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ABSTRACT

The detection of uric acid in blood and urine imicklly important in terms of suitable diagnosis
and self-healthcare. An amperometric thin film klsor composed of carbon nanotube and uricase
enzyme is presented. The CNT is successfully dggerin aqueous solution with
carboxymethylcellulose surfactant. This enables fiin formation by a simple drop-casting layer-
by-layer process. The uricase/carboxymethylcelkildgspersed carbon nanotube/gold thin film
biosensor shows the best sensing performance cethparthat with sodium cholate surfactant in
terms of higher current and lower detection po&ntihe presented procedure shows good
performance with neither electron transfer mediatmr complicated process. Cyclic voltammetry
exhibited a sensitivity of 233A mM™ cm? at +0.35 V, a linear range of 0.02-2.7 mM, and a
detection limit of 2.8uM. We quantify and graph uric acid data in actuaygiological samples

(serum and urine) for the first time and detectimues showed good agreement with those

obtained by a conventional analytical method (eratyarcolorimetry kit).



1. Introduction

Uric acid is the primary final product of purine taleolism, and it is released into blood
serum or excreted by the kidneys in urine. Abnori@als in blood and urine cause illnesses such
as gout/arthritis, hyperuricaemia, kidney diseassch-Nyhan syndrome, leukaemia, pneumonia,
and renal dysfunction. The rapid detection of aed in blood and urine is clinically importantrfo
example, alerting the presence of abnormal levelgric acid allows concerned persons to take
action (therapy) immediately. However, medical &g, which often involve bulky apparatuses,
laboratory setup, time, trained technicians, amdrpatment, do not meet this requirement.

High-performance liquid chromatography (HPLC) andedroscopy are the present
technique used. However, those require bulky egeignmsample pre-treatment, harmful solvent,
skill, time, and cost. Thus, electrochemical analyss many benefits overcoming drawbacks of
conventional analytical methods, in fact, thereenbeen many reports where the various modified
electrodes are used [1-7]. However, a weak poirglettrochemical methods is poor selectivity
toward target agents. An electrochemical biosewsanprising a combination of uricase enzyme
(urate oxidase, UOx) and transducer electrodelsntany advantages in terms of simple operation
procedure, low cost of the required equipment, tsgked, and portability of the measurement
system. UOx plays a role in chemical discriminatiorthe presence of many other chemicals. The
performance of the electrochemical biosensor is idated by the technique of enzyme
immobilization onto the electrode. To date, nan@mals-based uric acid biosensors have been
reported [8-22]. In those, we notice that carbomatabes (CNT) lead to well-defined
nanostructure, good electrocatalytic ability ane@cgbnic conductivity, and good connection
between CNTs and enzymes [14-22]. However, theeet®wo major requirements for realizing
CNT-based enzyme biosensors. One is that the hiydbop surface of the CNTs must be changed
to a hydrophilic surface in order to be tuned witle enzyme environment. The other is how
strongly aggregated CNT molecules are debundlednfaking use of CNT characteristics (large

surface area, specific geometry).



4

Typical strategies for UOx immobilization with CNJase electrodes are modification of
nanoparticles [15-18], electron transfer mediaf@822], and conductive polymers [21,22]. Our
motivation is a simple and versatile procedureph@ctical use without metal or electron transfer
mediator. We notice the formation of a thin filmtwvdrop-casting of a homogenous suspension of
CNT. Here, we developed carboxymethylcellulose (M€ a surfactant for CNT dispersion in
water. The CMC debundles CNTs by the electrostagigulsion of the negatively charged
molecules. As a result, the CNT dispersed solutrdh CMC as a surfactant is practicable for thin
film fabrication on any type and shape of elected¢hile maintaining the conductivity and
catalytic ability of the CNTs. We have already ngépd the usefulness of the CNT-CMC electrode
for electrochemical detection of catechins [23] amekrcetins [24]. However, an enzymatic
biosensor with CNT-CMC has not yet been explordus Ts the first report of an amperometric
biosensor composed of UOx and CNT-CMC thin film fquantifying uric acid in actual
physiological samples such as serum and urine.U®r/CNT biosensor with CMC exhibits the
best sensing performance compared to that witlotther surfactant, SC, in terms of higher current
and lower detection potential. We quantify and gragc acid data in actual physiological samples
(serum and urine) for the first time and detectiaues showed good agreement with those

obtained by a conventional analytical method (eratyarcolorimetry kit).

2. Experimental
2.1. Materials

UOx (EC. 1.7.3.3, from Bacillus sp., 1.5 U/mg) andc acid measurement kit were
developed by our group. Single-walled CNTs (SWCNawrage diameter: 1.0 nm, length: 5-10
um) produced by enhanced direct injection pyrolgymthesis [25] were purchased from Meijo
Nano Carbon Co., Ltd. (Nagoya, Japan). Multi-walENTs (MWCNTS, average diameter: 9.5 nm,
average length: 1..um) were purchased from Nanocyl S. A. (SambreviBe)gium). Sodium

cholate (SC), uric acid, urea, and ascorbic acidewrirchased from Kanto Chemical Co., Inc.
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(Tokyo, Japan). CMC, Nafion, and potassium hexaafgnrate(ll, ) (Ks[Fe(CNY], K3[Fe(CN)])
were purchased from Aldrich (St. Louis, USA). Cohtserum (I wako/BR) was purchased from
Wako (Osaka, Japan).
2.2. Digpersion of CNTs

The electrode was formed on evaporated gold oastiplsubstrate. The area of the opening
for the working electrode was 9 MinCNT dispersion processes with SC [26] and CM{J [22
described in the literature. The optimum conditiarsCNT dispersion in water were SWCNT/SC:
0.1/2.0%, SWCNT/CMC: 0.1/0.3%, MWCNT/SC: 0.1/2.0866d MWCNT/CMC: 0.1/0.05%. Fig.
S1 (Supplementary data) presents the optical atisorgpectra of CNT-CMC and CNT-SC
dispersed aqueous solutions.
2.3. Electrode preparation

Aliquots (3-5uL) of the CNT-CMC and CNT-SC solutions were droppmdo the Au
surface and dried. Then, 3-LQ aliquots of enzyme (5 U) in phosphate buffer (8™, pH 7.4)
were dropped onto the surface. Finally5aliquots of 1.0% Nafion solution were droppedmnt
the surface. Outer membrane Nafion plays a rolenasnmobilization matrix for UOx and CNTSs.
For simple expression, the description of “Nafiamomitted.
2.4. Measurements

Atomic force microscopy (AFM) was conducted in taggpmode in the ambient atmosphere
using a commercial AFM system (Park Systems NX1MAFThe scanning tip was a silicon
cantilever. Electrochemical measurements were performed with ebattrochemical analyser (ALS

Instruments, 701A West Lafayette, IN, USA) usingheee-electrode configuration. Reference (Ag/AgCl

saturated KCI, RE-1C) and counter (platinum wirtdcegodes were purchased from BAS Inc. (Tokyo,

Japan). Electrochemical measurements were condirci@d mL vessel at 20 °C using a phosphate buffer
(50 mM, pH 7.4) as the supporting electrolyte, taal stock uric acid solutions of 5 mM were sucoesg

added to prepargamples with designated concentrations.



3. Resultsand Discussion
3.1. Optimization of UOX/CNT electrode

We tested both SWCNTs and MWCNTs. The SWCNTs werméd by rolling a single
graphite sheet, whereas the MWCNTs were composag\waral coaxial shells of SWCNTs. The
primary difference parameter between SWCNTs and NMWVE is diameter. Typical SWCNT
diameter is 1-2 nm, whereas that of MWCNT is asielD nm. For comparison, we test two
surfactants: CMC (anionic polymer) and SC (anido molecular mass compound). Both are
anionic surfactants. The difference is moleculassns&sC is a low molecular mass compound,
whereas CMC is a macromolecule. SC is widely used surfactant for CNT dispersion for
enzyme biosensor applications [27-29]. Figs. 1A &l (Supplementary data) show cyclic
voltammetry (CV) results for uric acid on UOx/Au ofdrol), CNT-CMC/Au (control),
UOX/SWCNT-SC/Au, UC/SWCNT-CMC/Au, UOX/MWCNT-SC/AuJOX/MWCNT-CMC/Au,
and UOx/CNT/Au (control). Anodic peak currents a4-0.6 V (see arrows in Fig. 1A) are due to
uric acid reactions observed at all electrodesrd s no distinct peak for the UOx/Au electrode
(no CNT, black lines in Fig. 1A and S2A), and them@s no peak for the CNT-CMC/Au electrode
(Fig. S2B), indicating the effectiveness of UOx d&NT. The current response originates from the
fact that UOx specifically catalyses the oxidatadruric acid according to the following equation:

UOx
Uricacid + Q + HLO —  Allantoin + CQ + H,Oy, (1)

and CNT catalyses the reaction of hydrogen peroxaderding to the following equation:
H,0, — 2H' + O, + 26. 2)

The current increases as the Au anode receivesaiecThe reason why the gold is used is
that its surface is relatively clean and inertaiwork, less catalytic ability. Therefore, the gment
current can be attributed to the catalytic abilitfy CNT. We confirmed that UOX/MWCNT-
CMCl/carbon paste electrode showed the similar sgngerformance with Au. Whether we use

carbon paste and gold, it does not affect the t.elsing CNT is critical. The peak current of the
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CNT-CMC electrode is larger than that of CNT-SCeTgeak potential position of the CNT-CMC
electrode is smaller than that of CNT-SC. Thosel¢enies are independent of CNT type. Fig. S3
(Supplementary data) shows UOx of potassium hexexdgaate on UOx/Au, UOX/SWCNT-
SC/Au, UOX/SWCNT-CMC/Au, UOX/MWCNT-SC/Au, and UC/ME@NT-CMC/Au electrodes.
The redox peak pairs are assigned to potassiuncyaxaferrate(ll) and (Ill), which react at the
CNT-surfactant layer. The fact that the peak padémgosition of the CNT-CMC electrode is
smaller than that of CNT-SC mirrors the CV profitgsuric acid in Fig. 1A and Fig. S2C-F. The
reason why peak potential of UOX/MWCNT-SC/Au elede is massive than the peak potential of
UOX/MWCNT-CMC/Au electrode is due to the overpotahtThe surfactant at CNT surface
disturbs the electrochemical oxidation and amodisudfactant of UOx/MWCNT-SC/Au electrode
is larger than that of UOX/MWCNT-CMC/Au. It is rédal with catalytic ability for oxidation of
hydrogen peroxide, consequently the peak potemtakased and the peak current of SC using
electrode decreased compared to CMC using electidazefore, amount ration between CNT and
surfactant needs to be optimized (discuss folloying

Potassium hexacyanoferrate can be used as a reddsemduring the conduction of
electrochemical impedance spectroscopy (EIS). H8gand 1C show EIS results for investigating
the electron transfer properties of UOX/SWCNT-SCG/RWOx/SWCNT-CMC/Au, UOX/MWCNT-
SC/Au, and UOX/MWCNT-CMC/Au electrodes with diffaterepresentation for scale. In those
Nyquist plots, the electron transfer resistanc€NT-CMC, which is represented by the diameter
of the semicircle at high frequencies, is much s&nahan that of CNT-SC. The low-frequency
straight line of both MWCNT-CMC and SWCNT-CMC elexxte is 45°. This means that the
surface is uniform and it is the best electrodes ®ther electrode surfaces are not uniform probably
because the CNT dispersion is insufficient. Theteda transfer exhibits a strong correlation with
CV.

When the surfactant amount is too small, debundbngpsufficient. When the surfactant

amount is too high, the surfactant disturbs connegaof the electronic signal. In both cases, the



8

sheet and/or electron transfer resistance of th& @k also become higher. The optimum mass
ratio range of [CNT]/[CMC] is 0.5-3 [30], which mmaller than those obtained with [CNT]/[SC]
(=20) [27]. The electrode without surfactant (UOXMMINT/Au, Fig. S2G) showed inferior
characteristics compared with that with surfact@g®x/MWCNT-CMC/Au and UOX/MWCNT-
SC/Au). In a word, the peak potential is larger &mel peak current is smaller comparing. This
demonstrates the effect of the CNT dispersion witifactant. The surfactant contributes the thin
film formation but also provides hydrophilic enumoent for enzyme immobilization. Dispersion
by CMC is the most efficient for thin film formanowhile maintaining the conductivity and
catalytic ability of the CNTs. Furthermore, the dBasor with CNT-CMC shows the better
electrocatalytic performance towards hydrogen pdexhan does the SC counterpart. Dispersion
by CMC enhances the active surface area and foomgductive networks: consequently, electron
conductivity and electrocatalytic ability are asreted. Since CMC is polymer material, the
immobilization is available for any type of surfacecluding gold. This is also the advantage of
CNT-CMC electrode.

It is concluded that CMC is the best material fddTCdispersion for fabrication of the
enzymatic uric acid biosensor. This is the firgga® on an enzymatic biosensor with CNT-CMC
dispersed solution. The following experiment isadacted using UOX/MWCNT-CMC/Au electrode
as a biosensor.

The property of enzyme-based biosensors is oftectat]l by the environmental pH. The pH
depemdence of pH was investigated in 0.87 mM uwrid aolution at +0.35 V over the pH range
from 6.0 to 9.0 as shown in Fig S4 (Supplementata)d It can be seen that response current
increases with increasing pH value from 6.0 to 8le current decreased over when pH reached
9.0. This tendency is similar with free UOx [31iggesting that natural state of enzyme is retained
with immobilization process. Since the purposeho$ research is uric acid quantification in real
physiological sample, the following experiment aducted at pH 7.4.

3.2. Uric acid sensing performance
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One of the advantages of our procedure is thaant lse conducted with a simple drop
casting layer-by-layer process. We evaluate eaapesof this process with AFM images, where
Figs. 2A, 2B, and 2C show MWCNT-CMC, UOX/MWCNT-CM@nd Nafion/UOX/MWCNT-
CMC, respectively. In Fig. 2A, tubular and web stures are observed. This indicates that the
MWCNTs are well dispersed and that the individuaWRINTs form networks with tube-tube
junctions. The thinnest fibre-like structure we aavserve has an average width of 26 nm (see
arrow in Fig. 2A), which is larger than the averaty@meter of an individual MWCNT molecule.
This is because the AFM tip used is outside theluésn limit for objects in the horizontal
direction. To the contrary, the step height duéhcross-sectional profile concisely expresses the
diameter (ca. 10 nm) of the MWCNT. This is the ewide that CNT debundling is achieved. In Fig.
2B, the tubular structure disappeared because W®rrs the CNT networks. Instead, globular
shapes are observed (see arrow in Fig. 2B). THumees are probably clusters of UOx molecules
because the dimension of UOx molecules is sevaradmeters. The profile and roughness in Fig.
2C are similar with those of Fig. 2B. AFM obsereatiindicates that layer-by-layer casting is
adequately completed.

The effects of the potential scan rate on the C3poase for potassium hexacyanoferrate
(Fig. 3A) and uric acid (Fig. 3B) were examinednfrd0 to 500 mV &. In Fig. 3A, redox peak
pairs Ep=+0.29 V andE,~=+0.15 V) are assigned to the redox reactions Etwgotassium
hexacyanoferrate(ll) and (l1l). The ratio of theheadic to anodic current/l,,) is close to 1, and

an observed peak-to-peak potential separatidiy)(was estimated as 90 mV, which was within

range for a reversible process. Thealues are plotted against the square root of sateng™?) in

Fig. 3C. The linear relationship betwegnand v*'?

corresponds to a diffusion-controlled redox
process. It can best be described by the RandheskSsjuation as follows:
1,=26I>*ACD"Y? 2 3)

wheren is the number of transferred electroAss the surface area of the electrode?ci@ is the

molar concentration of redox chemicals (mol/L), &nib the diffusion coefficient (cfs™). Using
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Eg. (3), the D values for the redox processes (potassium hexatyaate marker) at
UOX/MWCNT-CMC/Au electrodes were estimated as 30¢k&n? s. The peak currentsf the
redox system were proportional to the scan rateigiter scan rates (> 150 mW)s indicating a
limitation due to the electron transfer kinetice. this region, the peak separation increases,
indicating that the surface reaction becomes in®bke with increasing scan rate. For an
irreversible electrode reaction, the relationshgtween peak potential and scan rate follows
Laviron’s law [32]. The standard rate constantre surface reaction of marker ion is estimated as
1.1 s* from thel, vs. logv plot shown in Fig. S5 (Supplementary data).

In Fig. 3B, the anodic peakf{~=+0.35 V) is assigned to the oxidation of hydrogenoxide
generated by uric acid oxidation by UOx. In thehodic scan, there is no distinctive peak, which
indicates that the oxidation of hydrogen peroxideirreversible. The anodic peak current is
proportional to the square root of the scan rateichv indicates that the oxidative current is
controlled by the diffusion of uric acid from thelk solution to the electrode surface in the range
of 10-150 mV 8. When v exceeds 150 mV's |, is proportional tov, which indicates that the
oxidative current is a surface-controlled proc&sem the obtained results, a scan rate of 50 thV s
was selected for the following analytical experitseiheD values for uric acid at UOX/MWCNT-
CMC/Au electrodes were estimated at 2.2%t@7 s*. This value is smaller than that of the redox
marker potassium hexacyanoferrate. The electroatsmesponse is dominated by the diffusion of
uric acid.

The catalytic rate constantf) of UOX/MWCNT-CMC/Au electrodes were estimated by
chronoamperometry, as shown in Fig. S6A (Suppleamgritata) k.o: was calculated using Galus’s
method [33]:

o/l = (tkeaC) )
wherel¢ is the catalytic current of uric acid at UOX/MWCNIMC/Au electrodesl, is the limited

current in the absence of uric aci@ljs uric acid concentration, amds the time elapsed. The slope
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of the representation /I, vs.t*2 for 3.8 mM uric acid (Fig. S6B, Supplementary Jattowed
us to estimate the catalytic constiatas 5.3x1OM™ s* at UOX/MWCNT-CNT/Au electrodes.

Figure 4A shows CV results of various uric acid a@emtrations of physiological level at
UOX/MWCNT-CMC biosensor electrode. Uric acid corication-dependent current of +0.35 V
was observed. This is attributed to the oxidatibhyalrogen peroxide caused by enzymatic reaction
of uric acid. Figure 4B shows the time-current éaat fixed potential of various uric acid
concentrations of physiological level at UOX/MWCNMC biosensor. A sequential increase in
uric acid concentration at regular intervals isestied. The response time was 7 s. The step shape
shows ideal sensing response. The effects of tieefeéning compounds urea and ascorbic acid at
physiological levels on the sensing characterigtresnegligible (inset of Fig. 4B). Figure 4C shows
the plot of current vs. uric acid concentration dthon the data from Fig. 4A and 4B. The
sensitivity determined from the slopes for the UGWCNT-CMC/Au biosensor was 238\ mM™
cm? (r = 0.999 in the linear range of 0.02-2.7 mM) by @wl 356uA mM™ cmi® (r = 0.999 in the
linear range of 0.02-1.2 mM) by time-current measugnt. The limit of detection (LOD) and limit
of quantification (LOQ) for uric acid were calcuddtby using the following formula, LOD=3 S/M
and LOQ=10 S/M (where S is the standard deviatidbolank and M is the slope of the calibration
plot [7]), obtained values of LOD and LOQ of CVnf-current measurement) were 2.8 (uB)
and 9.3 (6.1uM, respectively. The dynamic range obtained by GMarger than that of time-
current measurement. Normal ranges of uric acltbiman body fluids are 0.1-0.4 mM in blood and
1.5-4.4 mM in urine [2]: therefore, the UOX/MWCNTMC/Au biosensor can be applied for
mediator-free, noninvasive, and point-of-care datacof uric acid from serum and urine. The
reproducibility of CV is also better than that ahé-current measurement, probably because CV
scanning includes the electrode cleaning effecichivenhances reproducibility.

The reaction at the sensing surface is systemigtidelcussed. We consider the following
reaction sequence presented as:

ko Kwm ke
Substratgy —  Substratgfacet UOX — UOx-Substrate—~ UOx + Products  (5).
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wherekp denotes the rate constant for mass transport salotion (bulk) to the sensing surface,
Kwu denotes the Michaelis constant, &eddenotes the catalytic rate constant. The subsisdtee

to diffuse through the film with a diffusion coefient D, which is generally proportional tk.
Actual analytical information (current) is propamial toDxC, whereC is substrate concentration.
For concentrations within the detectable lineargear(0.020-2.7 mM), the diffusion control
condition is maintained: consequently, quantificatis valid. Saturation is observed from linearity
at higher (>3.0 mM) uric acid concentrations, whigpresents a typical characteristic of the
Michaelis-Menten model. This is a reaction-contdlistep and can be applied to the Michaelis-
Menten analysis, i.e., the Lineweaver-Burk plotulole reciprocal plot), based on the following
equation:

app
1 K 1 1
=M

(6).

I Imax c Imax

Kv*Pdenotes the apparent Michaelis constant and isiatd to be 0.63 mM, which is similar to
values for other uric acid biosensors [10]. The3&V Ky*P of the sensor is larger than that of
free UOx Ky=0.0136 mM). This is attributed to the fact that thyer-by-layer thin film biosensor
is set for diffusion control to detect the physgikal uric acid.

A comparison of the performances of the fabricdiedensors compared with those of other
uric acid CNT-based biosensors is shown in Tablmdicating that the present sensor exhibited
similar or better performance compared with theepteported biosensors. It should be emphasized
that our method is conducted without the extertedteon transfer mediator, which involves some
disadvantages: (i) the process for mediator imnmgtibn is complicated, including the preparation
of an accommodating polymer matrix and requiringefiuning between a hydrophobic mediator
and a hydrophilic enzyme, which is not avoidabig;l¢aching of the free mediators also reduces
the sensitivity, and even causes poisoning probledww method is also performed without
nanoparticles. Therefore, the proposed dry chempicaiess for fabrication of a biosensor is simple
and versatile.

3.3. Uric acid determination in actual physiological samples
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Measurement of actual samples is conducted. Theataserum is used as a model of a
blood sample. For comparison, the uric acid comaéinhs are independently measured by an
enzymatic colorimetry kit. UOx is also used in tlis. First, the specimen (serum or urine) is
reacted by UOx as in Eq (1). Subsequently, the rgée@ hydrogen peroxide is reacted with 4-
aminoantipyrine (4-AA) and N-ethyl-N-(3-sulfopropyh-anisidine (ESPAS) by peroxidase (POx)
enzyme as follows:

POXx
2H,0,+4-AA+ESPAS — quinone colourA=540 nm) + 4HO (7).

Fig. 5A shows the CV results of control serum comtg various concentrations of uric acid. The
uric acid dependent oxidative currents (see agterifig. 5A) are observed at +0.35 V. The current
increment at approximately +0.25 V is due to etsfiemical agents containing serum. This does
not affect the quantification of uric acid. Uring also a typical human fluid. The concentration
range of uric acid in urine is relatively large. Some cases, the level of uric acid surpasses the
linear range of the biosensor. Therefore, the nreasent is conducted after dilution. Fig. 5B
exhibits CV results of urine of a young man at easi dilutions. Uric acid measurements were
conducted for 4 young men whose ages were midR@s.CV profiles of Fig. 5B are similar to
those of Fig. 4A, indicating that a major ingredienurine is uric acid. Figure 5C shows a plot of
biosensor values (detection current) and enzynaiorimetry kit values of various serum and
urine samples. They have strong correlations with fitting line based on their simulated CV
results (Fig. 4C). There is good agreement betvieervalues obtained by biosensor and enzyme
colorimetric kit. The correlation coefficient is 386, suggesting that the present biosensor can be
used for uric acid measurement and demonstrateellext precision, accuracy, and reliability in
practical application. It is remarkable that wesamted graph uric acid data in actual physiological
samples (serum and urine) for the first time. Ryesireports presented only humbers, not graphs.
Therefore, we emphasize the excellent performahtEox/MWCNT-CMC biosensors.

It should be emphasized that we present the raw afateal samples, in contrast to many

reports which presented only numbers: not raw detan our presentation. This is solid evidence
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for the effectiveness of our biosensor. For examiplthe sample is not urine or serum, we can
immediately notice invalid data from CV profileshi$ is thought to be difficult with amperometry
at fixed potential, because it yields only mere ham. Furthermore, CV is advantageous for this
purpose because a repeat scan can enhance thdu@pidy through stability of the electron
transfer rate and the cleaning effect of the ebelgrsurface. Fig. S7 (Supplementary data) shows
repeated measurements of urine with the same l@osandicating that the biosensor exhibits good
repeatability: the response for the five repeatsueaments exhibited less than 5% signal loss. The
reproducibility of from sample to sample=6) gave a standard deviation of 1.3%. The storage
stability of the electrode was studied over a kb 10 days by storing it in buffer at 4 °C and
recording the current (at +0.35 V in the presenic8. mM uric acid) in 2-day intervals. Fig. S8
(Supplementary data) shows continuous operatioarization at +0.35 V in the presence of 0.41

mM uric acid. The signal is kept at 90% of theialiturrent after 24 h.

4. Conclusion

An amperometric thin film biosensor composed of GBWMIC and UOx enzyme is
presented. CNT is successfully dispersed in agusoligion with CMC surfactant. This enables
thin film formation by a simple drop casting lay®y-layer process. The UOx/CNT biosensor with
CMC exhibits the best sensing performance comp@aréaat with the other surfactant, SC, in terms
of higher current and lower detection potential. &\d time-current measurement at fixed potential
exhibited sensitivity values of 233 and 356 mM™ cm? at +0.35 V vs. Ag/AgCl, linear ranges of
0.02-2.7 and 0.02-1.2 mM, and detection limits @& and 1.8uM. Detection values for actual
physiological samples (serum and urine) showed gageeement with those obtained by a
conventional analytical method (enzymatic colorimekit). These results will contribute to

sustainable life as a point-of-care device. Theg@dore may be easily extended to other biosensors.
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Figure captions
Fig. 1. (A) CV profiles of various UOX/CNT electrodes: U@/ (black), UOX/SWCNT-SC/Au
(light blue), UOX/MWCNT-SC (red), UOX/SWCNT-CMC/Ablue), and UOX/MWCNT-CMC
(green). Uric acid concentration is 3.8 mM. Sweae:r50 mV & in pH 7.4, 50 mM phosphate
buffer solution. (B,C) Nyquist plots of the varioUOx/CNT electrodes as in (A). The electrolyte
was pH 7.4, 50 mM phosphate buffer solution corirgii0 mM Kg[Fe(CNs)]/K 4[Fe(CN)] (1:1).
Fig 22 AFM images of (A) MWCNT-CMC, (B) UOx/MWCNT-CMC, and (C)
Nafion/lUOX/MWCNT-CMC. Horizontal scale: 1x1 mm, \eal scale: (A) 125 nm, (B) 200 nm,
and (C) 200 nm.
Fig. 3. CVs of (A) 3.8 mM uric acid and (B) 10 mM 3fce(CNs)]/K4[Fe(CN)] (1:1) with the
UC/MWCNT-CMC Au electrode at various scan ratesarSeates: 0.01, 0.025, 0.05, 0.10, 0.15,
0.30, and 0.50 V5 (C) Dependence of peak current on square ropbtential sweep rate with
electrolyte in 50 mM phosphate buffer solution ldtp4.
Fig. 4. (A) CV and (B) effects of interfering compoundshwespect to the UOX/SWCNT-CMC/Au
electrode Sweep rate: 50 mV’s Uric acid concentrations of 0, 0.020, 0.050, 029, 0.28, 0.41,
0.58, 0.87, and 1.2 mM in pH 7.4 phosphate bufduteon (B). Inset. The effects of interferent
species (0.1 mM urea (UR) and 0.1 mM ascorbic é&#)). The sequential concentrations of uric
acid (UA) were 0.1, 0.2, and 0.4 mM. The polarizatpotential was +0.35 V vs. Ag/AgCl with an
electrolyte of pH 7.4, 50 mM phosphate buffer solut (C) Calibration plot for uric acid response
using the data in 4A and 4B. The sensitivitieshef électrodes were 238 mM™ cm? (r = 0.999
in the linear range of 0.020-2.7 mM) by CV and 36mM™ cm (r = 0.999 in the linear range of
0.020-1.2 mM) by CV.
Fig. 5. (A) CV of serum sample. Uric acid concentration® 8, 0.37, 0.46, and 0.63 mM. Sweep
rate: 50 mV &. (B) CV of urine sample with various dilutions. \Rarrine concentration was 2.5

mM. Sweep rate: 50 mV'sin pH 7.4 phosphate buffer solution. (C) Plothidsensor values
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(detection current) and enzymatic colorimetry latues of various serums and urines. The fitting

line is based on the standard sample in Fig. 4C.



Tablel

Comparison of the performance parameters of CNT-base uric acid biosensors.

Detection  Sensitivity ~ Linear Delt_ection
biosensor potential 1 -2 range imit ref
(v)  WAmMcmO) (M)

UOX/MWCNT-CMC/Au 0.35 233 0.02-5.0 2.8 Thiswork
Magnetically entrapped SWCNT N/A N/A 0.001-0.20  0.83 (14)
UOx-Thionine-SWCNT 0.40 90 0.002-2.0 0.5 (15)
CS/UOx-PFBA-PANPS/Pd/MWCNT/Au 0.55 490 0.001-2.5 0.1 (16)
UOx/PBG/MWCNT/CFE 0.30 248 0.002-0.1 0.6 17
PVF-c-MWCNT-GEL 0.50 N/A 0.0002-0.71  0.023 (18)
UOx/AuNP/c-MWCNT/Au 0.50 N/A 0.01-0.8 10 (29
PBNPYc-MWCNT/PANI 0.40 N/A 0.005-0.8 5 (20)
UOx-PANI-MWCNT/ITO 0.45 43.2 0.01-1.0 10 (21)
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Fig. 1. (A) CV profiles of various UOX/CNT electrodes:
UOx/Au (black), UOX/SWCNT-SC/Au (light blue),
UOX/MWCNT-SC (red), UOX/SWCNT-CMC/Au (blue),
and UOX/MWCNT-CMC (green). Uric acid concentration
is 3.8 mM. Sweep rate: 50 mV st in pH 7.4, 50 mM
phosphate buffer solution. (B,C) Nyquist plots of the
various UOX/CNT electrodes as in (A). The electrolyte
was pH 7.4, 50 mM phosphate buffer solution containing

10 MM K3[Fe(CNg)/K [FE(CN)g] (1:2).
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Fig. 4. (A) CV and (B) effects of interfering
compounds with respect to the UOX/SWCNT-
CMCJ/Au €lectrode. Sweep rate: 50 mV st. Uric
acid concentrations of 0, 0.020, 0.050, 0.10, 0.19,
0.28, 0.41, 058, 0.87, and 1.2 mM in pH 7.4
phosphate buffer solution (B). Inset: The effects of
interferent species (0.1 mM urea (UR) and 0.1 mM
ascorbic acid (AA)). The sequential concentrations
of uric acid (UA) were 0.1, 0.2, and 0.4 mM. The
polarization potential was +0.35 V vs. Ag/AgCl
with an dectrolyte of pH 7.4, 50 mM phosphate
buffer solution. (C) Calibration plot for uric acid
response using the data in 4A and 4B. The
sengitivities of the electrodes were 233 yA mM-!
cmr2 (r = 0.999 in the linear range of 0.020-2.7 mM)
by CV and 356 pA mM-t cm? (r = 0.999 in the

linear range of 0.020-1.2 mM) by CV.
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Fig. 5. (A) CV of serum sample. Uric acid
concentrations of 0.28, 0.37, 0.46, and 0.63
mM. Sweep rate: 50 mV s?. (B) CV of urine
sample with various dilutions. Raw urine
concentration was 2.5 mM. Sweep rate: 50
mV st in pH 7.4 phosphate buffer solution.
(C) Plot of biosensor values (detection
current) and enzymatic colorimetry kit values
of various serums and urines. The fitting line
is based on the standard sample in Fig. 4C.
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Highlights
® Detection of clinically important uric acid in blood and urine is presented.
® Thin film biosensor composed of carbon nanotube and enzyme uricase is presented.

® Carbon nanotube is dispersed in agueous solution with carboxymethylcellul ose.



