
low operating potential (—400 mV vs saturated calomel
electrode). Therefore, this work has demonstrated a
simple and effective sensing platform for selective
detection of UA in the physiological levels. In particu-
lar, the developed approach could be very important
and useful to determine the relative role of endogenous
and physiological UA in various conditions such as
hypertension and cardiovascular disease.

Uric acid (UA) is the main end-product of endogenous and
dietary purine derivatives in human metabolism.' It is generated
by the xanthine oxidase-catalyzed conversion of xanthine and
hypoxanthine. Its normal level in serum ranges from 0.3 to 0.5
mM and in urinary excretion is typically 1.4—4.4 mM.? The
alterations of UA concentration in body fluids may cause lots of
diseases and pathological disorders including gout,® arthritis,*
kidney disease,” cardiovascular disease,® neurological diseases,”
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etc. Therefore, it is an important marker molecule for diagnosis
and treatment of these disorders. Reliable and simple approaches
for routinely detection of UA are required in clinical laboratory.
Moreover, UA could play as an antioxidant in several tissues to
protect body against oxidative damage caused by ROS (reactive
oxygen species).® Recent studies suggest that soluble UA can
enter cells via specific transporters where it can induce proin-
flammatory and prooxidative effects.®° Thus, the intracellular UA
concentration has been a key in the mediation of its cellular
effects,>!1715 and its measurement is important in evaluating the
oxidative damage caused by ROS. Therefore, the determination
of concentration of the intracellular and extracellular UA could
lead to a better understanding of the clinical consequence of
elevated UA as well assist in studies designed to test the biological
effect of UA in cells.

Various techniques have been developed for analysis UA in
its biological environment, including electrochemical methods,'¢~*°
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chemiluminescence,2°~% fluorescence,?* chromatography,>?°~28

etc. Among those methods, the electrochemical approach has
attracted significant attention and is a promising method because
of their high sensitivity, low cost, rapid response, compatibility
for miniaturization, low manpower requirements, and compatibility
with microfabrication technology. The assay based on the direct
electrochemical oxidation of UA are usually affected by the
presence of other oxidizable species such as ascorbic acid (AA),
dopamine (DA), etc., in biological samples.?>** There were a lot
of papers published on the determination of the concentration of
UA in the brain extracellular fluid (ECF) based on the direct
electrochemical oxidation of UA at carbon paste and electrochemi-
cally treated carbon fiber electrodes,® 3¢ which are the two
electrode materials most widely used to detect UA in ECF. The
electrooxidation of UA is relatively well-behaved at both surfaces
of the two types of electrodes with peak potentials in the range of
250—350 mV, depending on the reference electrode. However,
the coexisted 5-hydroxytryptamine (5-HT) and 5-hydroxyindoleace-
tic acid (5-HIAA) have voltammetric peak potentials very similar
to UA, although not identical.>1*2343537 As a result, voltammo-
grams recorded in ECF consist of a single peak, and only very
complicated deconvolution analysis can separate the three signals
under some conditions.*” These lead to the development of a
uricase-based electrochemical method since enzymes have a
unique ability of molecular recognition, and consequently enzyme-
based assay is highly selective and sensitive.

Uricase (UOx) catalyzes the oxidation of UA to allantoin in
the presence of oxygen, producing CO, and H,0, simultaneously.
Quantification of UA is achieved by measuring the concentra-
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tion decrease of the dissolved oxygen in the system®° or

determining the amount of the enzymatically generated H,O,. 16174
Because the linear range of the assay based on O, consumption
is usually narrow (between 0.1 and 0.5 uM),** the method
based on the determination of H,O, has received considerable
interest. However, the oxidation of H,O, usually requires a
relatively high positive potential (usually over +0.6 V vs SCE).
Many other electroactive species usually coexisting in the
biological fluids can also be oxidized at the high potential, and
their electrochemical signals thus severely affect the selectivity
of the assay. Moreover, UA itself is oxidized at the electrode’s
surface at such a high potential. Therefore, interference
elimination represents a main task to be solved for this type of
biosensor. The interference can be partially overcome by
coating the biosensor with a membrane impermeable to
interfering species®® or oxidizing the interfering species before
they reach the biosensor.** However, coating with polymeric
films leads to lower signals and longer response time due to
the additional diffusion barrier, whereas using electrochemical
preoxidation displays a risk of oxidizing the substrate of
interest. To eliminate this risk, the oxidation of the interfering
species can be accomplished by enzymatic preoxidation,*’
which is achieved either by incorporating specific enzymes in
the sensor configuration or immobilizing them in reactors, thus
complicating the biosensor fabrication procedures.
Alternatively, the enzymatically generated H,O, can be moni-
tored based on its reduction because the electrochemical
reduction of H,O, that occurred at a relatively negative potential
does not give rise to the interference from those interfering
species. Behera and Raj reported a UA biosensor based on the
reduction of H,O, at the gold electrode by covalently coimmo-
bilizing microperoxidase-11 (MPx-11) and UOx on the mixed
self-assembled monolayer of 2-(2-mercaptoethylpyrazine) (PET)
and 4,4"-dithiodibutyltyric acid (DTB).!® However, the proce-
dures of biosensor fabrication are very complicated. This work
reports a UOx-based UA biosensor based on the reduction of
H,0, with the use of thionine—single-walled carbon nanotube
(Th—SWNTSs) nanostructures as mediator and immobilization
matrix. The preparation and characteristics of the novel UA
biosensor are presented. It is demonstrated that Th—SWNT's
possess the properties of individual components with a syner-
gistic effect toward the reduction of H,O,. This biosensor
exhibits ease of fabrication, good performance, fast response,
nice stability and reproducibility, and low detection limit.
Moreover, the developed biosensor can be used for UA
measurements in both endogenous (cell lysate) and the
physiological (serum) samples. In particular, the developed
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approach could be very important as there is increasing
evidence that intracellular UA may have a role in hypertension,
insulin resistance, and vascular disease. Our goal is not only
to design a novel biosensing platform but also to present a new
approach for determination of UA, which has potential utility
to bioelectroanalytical chemistry, cellular biology, pathophysi-
ology, etc.

EXPERIMENTAL SECTION

Chemicals. UOx (EC 1.7.3.3, from Bacillus fastidiosus, lyoph-
ilized powder, approximately 14.5 units/mg, Fluka), glucose, 3,4
dihydroxyphenylacetic acid (DOPAC), AA, UA, 4-acetamidophenol
(AP), p-fructose, sodium dodecylbenzene sulfonate (SDBS), and
thionine (in the form of chloride) were used as received. SWNTs
(<2 nm in diameter, Shenzhen Nanotech Port, Shenzhen, China)
were purified following the reported method.*® All other chemicals
were of analytical grade. All solutions were prepared with double-
distilled water. Solutions of H,O, were freshly diluted from the
30% solution, and their concentrations were determined using
a standard KMnOj solution. A 0.1 M phosphate buffer solution
(PBS, pH 7.4) was employed as the supporting electrolyte. A
stock UA solution was prepared in 0.3 M NaOH at a concentra-
tion of 10 mM and then diluted to 1 mM in PBS, with pH
adjusted to 7.4 using 1 M HCI.

Preparation of the Thionine—Single-Walled Carbon Nano-
tube/Glassy Carbon Electrode and Immobilization of UOx.
Thionine and UOx were assembled on the surface of SWNTSs by
taking advantage of the electrostatic interaction of these compo-
nents. Several experimental parameters were optimized to obtain
the best voltammetric response. Typically, 1 mg of SWNTs was
dispersed in 1 mL of SDBS aqueous solution (0.5 wt %) with the
aid of ultrasonication forming 1 mg mL™! SWNTs suspension.
When SWNTSs were sonicated and incubated in the solution,
the SDBS molecules were adsorbed on the surface of SWNTs
through hydrophobic interactions creating a distribution of
negative charges on SWNTs surface. These charges prevent
the SWNTSs from aggregation and induce their suspension in
water. Afterward, the SDBS-coated SWNTs were collected by
centrifugation at 18 000 rpm for 30 min. The supernatant was
removed, and the SWNTs (hereafter, unless otherwise speci-
fied, the SWNTs are referred to SDBS-coated SWNTs) were
thoroughly washed at least thrice with water to remove the
loosely adsorbed SDBS. To fabricate the SWNT/GC electrode,
2 mg of SWNTs were dispersed in 1 mL of water to give a 2
mg mL~! SWNTSs suspension. Then, 2 uL of the suspension
was cast onto the surface of pretreated glassy carbon electrode
(GC, 3 mm in diameter, CH Instruments) with a microsyringe
and the solvent was allowed to evaporate at ambient temper-
ature before use.

To assemble thionine and UOx, the SWNT/GC electrode was
first immersed in thionine solution (1 mM) for 30 min since the
voltammetric results demonstrated that the amount of thionine
on the surface of the electrode tends to be saturated after that
time. The resulted Th—SWNT/GC electrode was thoroughly
rinsed with water. Then, the electrode was incubated in UOx
solution (2.5 mg mL™! in PBS solution, pH 7.4) at 4 °C for 1 h.

Scheme 1. Schematic lllustration of the Dimension
and the Structure of the Active Component of the
UOx—Th—-SWNT/GC Electrode

Thionine

UOx is negatively charged in pH 7.4 PBS because the
isoelectric point of the enzyme is ~5.4.1” Therefore, the enzyme
is easily assembled on the surface of the positively charged
Th—SWNT/GC electrode forming the UOx—Th—SWNT/GC
electrode (the dimension and the structure of the active
component of the electrode are schematically illustrated in
Scheme 1). After being thoroughly rinsed with PBS, the electrode
was ready to be used for catalytic oxidation of UA. The electrode
was stored at 4 °C when not in use. For comparison, the UOx/
GC, UOx—Th/GC, and UOx—SWNT/GC electrodes were also
prepared using similar procedures.

Cell Culture and Cell Lysate Preparation. The concentra-
tion of UA in human embryonic kidney 293A cells (HEK 293A)
was determined using the developed electrode. Cells were grown
at 37 °C in DMEM (Dulbecco’s modified Eagle medium) supple-
mented with 10% (v/v) fetal bovine serum (FBS), 100 U mL™!
penicillin, and 100 ug mL™! streptomycin in a 5% CO, environ-
ment.*” After cells grew at 90% confluence, cells were then
washed with PBS and the cell number was calculated by
hemocytometer. Cells were lysed with 0.3 M KOH, and then
the lysate was sonicated. The samples were centrifuged at
18 000 rpm for 30 min, and the supernatant was filtered through
a 0.22 um Nylon filter. The concentration of UA in the filtrates
was measured by an electrochemical method using the
UOx—Th—SWNT/GC electrode.

To study the effect of D-fructose on the UA production in HEK
293A cells, 5 mM D-fructose was added to cells to induce UA
generation. After treatment of the cells for various times, the cells
were lysed with 0.3 M KOH, centrifuged at 16 000 rpm for 30
min, and the supernatant was filtered with a Nylon filter. The
concentration of UA was analyzed.

Apparatus and Procedures. Atomic force microscopic (AFM)
images were recorded with a Nanoscope Illa scanning probe
microscope (Digital Instruments, U.S.A.) using a tapping mode.
The FT-IR spectrum was recorded on a Nexus 670 FT-IR
spectrophotometer (Nicolet Instruments) using a KBr disk at a
resolution of 4 cm™.

The electrochemical experiments were carried out with a CHI
660B electrochemical workstation (CH Instruments). A two-
compartment three-electrode cell with the sample volume of 10
mL was employed. A coiled Pt wire and a saturated calomel
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Figure 1. FT-IR spectra of the SWNTs (a), SWNTs adsorbed with
SDBS (b), Th—SWNTs (c), and UOx—Th—SWNTs (d).

electrode (SCE) were used as the counter electrode and the
reference electrode, respectively. Amperometric measurements
were performed under an applied potential of —400 mV. The
solution was continuously stirred using a magnetic bar at a speed
of 250 rpm. The response current was taken as the change
between the steady-state and background currents. All electro-
chemical experiments were performed at the temperature of 37
+1°C.

RESULTS AND DISCUSSION

Characterization. The SWNTSs consist of seamlessly rolled-
up graphene sheets, exhibit a special sidewall curvature, and
possess a z-conjugative structure with a highly hydrophobic
surface. These unique properties essentially allow SWNTSs to
interact with many surfactant molecules through hydrophobic
interactions, thus significantly improving the dispersity of SWNT's
in water. When SWNTs were sonicated with SDBS solution, a
layer of negative charges was created on the surface of the SWNTs
via adsorption of the surfactant molecules. Therefore, positively
charged thionine and negatively charged UOx (at pH 7.4) could
be assembled on the surface of SWNTs in turn based on
electrostatic interaction. Those assembly processes were charac-
terized by FT-IR spectroscopy.

As shown in Figure 1a, for purified SWNTs, the characteristic
vibration modes of carbonyl group (~1640 cm™') and hydroxyl
group (~3450 cm™!) are obvious, demonstrating that SWNTs
have been functionalized with carboxylic and carboxylate
groups after treatment.”® The adsorption of SDBS on the
surface of SWNTs results in the characteristic vibration of
—CHj; and —CH,— (~2850 and ~2920 cm ™) in the IR spectrum
(Figure 1b). The peaks at ~1180 and 1040 cm ™! can be assigned
to the —SO; group antisymmetric and symmetric vibration
adsorption, respectively.® Peaks at ~1130 and 1010 cm™ can
be assigned to the in-plane skeleton vibration and in-plane
bending vibration of the benzene ring, respectively. These
results indicate that SDBS has been effectively assembled on
the surface of SWNTSs. After the assembly of thionine, several
new peaks are found at ~1565, 1550, 1530, 1510, 1445, 1478,

(48) Lim, J. K; Yun, W. S.; Yoon, M. H.; Lee, S. K; Kim, C. H.; Kim, K.; Kim,
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Figure 2. Typical AFM images and the corresponding sectional
analysis of Th—SWNTs (a) and UOx—Th—SWNTs (b).

1495, 1460, and 1313 cm™!, respectively (Figure 1c). These
peaks are the characteristic IR features of thionine,* indicating
that thionine has been effectively assembled on the surface of
SWNTs. The demonstration of amide I (1650 cm™!) and amide
II (1550 cm™)°! in the FT-IR spectrum of UOx—Th—SWNTs
(Figure 1d) indicates that UOx has been successfully immobilized
on the SWNTs via SDBS and thionine.

The assembly of UOx on the Th—SWNTs surface is further
confirmed by the AFM images (Figure 2). The image of Figure
2a and the corresponding sectional analysis demonstrate that the
height of Th—SWNTs is about 2 nm. The image also shows that
the Th—SWNTs distribute separately on the surface of the
electrode without forming small bundles or entangling each other
(Figure 2a), indicating that the nanostructure has a good disper-
sive ability in aqueous solution. The uniform nanostructure can
significantly increase the effective surface of the electrode for
loading of biomolecules and accelerating the rate of electron
transfer. After UOx was assembled on the surface of the
Th—SWNTs, some small and uniformly distributed island-like
nanostructures appear (Figure 2b). These nanostructures are the
aggregates of UOx molecules, indicating that the enzyme has been
effectively immobilized on the surface of Th—SWNTs. Moreover,
the size of UOx—Th—SWNTSs has a significant increase compared
with that of Th—SWNTs (4—5 nm for UOx—Th—SWNTs, see the
AFM image in Figure 2b and the corresponding sectional
analysis), further indicating the formation of UOx—Th—SWNTs.
The morphology of UOx—Th—SWNTs on the electrode surface
possesses the similar structure to that of Th—SWNTs. Such a
structure is expected to be very attractive for the detection of
substrates because each of the UOx—Th—SWNTs is fully and
easily accessible to substrates and, therefore, can be used as an
electrochemical sensing unit, yielding a high ratio of signal to
noise for electrochemical determination.

Electrochemical Reduction of H>O, at the Th—SWNT/
GC Electrode. No electrochemical reaction occurred at the
SWNT/GC electrode in the Ny-saturated PBS (pH 7.4) in the
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Figure 3. Voltammetric responses of the SWNT/GC (a) and
Th—SWNT/GC electrodes (b—f) in No-saturated PBS (0.1 M, pH 7.4)
in the absence (a and b) and presence of 0.1 (c), 0.2 (d), 0.4 (e),
and 0.6 mM H,0O, (f). The scan rate is 10 mV s .

potential range of interest (Figure 3a), whereas the Th—SWNT/
GC electrode demonstrates a couple of well-defined redox peaks
(Figure 3b) with the anodic (,) and cathodic (E,) peak
potential of —260 and —268 mV (at 10 mV s™'), respectively,
which can be ascribed to the redox reaction of thionine
adsorbed on the surface of SWNTs.*? Upon addition of 0.1 mM
H,0,, the shape of the redox couple changes significantly
characterizing with the enhancement in the cathodic peak
height and the decrease in the anodic peak (Figure 3c), which
is contributed from the electrocatalytic reduction of H,O,. The
electrocatalytic currents are increased significantly by a further
increase of the concentration of H,O, (Figure 3d—f, 0.2—0.6
mM Hzoz)

The controlled experimental results show that the electrocata-
Iytic activity of the bare GC, Th/GC, and SWNT/GC electrodes
toward the reduction of HyO, is too low to be observed obviously
(Figure 4). These results suggest that the electrocatalytic reduc-
tion of HyO, presented in Figure 3c—f is resulted from the
synergistic effects of thionine and SWNTSs, demonstrating that
Th—SWNTs may be used for a platform to sense the oxidase-
based substrates (for example, UA).

Electrocatalytic Oxidation of UA at the UOx—Th—SWNT/
GC Electrode. The aim of this work is to develop a biosensor
for selectively analyzing the level of UA in both the physiological
(serum) and endogenous (cell lysate) environment. To study the
possibility of the UOx—Th—SWNT/GC electrode being used for
this purpose, the voltammetric responses of the electrode in PBS
with and without UA are recorded. The results are depicted in
Figure 5. In the absence of UA, the cyclic voltammogram of the
electrode shows characteristics of the redox reaction of thionine
(Figure b5a), suggesting that the immobilization of UOx on the
surface of SWNTSs does not affect the electrochemical character-
istics of thionine. Moreover, the response of the electrode is fairly
stable since the shape and size of the redox peaks almost remain
invariant even after the electrode was continuously scanned for a
long time (ca. 100 cycles at 5mV s1). This feature is important
when the electrode is used as a biosensor to sense the
substrate. Upon addition of 0.1 mM UA, the shape of the cyclic
voltammogram of the electrode changes significantly and is
characterized by a large cathodic peak at ca. —380 mV (Figure

(52) Meng, L.; Wu, P,; Chen, G.; Cai, C. X. J. Electrochem. Soc. 2008, 155, F231-
236.
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Figure 4. Voltammetric responses of the bare GC (A), Th/GC (B),
and SWNT/GC electrodes (C) in Np-saturated PBS (0.1 M, pH 7.4)
with (curve b) and without (curve a) 0.5 mM H,0,. Scan rate: 10 mV
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Figure 5. Cyclic voltammograms of the UOx—Th—SWNT/GC
electrode in air-saturated PBS with (b) and without (a) 0.1 mM UA.
The scan rate is 5 mV s™'.

5b). The onset potential (ca. —150 mV) is 230 mV more positive
than the reduction peak actually appears. The UOx catalyzes, in
the presence of oxygen, the oxidation of UA to allantoin, producing
H,0, simultaneously. Therefore, the anodic peak at Figure 5b
is resulted from the electrocatalytic reduction of the enzymatically
generated H,O,. The increase of UA concentration leads to the
enhancement of the cathodic current. These characteristics are
the typical features of electrocatalytic reactions. Control experi-
ments show that electrocatalytic oxidation of UA does not occur
at the Th—SWNT/GC (without UOx) electrode. Moreover, the
electrocatalytic oxidation of UA at the UOx/GC, UOx—Th/
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Figure 6. Dependence of the response of 0.1 mM UA at the
UOx—Th—SWNT/GC electrode on the pH of the buffer (A), the
temperature of the system (B), and the detection potential (C). For a
better comparison, the currents are normalized by the highest
response at each condition. Part D shows the selectivity profile of
the electrode over interfering species of glucose (5 mM), AA (0.1 mM),
AP (0.1 mM), DOPAC (0.1 mM), and DA (0.1 mM) obtained at applied
potential of —400 mV. Every value is an average value of three
independent measurements.

GC, and UOx—SWNT/GC electrodes can hardly be observed
(notshownhere). Theseresults suggestthatthe UOx—Th—SWNT/
GC electrode can be used as a biosensor to detect UA. The
electrocatalytic processes that occurred at the electrode surface
can be depicted as the following:

UOx
UA + O, — allantoin + H,0, + CO, @

H,0, + thionine(Red) — 2H,0 + thionine(Ox) )

thionine(Ox) + H' + 2e — thionine (Red) 3)

The response of the biosensor usually depends on the solution
pH, performance temperature, and the detection potential. This
work optimized these parameters. The response was indepen-
dently tested thrice for each pH, temperature, and the applied
potential, and an average value was calculated.

The solution pH and temperature has significant effects on the
performance of the biosensor. The response increases with the
solution pH and reaches a plateau at the pH of 7.0—7.5, and then
it decreases slightly with further increasing of solution pH (part
A in Figure 6). The response increases slightly with the increasing
of temperature and reaches a relatively stable value between the
temperatures of 30—40 °C (part B in Figure 6). At higher
temperature, the response decreases due to the denaturation of
the enzyme. Therefore, the physiological pH and temperature (pH
7.4 and 37 °C) are chosen as the optimal condition for the
UOx—Th—SWNT/GC electrode sensing UA.

The choice of the detection potential is necessary to achieve
the lowest detection limit and avoid the electrochemical interfering
species. The responses of 0.1 mM UA at the UOx—Th—SWNT/
GC electrode at different detection potentials were recorded and
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Figure 7. Amperometric responses of the UOx—Th—SWNT/GC to
the successive addition of UA in PBS (0.1 M, pH 7.4) at an applied
potential of —400 mV. Each addition of UA is 50 uM. The inset shows
the dependence of the response of the electrode on UA concentration
under the optimal condition (inset A) and the relationship of the signal-
to-noise ratio at S/N of 3 (inset B).

compared. The potential range was from 0 to —500 mV with a
settled interval of 100 mV. The results are presented in part C of
Figure 6. Basically, the response keeps on rising when the
potential is moved from 0 to —400 mV and decays slightly after
that potential. Moreover, a more negative potential leads to
increase in noise. Thus, a detection potential of —400 mV is
selected in this work. This potential is 300, 500, 700, and 850—900
mV more negative than those used at the UA biosensors by
immobilizing UOx in DTB—PET/MPx-11 film (—100 mV),'® in
Prussian blue-coated indium tin oxide substrates (100 mV),'” on
the surface of tin oxide-functionalized multiwalled carbon nano-
tubes (300 mV),>® and on ZnS quantum dots (450—500 mV),*?
respectively. The low detection potential will significantly diminish
the influence of those easily oxidizable species.

In real samples, there are some coexisting electroactive species
such as glucose, AA, DOPAC, DA, AP, etc. that might affect the
biosensor response. The selectivity and anti-interference advan-
tages of the bhiosensor are demonstrated (part D in Figure 6). A
well-defined UA response is observed at the biosensor, whereas
relevant physiological levels of AA, DOPAC, DA, AP (0.1 mM),
and glucose (5 mM) result in negligible signals. This feature is
largely attributed to the use of a low operating potential in the
detection. Therefore, highly selective response to UA is obtained
without the use of a perm-selective membrane or enzymatic
preoxidation. This is an advantage of the proposed biosensor over
those reported previously. These results indicate the suitability
of the proposed biosensor to practical applications.

Analytical Performances of the UOx—Th—SWNT/GC Elec-
trode. Figure 7 depicts the typical amperometric response of the
UOx—Th—SWNT/GC electrode to the successive addition of UA
(50 uM for each addition) in solution at a detection potential of
—400 mV. Immediately after the addition of UA, the response
increases and reaches 95% of the steady-state value within ~2 s.
The response time is much shorter than those obtained at other
electrodes; for example, the response time is 10 and 80—100 s at
the UOx—DTB—PET/MPx-11 electrode for the low (<10 xM) and
high concentration of UA (~100 zM),® respectively, and 60 s at

(53) Zhang, F. F.; Wang, X. L,; Li, C. X,; Li, X. H.; Wan, Q.; Xian, Y. Z.; Jin, L. T.;
Yamamoto, K. Anal. Bioanal. Chem. 2005, 382, 1368-1373.
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polyaniline—UOx and egg shell membrane—UOx electrodes.*
These results suggest that the UOx—Th—SWNT/GC electrode
responds rapidly to the change of the substrate concentration.
The electrode linearly responds to UA at lower concentration and
attains saturation level at higher concentration as expected for
Michaelis—Menten-type enzyme kinetics (the inset A of Figure
7). The apparent Michaelis—Menten constant (K?*) is estimated
to be ~0.87 mM from the Lineweaver—Burk plot. The response
displays a good linear range from 2 uM to 2 mM with a
correlation coefficient of 0.998 and a slope of 6.5 + 0.4 yA mM ..
Therefore, the sensitivity is evaluated to be ~90 uA mM™ cm™.
The upper limit of the linear range is far beyond the physi-
ological level (0.3—0.5 mM), suggesting that the biosensor
developed here would be useful in determination of the UA
concentration in physiological level. The detection limit is
estimated to be ca. 0.5 + 0.05 uM at a signal-to-noise ratio (S/
N) of 3 (Figure 7, inset B), which is much lower than that
obtained at a UA biosensor based on polyaniline—UOx (10 xM).*!
The linear response range is wider than those of 4 uM—0.64
mM,*® 10 uM—0.6 mM,*" and 5—150 zM.'® The sensitivity is also
much higher than that acquired previously (3.4 + 0.08 uA mM™!
cm™2).16

Different aspects regarding the characteristics of the biosensor
are evaluated. The RSD (relative standard deviation) is ~2.4%
estimated from slopes of calibration plots for 10 different and
freshly prepared electrodes, revealing an acceptable repeatability
in the construction of the biosensor. The assay precision of the
biosensor was examined by 10 determinations at UA concentration
of 0.2 mM. An RSD of ~2.8% is obtained. Also, the long-term
stability of the biosensor is considered. When the electrode was
not in use, it was stored in buffer at 4 °C. Its response to 0.2 mM
UA was recorded at every 2 day interval. The response reveals
that the electrode maintains ca. 90% of its initial current response
to the UA even after 1 month. Even after the biosensor has been
used for 1 week (four measurements a day), its response still
remains at ca. 85% of the initial value. However, the response of
the biosensor was decreased to ca. 70% of its initial one after the
biosensor was used for continuous measurements for 1 month.
This may be caused by the leaking of the enzyme and thionine
from the surface of the electrode. Another attractive feature of
the biosensor is that the response can still retain ca. 92% of its
original signal even after it is under extended polarization at —400
mV for 2 h in a stirred solution of 0.2 mM UA. This means that
the biosensor can be used as a stable probe for UA detection.
The high stability can be attributed to the capability of the
Th—SWNTs nanostructures adsorbing UOx molecules and retain-
ing their biological activities. This improved stability may also be
attributed to the special structure of the UOx—Th—SWNTs
(Figure 2b), which is beneficial for the substrates getting access
to the enzyme molecules. In addition, the fast diffusion of species
from nanotubes may also contribute to the improvement in
stability of the biosensor.

Determination of UA in Physiological Samples. To evaluate
its applicability, the biosensor was used for determination of the
concentration of UA in blood serum samples. Five serum samples
obtained from a hospital were analyzed by using five indepen-
dently prepared biosensors (one biosensor for per sample). The
determined results were compared with those provided by the
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Table 1. Determination of UA Concentration in Serum
Samples Using the Developed Method

referenced determined relative
sample no. values (mM)“ values (mM)*® deviation (%)
1 0.50 + 0.02 0.48 +0.03 —4.0
2 0.46 + 0.08 0.45 + 0.02 4.3
3 0.43 +0.03 0.41 +£0.05 —4.6
4 0.39 + 0.06 0.40 + 0.04 2.5
5 0.35 + 0.02 0.36 + 0.05 2.8

@ Value provided by the hospital. ® Value determined by the
UOx—Th—SWNT/GC biosensor; it is an average value of the response
of five measurements for each sample.
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Figure 8. Time-dependent concentration of UA in HEK 293A cells
after treatment with 5 mM fructose. The inset shows the image of
HEK 293A cells recorded with an AxioObserver.A1 microscope (Carl
Zeiss).

hospital (Table 1). It is shown that the values measured by the
proposed biosensor are in good agreement with the data provided
by the hospital within 5% error, demonstrating the great potential
for practical application of the biosensor for the analysis of UA
on physiological real clinical samples.

Determination of UA in Endogenous Samples. The devel-
oped method was also used to determine endogenous UA
concentration in HEK 293A cells. The results indicated that the
UA concentration in HEK 293A cell is ca. 3 uM (Figure 8), which
is in agreement with that reported previously based on a liquid
chromatography and tandem mass spectrometry (LC—MS/MS)
method using 1,3-°N-UA as the isotopically labeled internal
standard.?® The developed method was also used to measure
UA endogenously in HEK 293A cells in response to fructose
treatment since fructose is known to generate UA within cells
as a consequence of fructose-induced ATP depletion, intracel-
lular phosphate reduction, and stimulation of AMP deaminase.®**
Figure 8 depicts the time course experimental results with fructose
loading. The value of UA in HEK 293A cells is significantly
increased after treatment with 5 mM fructose with only 1 min,
and it reaches the highest value (ca. 10 M) at 5 min. Afterward,
the concentration decreases gradually and reaches the relatively
stable value (ca. 6—7 uM) at 20 min. Therefore, the proposed
method should be used for studying the intracellular kinetics of
UA.

To evaluate the precision of the UA concentration in HEK 293A
cells detected with the developed method, the recovery measure-

(54) Hallfrisch, J. FASEB J. 1990, 4, 2652-2660.
(55) Mayes, P. A. Am. J. Clin. Nutr. 1993, 58, 754S-765S.



Table 2. Recovery Measurements of UA in HEK 293A
Cells Using the Developed Method

added measured
sample no. amounts (uM) amounts (uM)* recovery (%) RSD (%)

1 2 1.95 97.5 3.15
3 3.05 101.6
6 6.22 103.7

2 2 2.03 101.5 2.60
3 3.12 104
6 5.93 98.8

3 2 2.08 104 3.43
3 2.92 97.3
6 6.12 102

2 Values determined by the UOx—Th—SWNT/GC electrode; it is
an average value of the response of five measurements for each sample.

ments were carried out. Three intracellular samples (HEK 293A
cell lysate) were prepared, and certain amounts of UA were added.
The results are presented in Table 2. The average recoveries for
the three different samples are 100.9%, 101.4%, and 101.1%,
respectively, and the RSDs are 3.15, 2.60, and 3.43%, respectively,
indicating that the developed approach has high accuracy in
measuring UA concentrations in intracellular sample. These
observations substantially demonstrate that the developed method
represents a new biosensing platform for reliable determination

of intracellular UA and could be potentially useful for further
physiological and pathological studies.

CONCLUSIONS

A new amperometric UA biosensor based on the immobiliza-
tion of UOx on the surface of Th—SWNT nanostructures has been
developed. The biosensor exhibited a fast response, a broad linear
range, a low detection limit with satisfactory stability and repeat-
ability and would have great potential application in determination
of UA concentration in both endogenous and physiological
samples. The fabrication method of the biosensor has many
advantages such as ease of fabrication, enhanced electrocatalysis,
efficiently preserving the activity of enzyme molecules, and
effective discrimination to the common interfering species.
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