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Ru(DMSO)4Cl2 is a good precursor complex in synthetic inorganic chemistry and also considered to be an
efficient anti-cancer drug. Here in, we are reporting �80 nm nano-aggregates of Ru(DMSO)4Cl2 complex
stabilized Nafion membrane modified glassy carbon electrode (GCE/Nf–{RuDMSO–Cl–H2O}–MME) for
simultaneous electro-catalytic oxidations and separation-less detection of purine bases; uric acid (UA),
xanthine (X) and hypoxanthine (Hx) in a physiological solution. The MME was characterized using solid
state UV–Vis, X-ray photoelectron spectroscopy (XPS) and transmission electron-microscopy (TEM) tech-
niques. It has been found that Ru(DMSO)4Cl2 undergoes dissolution reactions within the water rich
hydrophilic micro-channels of Nafion membrane and get electro-statically stabilized as [RuIIClx(DMSO)y-
(H2O)4�(x+y)]n+ through the cationic sulphonic acid structures. The MME film behaves like metallic
electronic conductor, investigated with FeðCNÞ3�=4�

6 redox couple. This new electrode shows efficient
electrochemical sensing of the UA, X and Hx with a calibration windows (detection limit) up to 700
(0.372 lM), 500 (2.351 lM) and 300 lM (2.37 lM) respectively. The electrode shows exceptional stabil-
ity and applicability to various real samples.

� 2010 Elsevier B.V. All rights reserved.
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1. Introduction

Ruthenium dimethylsulphoxide-chloride complex, Ru(DM-
SO)4Cl2 is a well known precursor to prepare various Ru-complexes
[1–5], which possess mutagenic properties and exhibits good anti-
neoplastic activity against several murine metastatic tumor cells
such as P388 leukemia, Lewis lung carcinoma, B16 melanoma
and MCa mammary carcinoma [6–8]. The complex can cross over
the cell membrane and interacts with DNA, especially guanine dur-
ing the tumor deactivation [9]. Meanwhile, Nafion (Nf) membrane
is a cationic exchanging polyperfluoro polymer of perfluroethylene
backbone chains (hydrophobic nature) interconnected with re-
verse micellar type pendant sulphonic acid groups of channel
diameter size �4 nm (hydrophilic and anionic character) [10]. Naf-
ion membranes have been used often in fuel cell applications and
other areas including chemical and biochemical sensors and syn-
thetic organic chemistry [10,11]. In further, Nafion membrane
has also been utilized as a template to prepare nano-scale particu-
lates inside its fine micro-channel networks [12–17]. First time in
this work, we are reporting �80 nm nano-aggregates of Ru(DM-
SO)4Cl2 complex stabilized Nafion colloidal solution (designated
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as Nf–{RuDMSO–Cl–H2O}) and further as a molecular membrane
film on a glassy carbon chemically modified electrode (designated
as GCE/Nf–{RuDMSO–Cl–H2O}–MME) for simultaneous electro-
catalytic oxidation and sensing of purine metabolites, hypoxan-
thine (Hx), xanthine (X) and uric acid (UA) in a physiological pH.
To the best of our knowledge Ru(DMSO)4Cl2 has never been used
in any chemically modified electrode system so for.

Purine bases are found high concentration in meat and meat
products, especially in the internal organs such as liver and kidney
[18,19]. Purine metabolites pathway involves transformation of
hypoxanthine ? xanthine, xanthine ? uric acid and uric acid ?
oxidized products. Xanthine oxidase, XOD is the specific enzyme
that oxidizes Hx ? X and X ? UA, is present in the liver of human
[20–23]. Abnormalities of the metabolites concentrations are sen-
sitive indicators of certain pathologic states, including gout, xan-
thinuria, hyperuricemia, renal failure, toxaemia during
pregnancy, etc. [22–24]. Since Hx and X are the precursors of UA
and important intermediates in purine biosynthesis, simultaneous
detection of these two compounds have become vital in food, bio-
chemical and clinical diagnosis.

In order to simultaneously detect the Hx, X and UA, separation
techniques based on HPLC [25,26] and capillary electrophoresis
[27,28] coupled with photo-diode array spectrophotometer at
UV wavelength in between 245 and 265 nm were often reported.

http://dx.doi.org/10.1016/j.jelechem.2010.02.031
mailto:askumarchem@yahoo.com
http://www.sciencedirect.com/science/journal/15726657
http://www.elsevier.com/locate/jelechem
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Meanwhile, for the above purpose, electrochemical biosensors
utilizing a chemically modified electrode (CME) composed of
XOD enzyme/redox mediator systems were also investigated
[29–31]. In general, these methods are complicated, time con-
suming and several difficulties have been found to achieve satis-
factory separation, sensitivity and enzyme stability. In this regard,
few non-enzyme based electrochemical methods for the simulta-
neous detection of Hx, X and UA were reported till date, with
examples being, unmodified glassy carbon electrode in 1 M
H2SO4 [32], carbon paste electrodes polarized in a dilute alkaline
medium (2 mM NaOH + 10 mM NaClO4) [33], pre-anodized (2 V
vs. Ag/AgCl) Nontronite clay coated screen-printed electrode in
pH 7.5 phosphate buffer solution (PBS) [34], grinded carbon elec-
trode in pH 4.8 acetate buffer solution [35] and Nafion/lead–ruth-
enate pyrochlore chemically modified electrode (preliminary
results) [36]. Unfortunately, existing electrodes were having com-
plicated preparations along with series of surface activation and
pre-concentration steps. Present method allows easy electrode
preparation and simple detection procedure. The nano-aggregates
of Ru(DMSO)4Cl2 complex stabilized Nf membrane may also offer
a model to study the binding nature of biochemical’s on the ac-
tive complex site.
c

2. Experimental

2.1. Chemicals and reagents

The ruthenium complex, Ru(DMSO)4Cl2 (recemic mixture of cis
and trans) was synthesized according to the published procedure
and recrystallized in DMSO [37]. Nafion� 117 perflourinated ion-
exchange powder, 5% weight solution in a mixture of lower ali-
phatic alcohols was obtained from Wago Chemical, Japan. The fol-
lowing chemicals were of analytical grade and were purchased
from Sigma and Aldrich, India used as received without any further
purification; uric acid, xanthine, hypoxanthine. Aqueous solutions
were prepared using deionized and alkaline KMnO4 distilled water
(designated as DD water). Unless otherwise stated, pH 7 phosphate
buffer solution (PBS) of I = 0.1 M was used as supporting electrolyte
in this study. sp
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Fig. 1. Solution and solid state UV–Vis responses of 8.5 mg of Ru(DMSO)4Cl2 in 20%
DD water + 80% ethanol mixture (without Nafion) (a) and ITO/Nf–{RuDMSO–Cl–
H2O}–MME at different time intervals (b and c).
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2.2. Apparatus

Voltammetric measurements were carried out using CHI model
660C electrochemical work station, USA with 10 mL working vol-
ume. The three electrode system consists of glassy carbon (GCE)
of 0.0707 cm2 geometrical surface area and its chemically modified
electrode (CME) as working electrode, Ag/AgCl with 3 M KCl as a
reference electrode and platinum wire as counter electrode. The
bio-analytical system (BAS, USA) polishing kit was used to polish
the GCE surface. The surface of the GCE was cleaned both mechan-
ically (polished with 1 lm alumina powder in the BAS polishing
kit, cleaned with acetone and washed with DD water) and electro-
chemically (by performing cyclic voltammetry (CV) for 10 cycles in
the potential window –0.4 V to 1.0 V vs. Ag/AgCl in pH 7 PBS solu-
tion). A 1 KW power, Model JY-2000 ICP optical emission spec-
trometer (Jobin Yvon, France) was used for the determination of
Ru. Ruthenium concentration in the purified Ru(DMSO)4Cl2 sample
is 650 lg/g. Surface morphology was determined by transmission
electron-microscopy (TEM, JEOL-3010). X-ray photoelectron spec-
troscopic analysis (XPS, American Physical Electronics, PHI XI/ESCA
PHI 1600) was done for ITO/Nf–{RuDMSO–Cl–H2O}–MME with a
binding energy resolution of 0.1 eV. Ex situ atomic force micro-
scopic (AFM) analyses were carried out by using a CSPM4500 (Chi-
na) instrument.

www
2.3. Procedures

Nf–{RuDMSO–Cl–H2O} colloidal solution was first prepared by
mixing 43 mg of Ru(DMSO)4Cl2 with 373 lL of 5% Nafion (Nf), fol-
lowed by 10 min of sonication at room temperature (T � 28 �C).
This procedure results in a clear orange–yellow colloidal solution
(Nf–{RuDMSO–Cl–H2O}) which is stable in the room temperature
for 3 months. This solution served as a stock to further prepare
membrane modified electrodes (MME). The GCE/Nf–{RuDMSO–
Cl–H2O}–MME was then prepared by following procedure: 2 lL
of the Nf–{RuDMSO–Cl–H2O} colloidal solution was drop coated
on the cleaned GCE surface and allowed to dry for 20–30 min.
The film was further electrochemically pretreated by continuous
cycling (n = 20) in pH 7 PBS in the potential window �0.4 to
0.8 V vs. Ag/AgCl at scan rate (v) of 50 mV/s. There is no redox
behavior observed for this system. Since dissolved oxygen do not
influence the present electrochemical system, experiments were
all performed with normal dissolved oxygen (DO). Differential
pulse voltammetry (DPV) was used as a quantitative electrochem-
ical tool for the simultaneous detection of the Hx, X and UA in a pH
7 PBS.

Two real samples, laboratory person (female) urine and com-
mercial fresh chicken-flesh samples were taken for analysis. The
urine sample was filtered and diluted to five times before routine
analysis. The chicken-flesh sample of weight 2 mg was first
homogenized with 10 mL of pH 7 PBS buffer and then filtered
(dilution factor = 5). Aliquots (10 mL) were taken for the electro-
analysis. Standard addition approach was adopted for the analysis
of the above samples.
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3. Results and discussion

3.1. Physico-chemical characterization

Fig. 1 shows typical solid state UV–Vis pattern of ITO/Nf–{RuD-
MSO–Cl–H2O}–MME in comparison with solution phase spectra of
Ru(DMSO)4Cl2 complex dissolved in a mixture of 80% ethanol and
20% DD water. In order to imitate the organic and aqueous behav-
iors of the Nafion, the above said solvent mixture was taken. The
naked complex showed a kmax at 360 nm (Fig. 1a), while the ITO/
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Nf–{RuDMSO–Cl–H2O}–MME resulted in a similar kmax along with
an additional shoulder like response at 450 nm (Fig. 1b). Change in
the measurement time (10 min to 2 h) results to qualitatively sim-
ilar UV–Vis patterns (Fig. 1c). The quantitative alterations might be
due to change in the film thickness during the course of the drying
time. Literature reports indicated that the Ru(DMSO)4Cl2 exhibits
reversible cis and trans linkage isomerism, in which four S-bonded
DMSO’s were occupied in the square planner position of the octa-
hedral configuration for the trans form [8,9,38]. On the other hand,
three out of four DMSO’s are S-bonded to the Ru in a facial config-
uration, while the last one is O-bonded in the cis form [9,38]. In fur-
ther, both the forms were reported to be involved in rapid
dissolution reaction with water [38] (Scheme 1). For instance,
cis-Ru(DMSO)4Cl2 complex once dissolved in water, immediately
releases the O-bonded DMSO and become cis, fac-[Ru(DMSO)3Cl2(-
H2O)], which then under strong photo-irradiation (visible light;
400 nm) and thermal hydrolysis (�20 �C) leads to slow exchange
of its Cl� with H2O to form [RuIIClx(DMSO)y(H2O)4�(x+y)]n+ complex
as in the Scheme 1 [38]. This structural change could be identified
from the UV–Vis spectroscopy, where a characteristic peak at
360 nm is observed for the cis, fac-[Ru(DMSO)3Cl2(H2O)] [38].
Meanwhile, trans form of the respective complex resulted in the ra-
pid formation to trans, cis, cis-Ru(DMSO)2Cl2(H2O)2 complex in
water (kmax � 300 nm) and finally to [RuIIClx(DMSO)y(H2O)4�(x+y)]n+

[9,38]. Note that both the cis and trans forms of the complexes
yielded similar kinds of end product. Hence, the possible ruthe-
nium complex species present in the ethanol + H2O system is of
cis, fac-[Ru(DMSO)3Cl2(H2O)], while the complex encapsulated Naf-
ion membrane might be of [RuIIClx(DMSO)y(H2O)4�(x+y)]n+/Nafion–
SO�3 (Schemes 1 and 2).

Exact detail for the isomeric conversion within the film is un-
known to us now. It is expected that the high concentration of sul-
phonic acid group —SO�3 �H

þ� �
present within the hydrophilic

aquatic micro-channel structure of Nafion, might assist the cis,
fac-[Ru(DMSO)3Cl2(H2O)] ? [RuIIClx(DMSO)y(H2O)4�(x+y)]n+ reac-
tion in room temperature, which is then electro-statically stabi-
lized within its anionic micro-channel structure of the Nafion
(Scheme 2).

Nano-aggregates of the Ru-complex of average size 80 nm
were seen as dark spots in Fig. 2, which is relatively higher than
the expected micro-channel structure of the unmodified Nafion,.sp
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�4 nm. This may be due to the strong aggregation (as polynuclear
Ru-complex)-induced expansion of the Nafion membrane pores,
similar to the nano-aggregates of Mn3O4 within the Nafion [17].
Since the Nafion stabilized Ru-complex containing water and
chloride as molecular ligands, it should be involved in inter mul-
ti-hydrogen bonding to form larger sized nano-aggregates as
macro molecular architectures [39,40]. Hence, the size of Ru-com-
plex formed within the Nafion’s micro-channels appears to be
controlled by the size of the reverse-micellar like ionic cluster
structure of the membrane.

The XPS survey spectrum of the ITO/Nf–{RuDMSO–Cl–H2O}–
MME shows peaks related to Ru, S, Cl and O 1s species (Fig. 3).
Ru 3d core energy XPS of the sample yielded well-defined doublet
peaks; Ru 3d5/2 and 3d3/2, where BE of Ru is 3d5/2 = 285.4 eV, which
is closer to a value of 285 eV for the Ru(II) oxidation state of ITO/
Nafion–RuIIðbpyÞ2þ3 complex [41]. XPS of S 2p energy level shows
existence of three different species; bonded DMSO (CH3–SO–CH3,
166.5 eV, bold letter denotes the active atom), free sulphonic acid;
�SO�3 (167.6 eV) and un-bonded DMSO (164.8 eV, due to dissolu-
tion of one of the DMSO from the Ru(DMSO)4Cl2 core) are in ana-
logues to related species at 166.3, 168.9 and 164.2 eV for the
naked Ru(DMSO)4Cl2 and Ru–S containing heterocyclic complexes
in the literature [42]. The Cl 2p energy level of the film shows cou-
ple of peaks at the BE values of 199 and 201.8 eV, which are rela-
tively higher than the expected values of �197.6 eV for the
naked Ru(DMSO)4Cl2 [42]. Possibly involvement of strong H-bond-
ing effect through –Cl–H–O–H– links within the Nafion membrane
might be a reason to the BE shift in the higher energy side. The
additional Cl 2p peak at 201.8 eV may be due to unknown impu-
rity, which might be released from the Ru(DMSO)4Cl2 dissolution
steps within the membrane. High resolution XPS of the O 1s attrib-
uted to existence of five different species; Ru–DMSO (531.6 eV),
free —SO�3 (532.2 eV), un-bonded H2O (533.8 eV), Ru–H2O
(534.6 eV) and –C–O–C linkages (536.6 eV) in comparison with
the literature reports for the naked Ru(DMSO)4Cl2 (532 eV) [42],
Nafion–SO�3 �H

þ (�332.5 eV) [41], H2O adsorbed metal oxides
(534 eV) [43], aqua–metal complex (534.1 eV) [44] and Nafion’s
ether link (�536 eV) [41] respectively. Collective information of
the observation further supports the [RuIIClx(DMSO)y(H2O)4�(x+y)]n+

complex stabilized by anionic reverse-micellar like sulphonic sites
structure of the Nafion.
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Scheme 2. Cartoon for the illustration of [RuClx(DMSO)y(H2O)4�(x+y)]n+ stabilized Nafion membrane system (i.e., Nf–{RuDMSO–Cl–H2O}).
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(B)

20 nm 
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20 nm 

Fig. 2. TEM pictures of Nf–{RuDMSO–Cl–H2O} system at different magnifications. Circled portions are representative nanoaggregate of the {RuDMSO–Cl–H2O} species.
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AFM image of the ITO modified Nf shows almost flatter topolog-
ical structure, while Nafion modified Ru-complex shows nano-por-
ous and contour structures of the underlying surface (Fig. S1),
which is in parallel to the TEM observation and to the proposed
nano-aggregated structures.
3.2. Electronic characteristic

Fig. 4 is the CV responses of FeðCNÞ3�6 at MME, GCE/Nf and GCE.
Since the Nafion membrane has anionic character, it is expected
that the solution phase anionic FeðCNÞ3�6 complex would strongly
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Fig. 4. CV response of various electrodes with 1 mM K3[Fe(CN)6] in a pH 7 PBS at a
v = 10 mV/s.
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repelled from the MME’s and GCE/Nf’s outer surface, and hence ab-
sence of any characteristic redox feature. Unlike to the expectation,
the bench-mark redox system showed a well-defined redox feature
with an anodic (Epa) and cathodic (Epc) peak potentials of 240 and
170 mV vs. Ag/AgCl respectively in the MME. Calculated peak-to-
peak separation value (DEp) is 70 mV, which is closer to the ideal
value of 60 mV. Meanwhile, under identical experimental condi-
tion, unmodified GCE showed �2 times higher in the DEp value
(135 mV) and GCE/Nf failed to show any such response. The higher
DEp value with the GCE may be due to sluggish electron-transfer
(ET) in neutral solution [45]. These observations implies that the
Ru(DMSO)4Cl2 incorporated Nafion membrane behave as a perfect
metal like electronic conductor with improved ET behavior. It is ex-
pected that Nafion’s free sulphonic acid groups, —SO�3 were all neu-
tralized and masked by the [RuIIClx(DMSO)y(H2O)4�(x+y)]n+ complex
aggregates and there by behave as active site for the electronic
conduction [11].co

3.3. Electrochemical and catalytic behaviors

Curves named ‘a’ in Fig. 5 are typical CV and DPV responses of
GCE/Nf–{RuDMSO–Cl–H2O}–MME in blank electrolyte. No signifi-
cant redox peak response was noticed, but their electrocatalytic
activities towards purine bases are obvious. Fig. 5 shows compar-
ative CV (A–C) and DPV (D–F) responses of GCE/Nf–{RuDMSO–
Cl–H2O}–MME (b), GCE (c) and GCE/Nf (d) discretely with uric acid
(UA), hypoxanthine (Hx) and xanthine (X) in a pH 7 PBS. As can be
seen from the CV of the uric acid, GCE shows a marked anodic peak
at 0.3 V vs. Ag/AgCl, while the MME showed twice increase in the
anodic current over the GCE with closer in the peak potential.
For the case of xanthine oxidation by CV, the MME showed
200 mV reduction in the over-potential value (g, Epa = 0.65 V vs.
Ag/AgCl) and �1.5 times increase in the peak current over the
GCE/Nf. Similarly for hypoxanthine case, the MME yielded a de-
fined oxidation peak at 1 V vs. Ag/AgCl, while the GCE and GCE/
Nf failed to show any such defined oxidation peaks. Parallel DPV
responses support the above observation (Fig. 5D–F). These obser-
vations attribute to electro-catalytic features of the MME towards
the purine bases in this work (relatively weak electro-catalytic ef-
fect to uric acid). Observation of negative potential shift in the DPV
for the UA oxidation on the MME with respect to the GCE (Fig. 5D),
unlike to the same oxidation potential by CV in Fig. 5A, may be due
to applied amplitude and pulse effects, which may leads to some
temporary surface interaction of UA on the MME. This is infact
advantage of using the DPV as qualitative tool in this work.

Effect of scan rate (v) on the CV oxidation of the analytes at the
MME shows systematic increase in the peak current responses
(Fig. S2A–C). Double logarithmic plot of log (ipa) vs. log (v) yielded
linear line with a slope (@log ipa/@log v) values of 0.4, 0.4 and 0.43
respectively for the UA, X and Hx, which is closer to a value of 0.5
(Fig. S2D), which indicates the mechanism based on diffusion-con-
trolled reaction pathways. There is no sign of the analyte’s peaks in
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a medium transferred blank solution by CV, unlike to the previous
pre-anodized Nontronite clay modified electrodes with strong
adsorption effect [34]. This is a clear advantage to easy renewal
of the working surface. Tafel slope values (@log Epa/@log v) were
indirectly constructed from the Epa vs. log (v) plot, and the values
are 78, 78 and 48 respectively for the UA, X and Hx (Table 1). Cor-
responding anodic transfer coefficient, aa values were 0.4, 0.4 and
0.61, which indicates symmetry in the energy barrier for the elec-
tron-transfer reactions.

Typical DPV responses for the simultaneous detection of the
purine bases on various electrodes were given in Fig. 5G. GCE/

www
Table 1
Kinetic parameters for the electro-catalytic oxidation of purine bases on GCE/Nf–
{RuDMSO–Cl–H2O}–MME.

Parameters Uric acid Xanthine Hypoxanthine

Potential (V vs. Ag/AgCl) 0–0.5 V 0.4–0.9 V 0.6–1.1 V
Surface coverage, CRu

(�10–12 mol cm�2)
0.0113 0.213 0.793

KM (mmol dm�3) 12.29 1.196 0.256
k0e (cm s�1) 0.003 0.008 0.0159
kc (s�1) 3.1 � 106 4.5 � 104 1.9 � 104

Tafel slope (mV/decade) 78 78 48
Transfer coefficient, a 0.40 0.40 0.61
Nf–{RuDMSO–Cl–H2O}–MME yielded well-defined, well separated
and �10 times increase in the peaks current signals at 0.24, 0.590
and 0.90 V vs. Ag/AgCl respectively over the unmodified electrodes
with 50–150 mV reduction in the over-potential (g) values, due to
the electrocatalytic function of the underlying MME electrode (UA
shows relatively lower electro-catalytic effect). Fig. S3 shows effect
of solution pH on the simultaneous oxidations of the three analytes
by DPV in the window pH 3–8. The UA’s peak current response at-
tained a maxima value at pH 6–7, before and after the optimal va-
lue �2 times lowered current signals were observed. This trend is
almost same to X and Hx cases also. Exact details for the behavioral
changes are unknown for us now. Since pH 7 PBS showed relatively
higher current signals to all the three analytes, this pH was chosen
as optimal for further analysis.

Effect of UA, X and Hx concentration (calibration) on the simul-
taneous detection of the individual analyte was next studied by
systematically increasing one analyte concentration with other
two fixed as in the Fig. 6. The DPV of the UA shows regular increase
in the UA current signals up to 700 lM. Constructed calibration
plot was linear in that window with a slope and regression (R)
coefficient values of 1.84 � 10�2 lA/lM and 0.9985 respectively.
Ten repeated DPV measurements (n = 10) of 20 lM UA resulted
to a relative standard deviation (RSD) value of 3.59% (Fig. S4). Cal-
culated detection limit, DL (signal-to-noise ratio, S/N = 3) value was
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Fig. 6. Typical DPV responses for the simultaneous detection of uric acid, xanthine
and hypoxanthine with respect to one another using GCE/Nf–{RuDMSO–Cl–H2O}–
MME in a pH 7 PBS. Plot of ipa vs. analyte concentration, [analyte] were given as
respective insert figures.
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m
0.372 lM. Similarly the slope (R), RSD and DL values for X and Hx
are: 3.37 � 10�2 lA/lM (R = 0.9972), 3.53% ([X] = 20 lM, n = 10)
and 2.351 lM and 3.64 � 10�2 lA/lM (R = 0.9969), 5% ([Hx] =
20 lM, n = 10) and 2.37 lM respectively on the GCE/Nf–{RuD-
MSO–Cl–H2O}–MME in a pH 7 PBS. Appreciable RSD values with
the MME indicate good reproducibility of the working electrode to-
wards the purine analysis, without any surface fouling or poisoning
effects in this work. Obtained DL values were comparable with that
of the 2 V vs. Ag/AgCl pre-anodized and 60 s pre-concentrated
Nontronite modified electrodes in neutral buffer solution [34],
yet without pre-anodization and pre-concentration procedures.
Note that fraction of the analytes get oxidized (Hx ? X and
X ? UA) on the working electrode interphase during the anodic
sweep, which may further result in slight variation in the current
signal of the fixed analytes [35].

Surface concentration of electro-active ruthenium species (CRu)
were estimated by performing chrono-coulometric experiment inwww.sp
Nf-{RuIIIDMSO-Cl-H2O}-MME + X            

Nf-{RuIIDMSO-Cl-H2O}-MME              

Nf-{RuIIDMS

Km

Step-

k'e
Step-

Scheme 3. Michaelis–Menten kinetic pathway for the electro-catalyti
the respective analyte working potential windows and the values
are; 0.0113 (0–0.5 V), 0.213 (0.4–0.9 V) and 0.793 � 10�12 mol
cm�2 (0.6–1.1 V vs. Ag/AgCl) (Fig. S3 and Table 1). Reaction order,
[@log (ipa/lA)/@log (analyte/lM)] was calculated from the plot of
log (ipa) vs. log (analyte) and the values are �1 for UA and X, and
0.5 for Hx on the GCE/Nf–{RuDMSO–Cl–H2O}–MME (figures were
not included). The lower the reaction order with Hx may be due
to the interference of oxygen evolution reaction at the high operat-
ing potentials. Concern about the electro-catalytic mechanism, we
propose a kinetics based on Michaelis–Menten (MM) type of en-
zyme-analyte mechanism as per our previous thin film electrocat-
alytic system with monolayer surface active site concentration
[11,36]. In that mechanism, first the catalyst/analyte form an inter-
mediate complex (Step-1) and then decompose to product with re-
duced form of the catalytic active site (Step-2), this in turn results
back to the active form by electrochemical oxidation (Step-3) as in
Scheme 3 for an example of xanthine oxidation. Calibration plots
obtained in Fig. 6 were further taken for calculation of respective
kinetic parameters, Km = Michaelis–Menten rate constant, kc = cat-
alytic rate constant and k0e = heterogeneous electrochemical rate
constant using Lineweaver–Burke (LB) plot method (Fig. S5 and Ta-
ble 1) from the following simplified linear equation [36].

1=ipa ¼ Km=nFAkcCRu½purine� þ 1=nFAkcCRu ¼ SLB½purine� þ ILB ð1Þ
SLB ¼ Km=nFAkcCRu½purine� and ILB ¼ 1=nFAkcCRu ð2Þ

In the above equation S and I denote the slope and intercept va-
lue of the linearized equation, respectively and other symbols hav-
ing its usual significance. The heterogeneous rate constant, k0e value
was calculated by substituting the kc, CRu (Fig. S6) and Km in the
equation k0e = kcCRu/Km, and the measured values were given in Ta-
ble 1. Obtained kc values in this work were �3 order high over a
bio-mimicking enzyme, based on Nafion/lead–ruthenium oxide
pyrochlore chemically modified electrode towards various biomol-
ecules including purine bases [11,36].

3.4. Analytical application

Practical application of the GCE/Nf–{RuDMSO–Cl–H2O}–MME
was further tested by measuring the concentration of uric acid
and xanthine in human-urine and xanthine in chicken samples as
in Fig. S7. DPV of the MME shows specific uric acid oxidation signal
at 0.3 V (Fig. S7A) and xanthine signal at 0.70 V vs. Ag/AgCl
(Fig. S7B) for the urine sample. Further spike of standard concen-
tration of uric acid (50 lM) and xanthine (50 lM) to the urine sam-
ple, shows systematic increase in the peak current values on top of
the respective oxidation potentials, which confirm the peaks due to
uric acid and xanthine species in the urine real sample. Similarly,
the xanthine in chicken shows an oxidation peak current signal
at 0.70 V vs. Ag/AgCl and the signal get increases uniformly upon
spiking of standard xanthine (Fig. S7C). The results obtained for
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     [Nf-{RuIIIDMSO-Cl-H2O}-MME---X]

     Nf-{RuIIIDMSO-Cl-H2O}-MME

O-Cl-H2O}-MME +  Oxidized product

Step-2 kc

1

3

(intermediate high-energy complex)

c oxidation of xanthine (X) on GCE/Nf–{RuDMSO–Cl–H2O}–MME.



Table 2
Real samples analysis of purine bases for urine and chicken samples using GCE/Nf–
{RuDMSO–Cl–H2O}–MME.

Parameters Urine Chicken

Uric acid Xanthine Xanthine

Linear equation y = 0.147x + 0.952 y = 0.0104x + 0.863 y = 0.011x + 0.153
Regression 0.999 0.999 0.996
Detected/

original (lM)
14.93 8.56 1.81

Spike (lM) 50 50 50
After spike (lM) 47.55 50.67 49.45
Recovery (%) 95.10 101.34 98.9
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the two real samples were summarized in Table 2. Absence of uric
acid peak with the chicken-flesh sample denotes the freshness of
the sample. The better recovery values of the MME indicated that
the MME could be efficiently used for the determination of purine
bases in the various real samples. Finally investigated stability
check for a period of a month time (Fig. S8), showed �5% alteration
in the ipa with 50 mV positive Epa shift, which further indicated that
the working electrode is appreciably stable without any fouling
effects.

4. Conclusions

Ru(DMSO)4Cl2 complex was used for the first time in the liter-
ature as mediator to prepare a new chemically modified electrode
with Nafion (GCE/Nf–{RuDMSO–Cl–H2O}–MME) and further to
simultaneous electrochemical detection of purine bases; uric acid,
xanthine and hypoxanthine utilizing the electro-catalytic effect in
a physiological solution. Physico-chemical characterization by so-
lid state UV–Vis, TEM and XPS have suggested that the Ru(DM-
SO)4Cl2 get converted to �80 nm aggregates of cationic
[RuIIClx(DMSO)y(H2O)4�(x+y)]n+ particles, which then stabilized
within the water and sulphonic acid rich micro-channel structure
of the Nafion membrane. The new membrane modified electrode
(MME) showed unusual metal like electronic conductivity, which
was investigated through FeðCNÞ3�=4�

6 redox couple, showed a
superior response to the classical GCE electrode. Possible mecha-
nism was proposed in terms of Michaelis–Menten type of en-
zyme-analyte reaction kinetics with the MME. Two real sample
analyses were successfully demonstrated with appreciable recov-
eries. Important advantage of the present analytical approach is,
the working MME can be prepared on any conducting substrates
unlike to the literature reports, for example, on the disposable type
screen-printed electrodes and ITO without any activation proce-
dures and further to the purine bases analysis in a physiological
pH.
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