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ABSTRACT

An artificial enzyme analogue of Nafion/lead—ruthenium oxide
pyrochlore (Py) chemically modified electrode (NPyCME) is syn-
thesized by in situ precipitation through blocking of Nafion’s
hydrophilic zones. The catalytically active Py sites covered with a
hydrophobic core of Nafion resemble an enzymatic structure.
Moreover, the NPyCME obeys the Michaelis—Menten mechanism
for the oxidation of many organic and biological molecules. This
Account highlights aspects of the preparation, characterization, and
application of the NPyCME.

Introduction

The development of chemical sensors through electroca-
talysis for detection and determination of various organic
and biomolecules has potential implications for clinical,
biomedical, and environmental research fields. Precious
metallic oxides, namely PtO,, IrO,, and RuO,, usually have
fascinating and excellent electrocatalytic activity over
simple mediator systems.! This is because these oxides
contain tunable redox groups with large specific surface
area. A successful chemical sensor must have good
sensitivity, selectivity, reversibility, speed, and longevity
toward the desired analyte while consuming minimal
power and volume; additionally, it must be able to be
manufactured from inexpensive materials using economi-
cal batch methods.? Undoubtedly, the precious metallic
oxide electrodes can fulfill only part of those requirements.
Indeed, higher cost, long and high-temperature prepara-
tion, and large intrinsic capacitative behavior of these
metallic oxides limit their utility in sensor applications.
Conversely, mixed oxides derived from spinel, perovskite,
and pyrochlore also showed good catalytic activity but at
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Scheme 1. (a) One-Quarter Cationic Sublattice of Lead—Ruthenium
Oxide Pyrochlore (Py, Pb,Ru,040") Having Face-Centered Cubic Unit
Cell, and (b) Illustration of Intact RuOg, Octahedral Sites in the Py
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a much lower cost. Pyrochlores with general formula
A;B,060" (where A = Pb, Bi, etc. and B = Ru, Ir, etc.) are
especially anticipated to be a very good alternative for
precious metallic oxides.3* Lead—ruthenium oxide pyro-
chlore (Pb,Ru,0¢0’, Scheme 1) and lead—iridium oxide
pyrochlore (Pb,Ir,0;) have been reported as active bi-
functional catalysts for both oxidation and reduction
reactions.t34 Other pyrochlores, like Bi,Ru,0; and Bi,Ir,0O-,
also have high conductivity and activity. However, these
compounds have yet to be proved useful for electrocata-
lytic applications.

For utilization of the oxide materials in chemical sensor
applications, the main requirement is to find a suitable
modifier (or binder) and electrode modification proce-
dures to convert the oxide material into an electrode. We
disclosed earlier a novel Nafion/lead—ruthenium oxide
pyrochlore chemically modified electrode (NPyCME) for
chemical sensor applications, where the catalytically active
pyrochlore (Py) units were directly precipitated in the
interfacial sites of the Nafion matrix.>® This electrode has
a unique structure of hydrophobic core intercalated with
active Py sites and is similar to an enzymatic structure.
Compared parallel experiments under identical conditions
with a Nafion (4 wt %) + Py (~1.5 ug/cm?) composite
electrode (designated as NPyCE), the NPyCME shows a
much smaller ionic and double-layer charging current and
more efficient electrocatalytic action. The very low residual
double-layer charging together with fast response time
make the NPyCME further suited for the construction of
good chemical sensors with detection limits in the nano-
molar range.® Analytical applications were demonstrated
with good sensitivity and selectivity for many samples,
including those from the environmental >~8 biomedical,®
and pharmaceutical and food!4~*8 industries, through the
NPyCME’s electrocatalytic activity.

The electrocatalytic oxidation on the NPyCME obeys
Michaelis—Menten (MM) type kinetics, as demonstrated
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Scheme 2. Preparation Route for the Nafion/Lead-Ruthenium Oxide Pyrochlore Chemically Modified Electrode (NPyCME) by in Situ Precipitation
Technique
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by quasi-steady-state cyclic voltammetric (CV) studies of
cysteine, amitrole, hypoxanthine (Hx), etc.81314 The NPy-
CME actually behaves like an enzyme analogue similar to
one predicted for catalytic reaction from an enzyme in a
biological system.'® Most importantly, the NPyCME fulfills
the majority of the requirements in sensor applications.
In this Account, we address the preparation and charac-
terization of the NPyCME together with the mechanistic
details of its electrocatalytic reaction.

In Situ Precipitation of Lead—Ruthenium Oxide
Pyrochlore in Nafion Matrix

Scheme 2a represents the basic microstructural units of
the Nafion-coated glassy carbon electrode (GCE), in which
fluorocarbon backbones, ionic hydrophilic clusters (~15%
water), and interfacial amorphous hydrophobic zones of
lower ionic content coexist.?’ To prepare the NPyCME, the
Nafion-coated GCE is first dipped into a solution of Pb?:
Ru®t (1.5:1) for ~12 h. Due to the difference in charge
density and hydration energy between Ru®* and Pb?" ions,
it is expected that the majority of the Ru®* ions can get
into ionic zones and Pb?* into the interfacial zones. After
the ion-exchange process, the electrode is taken out and
washed to remove the loosely adsorbed cations. This is
followed by cooking in alkaline solution with continuous
purging of oxygen, as suggested by Horowitz et al., at a
bath temperature of 53 °C.2! After cooking for at least 1
day, the electrode becomes blackish due to the in situ
precipitation of Py units (Scheme 2c). As indicated in
Table 1, X-ray diffraction patterns of the NPyCME show a
diffused crystalline pattern with face-centered cubic unit
cells (Scheme 1), which is very similar to the results found
with the powder samples.?? This result confirms the

EI linterfacial zones

m Anionic sulfonic units

. Lead-Ruthenium oxide pyrochlore

Table 1. X-ray Diffraction Data of Four Major Peaks
for Lead—Ruthenium Oxide Pyrochlore (Pb2,Ru,0s0")
Particles?? and for Those Synthesized in Nafion

Matrix
26
hkl d/A Py?22 NPyCME
(222) 3.02 29.5 30.0
(622) 1.57 58.0 59.2
(440) 1.84 49.5 49.9
(400) 2.60 34.0 34.8

formation of finite and active-crystalline catalysts in the
interfacial sites of Nafion.

Electron-Transfer Reaction with Benchmark
Model Systems

Since the anionic Nafion backbone is anticipated to be
occupied by Py, it is necessary to characterize the NPy-
CME by using standard benchmark systems of anionic
Fe(CN)g*/4~ and cationic Ru(bpy)s;*™3* redox complexes.
As shown in Figure 1, the CV response of the NPyCME
with 5 mM Fe(CN)s®~ has perfectly reversible behavior,
similar to that observed on solid metal electrodes.?® The
peak potential is fairly close to that at a GCE, except that
the current value is notably higher (~20%). Parallel
experiments under identical conditions with the NPyCE
show an obviously poorer response due to the strong
electrostatic repulsion force between Nafion and Fe(CN)e.
This observation reveals the diminishing of Nafion’s
anionic surface charge upon in situ precipitation of Py
crystallites, which is regarded as a unique characteristic
of the NPyCME over other ionomer-modified systems.
The CV experiments are also extended to the Ru(bpy)s®*
cationic system to evaluate the internal electrostatic
interaction effect on the NPyCME. As shown in Figure 1b,
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FIGURE 1. Electron-transfer reaction with benchmark model
systems in pH 7.4 buffer (/ = 0.1 M). (a) CV responses at different
modified electrodes with 5 mM Fe(CN)g3~~ (v = 10 mV/s). (b) CV
responses in 1 mM Ru(bpy)s?*+ before (dashed line) and after (solid
line) transfer to the pure base electrolyte solution (v = 50 mV/s).

all three electrodes show well-defined peaks at 1100 mV
vs Ag/AgCl, corresponding to the Ru(bpy)s?*/3* redox
transitions. To understand whether the electron-transfer
process of Ru(bpy)s?" is adsorption- or diffusion-con-
trolled, the NPyCME is washed gently in distilled water
and then transferred to the pure base electrolyte solution
after experiments with Ru(bpy):®>™/3*. As shown by the
solid line of Figure 1b, it is clear that there is no adsorption
behavior on both the NPyCME and GCE, while for the
NPyCE, the adsorption effect dominates due to the anionic
character of Nafion. These results clearly show that the
NPyCME surface is free from specific ionic charge effects,
and its behavior is similar to that of a solid metal
electrode.

Mechanistic experiments with Fe(CN)¢~ at different pH
values also show similar metallic behaviors. The peak
potential separation (AE,) lies in the range of 80 &5 mV
for the pH window of 1—13 at a scan rate of 10 mV/s. The
AE, is about 100 mV at 200 mV/s, indicating the quasi-
reversible nature of the NPyCME. Similar observations
have already been repported for Pt and Au electrodes in
the pH range of 4—9.2 Nevertheless, the facts that the
anodic to cathodic peak current ratio (ipa/ipc) is close to 1
over the entire pH range and that the current function is
independent of pH indicate a nearly ideal behavior.
Heterogeneous electron-transfer rate constants (k°) are
calculated on the basis of the Nicholson model for a quasi-
reversible system using the equation k° = y[D,rvnF/
(RT)]¥3(Dr/Do)*2, where v is the kinetic parameter that
relates to AE, and other symbols have their usual mean-
ing.?* The obtained k° values are also independent of pH,
with an average value of (29 + 1.5) x 10°% cm/s.
Compared to the earlier reported k° values of (2—6) x 1073
cm/s (GCE in 0.5 M K;SOy), (2.0 & 1.5) x 103 cm/s (Pt in
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0.1 M LiCl), and (1.1-38.8) x 1072 cm/s (Pt in 1 M
KNO3),23%5727 the similarity to the standard solid electrodes
again demonstrates the near ideality of the present system.

The formal redox potential (E®) on the NPyCME is
likewise independent of pH over the range 4—13, whereas
a decreasing trend (~150 mV) is noticed between pH 2
and 4. This variation is not electrode-sensitive because
the same decreasing trend was also noticed on Pt and Au
electrodes due to the protonation effect of Fe(CN)s*~ (pKa
< 3in 0.5 M K;S0,4).2328 Note that the Fe(CN)¢*~/*~ redox
system shows a strong pH dependency on a GCE because
the carbonyl functional groups on GCE exhibit a tremen-
dous influence on the electron-transfer kinetics.?® This
phenomenon is, indeed, an additional advantage of the
NPyCME, as it can be applied in a broad range of pH and
potential windows in electroanalytical applications. From
these observations, it is expected that the electron density
is high enough to prevent a detectable potential drop
across the surface layer. This result is substantially in
agreement with ac-impedance conductivity measurement
of the NPyCME. The potential drops by about 3 orders of
magnitude after in situ precipitation of Py units in
Nafion.?® Overall, the general behavior of the NPyCME is
typically metallic, similar to that reported on thermally
prepared RuO, samples.!

EIectrocataéysis and Mechanistic Aspects on
the NPyCM

The electrocatalytic processes on the NPyCME occur
through mediation by a higher oxidation state of —Pb"*
or —Ru"*" in the Py molecules. Basic studies revealed that
n =4 and n = 7 are the maximum values for —Pb"* and
—Ru"*, respectively.r With regard to the electrochemical
behavior of Py, Goodenough et al. reported that the major
electrochemical contribution is from octahedral Ru"* in
the RuOg,, framework.® Moreover, based on the Ru redox
transitions of RuO,, i.e., Ru"”V (~0.4 to 0.5 V vs RHE),
RuVV! (~0.9 to 1.15 V vs RHE), and RuV""!" (~1.35 to 1.45
V vs RHE, only available at pH > 12),130-32 the organic
compound oxidation reactions investigated all lie in the
reported redox potential windows.®® For example, the
starting oxidation potential of 0.26 V vs Ag/AgCl at pH 7.0
(i.e., 1.026 V vs RHE) for cysteine falls exactly in the
potential window of 0.9—1.15 V vs RHE, and the reaction
can therefore be regarded as being mediated by the Ru'V/V!
redox couple.’®?° In addition, our recent electrochemical
and redox behavior comparison study of RuO, and Py
powder modified polymer composite electrodes confirmed
the predominant participation of the higher oxidation
Ru™* species.®*

It was reported earlier that, with the reversible redox
couple (Fe?/3%), the activation energy (AH") is low (~24
+ 2 ki/mol) and independent of substrate (Pt or RuO,),
indicating a simple outersphere electron-transfer reaction
on the electrodes.®® Since there is no specific alteration
in the formal potentials of the benchmark model systems
on the NPyCME and GCE, the catalytic mechanism is
unlikely to follow the above model systems. Note that
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Table 2. Mechanistic and Analytical Data for Various Organic and Biochemical Compounds on the NPyCME

Michaelis—Menten

against GCE IRVETINT parameters

sample pH Ep/mV  p/mV Imag ~ mol~tcm32  C/uMP Kp/mmol dm=3 kst D (uM)/technique assayed real samples
oxygen 2.0 —500 250 +5.2 0.7—8.4 ppm/SWV dissolved oxygen®
hydrazine 8.0 600 v. high v. high 86.9 769 4.381 0.477 0.15/FIA7
amitrole 3.6 910 v. high v. high 256.2 400 0.310 0.189 0.38/SWV8
acetaminophen 1.7 700 100 +8.2 191.6 12300 53.100 9.020 1.2/SwV commercial drugs?!®
caffeine 1.23 1351 . high v. high 101.8 1400 63.88 8.04 2/SWV cola, tea, coffeel®
theophylline 3.0 1170 90 11.0 192.6 2860 5.95 1.218 0.1/SWV commercial drugs and tea'®
codeine 11 1007 v. high v. high 0.14/FIA human plasma, drugs?®’
dopamine 7.0 250 100 +2.5 64.9 3000 1.849 0.455 0.1/SWv1©o
serotonin 7.4 360 20 +6.0 810.2 0.002/SWV human blood**
adenine 3.0 920 130 +20.5 138.5 600 0.450 0.101 0.02/SWV DNA, RNA?
guanine 4.5 1110 150 +9.0 40.7 187 0.152 0.111 0.005/SWV DNA, RNA12
cysteine 7.4 630 v. high v. high 54.1 50000 131.4 6.330 1.7 nM/FIA?® biological proteins
hypoxanthine 9.0 911 80 +12.5 324.9 1200 1.191 15.02 0.75/SWV aging of dead fishes!4
xanthine 6.0 778 90 +2.4 254.9 1000 0.479 0.167 0.04/SWV urine
uric acid 11 695 150 +3.2 58.5 1500 2.301 0.365 0.11/swVv urine, serum®

a Current function. ® CV at scan rate = 10 mV/s; v. high = very high; Imag = (ipa)npycme/(ipa)ace; D = detection limit.
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FIGURE 2. (a) The f vs [HX] plot for the CV responses of the
NPyCME in 0—3 mM Hx in pH 9.0 ammonia buffer solution (v = 10
mV/s). (b) The log i vs log [HX] plot.

some standard redox couples on carbon electrodes were
proved to resemble the outersphere model.? Instead, most
organic and other biological compound oxidation reac-
tions on the NPyCME showed a marked decrease (i.e., )
in oxidation potential together with a considerable in-
crease in current magnitude (Imag = (ipa)neycme/ (ipa)ece) Over
the results on the GCE (Table 2). It is expected that the
electrocatalytic system operates through the formation of
a precursor intermediate complex between the analyte
and the catalytic site before product formation. Some of
the functional group that is active to the catalytic site may
help to bridge the analyte with the catalyst. This situation
is quite similar to an innersphere electron-transfer model.3¢
Electrocatalytic oxidation with increasing analyte concen-
tration on the NPyCME showed saturation at a particular
concentration (C_ in Table 2). For example, Hx reached
the C,_ value at 1200 M under quasi-steady-state condi-
tions (Figure 2).2* The reaction order (m), i.e., (3 109 ipa/d
log C), measured is close to unity up to this C., and beyond
that it is zero. This behavior is similar to the enzyme
kinetics in many biological systems with a key-lock type
catalyst/substrate complex high-energy intermediate and
is expected to follow the innersphere electron-transfer
mechanism. 193!

In addition to following the Michaelis—Menten kinetics
behavior, the NPyCME mimics the enzyme in fine site
mapping and can thus be considered as an enzyme
analogue. Since the surrounding polymer can form the

so-called polymeric field, the hydrophobic Nafion core/
shell plays an important role not only in stabilization of
the Py site, but also in the catalysis.” This situation is quite
similar to that of an enzyme, where an active site is
surrounded by protein. This protein can form a specific
field, which fits to the corresponding substrate. Similarly,
interaction between the surrounding polymers and reac-
tive substrates can affect the activity and selectivity of the
NPyCME.

The fundamental characteristic of the Michaelis—
Menten mechanism is a transition from first-order to zero-
order kinetics near a critical substrate concentration.'%3!
These results suggest the operation of the Michaelis—
Menten mechanism type kinetics on the NPyCME. Other
possibilities, such as adsorption of the electroactive
compound, formation of dimeric species at high concen-
trations or complexation with the solvent, and associa-
tion—dissociation chemistry at different concentrations,
may also lead the current to reach a plateau at high
concentrations. However, the perfect diffusion-controlled
behavior of the NPyCME (i.e., 9 log ip/d log v = 0.5)
together with the fact that the molar absorption coefficient
(¢) does not change upon increasing the analyst concen-
tration disproves the above three factors.? Although this
kinetics is well-known in enzymes and immobilized
enzyme electrodes, there are very few reports of it in
nonenzymatic sensors.3!38

Lyons et al. recently reported a theoretical model for
the Michaelis—Menten analysis of microheterogeneous
systems dispersed uniformly in a supporting matrix like
Nafion.?! The electrochemical equivalent of the Michae-
lis—Menten equation in terms of iy, for Hx oxidation can
be written as follows:

 NFAKTUHX]  ip[HX]
'a T K H] Ko+ [HX]

@)

where i, = nFAKk.JI}, T represents the total surface
concentration of the electroactive ruthenium species and
is obtained from the charge (q = nFATIY}) associated with
redox transformation, k. represents the first-order catalytic
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Scheme 3. Electrocatalytic Mediated Mechanism for the
Hypoxathine (Hx) Oxidation on the NPyCME: (a) Illustration of the
Participation of the Ru(IV)/Ru(VI) Redox Sites in the Mediated
Mechanism and (b) Reaction Pathway Based on the
Michaelis—Menten Kinetics

(a) (Octahedral sites of Py)
\ : /
IV
/ iy
E +2e Xanthine
N7
VI
g \N 11_\11

Hypoxanthine

<« NPyCME —— —— Solution phase—s

(b)

ke
Hx + Py-Ru(Vl) =—— [Hx-Py-Ru(Vi)] st PYRUIV) + X

k'vE

Py-Ru(IV) ——  Py-Ru(Vl} + 2e

rate constant for the decomposition of the catalyst/
substrate intermediate to product, Ky, is the Michaelis—
Menten binding constant related to the equilibrium step
of the product with catalyst/substrate intermediate, and
other factors have their usual meaning. The calculation
from curve fitting, Lineweaver—Burk (LB), and Eadie—
Hofsee (EH) analysis were discussed in more detail in our
recent report.!* Table 2 also summarizes the kinetics
information collected on the NPyCME from LB analysis.
Scheme 3 represents a model example of the electrocata-
lytic mechanism for Hx oxidation on the NPyCME, where
surface-bound Py-[Ru(IV)/Ru(VI1)] is involved in the cata-
lytic oxidation. The [Hx-Py-Ru(VI)] represents an inter-
mediate and high-energy mimicking enzyme/substrate
complex of the innersphere precursor formed by produc-
tive binding of the subtract on the active site. Decomposi-
tion of the above precursor is considered a rate-deter-
mining step (rds) for the overall Michaelis—Menten
mechanism. The polymeric field of the hydrophobic core/
shell contributes in a certain way to the productive
binding and thus enhances the electron-transfer rate. In
other words, the NPyCME represents a mimicking enzyme
analogue.

Practical Applications

What is needed primarily for analytical application is
quantitatively measurable and sharp peaks with good
signal-to-noise ratio. Square-wave voltammetry (SWV) and
flow injection analysis (FIA) are considered to be sensitive
analytical tools for improving detecting-current signals.3—4
The FIA was performed using the chronoamperometric
(i—t) mode at a fixed potential (where the analyte is active
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Dissolved oxygen (DO) measurements in water samples.

YSI DO meter NPyCME Relative error®

Sample [O2l/ppm [Odippm (%)

Doubly deionized 535 5.38 *0.56 (pH 2.0)

water 6.90 6.99 +1.30 (pH 12.4)
6.87 6.78 .31 (pH 2.0)

Groundwater 7.86 7.44 -5.34 (pH 12.4)

“Take the DO value measured by YSI DO meter as standard

FIGURE 3. Determination of dissolved oxygen at the NPyCME and
bare GCE. SW voltammograms obtained in pH 2 solution (a) and pH
12.4 solution (b). Summarized at the bottom are results of dissolved
oxygen measurement for different water samples.

to the NPyCME) under hydrodynamic flow of the base
electrolyte. Usually, the volume of analyte used in FIA is
<200 uL. The analytical applications using the above
sensitive techniques on the NPyCME in various fields are
reviewed below. Details of the literature comparison and
optimization can be obtained from the respective refer-
ences.

Environmental. Figure 3 shows the response of the
NPyCME against dissolved oxygen in acidic and alkaline
environments by SWV.6 Compared to the response at GCE,
a well-defined and sharp signal with ~250 mV decrease
in overpotential and 5.2 times increase in peak signal was
observed in pH 2 solution at the NPyCME. It is well-known
that RuO, is not an efficient electrode material for the
oxygen reduction reaction.*3* This is indeed another
unique property and obvious advantage of the NPyCME,
where the interstitially active O’ species existing in the Py
network is responsible for the catalytic reaction.3-%34 Using
this electrode, the detection range was found to lie
between 0.7 and 8.4 ppm O,. To confirm the accuracy of
the method, two natural water samples were analyzed
simultaneously using the NPyCME and a commercial YSI
dissolved oxygen meter, and the results are finally re-
checked with the standard Winkler’s method, as shown
in the table in Figure 3.5 The results obtained on the
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FIGURE 4. FIA of hydrazine and amitrole using the NPyCME. (a)
FIA responses for (i) 10 «M hydrazine containing 100 «M oxalic acid,
(ii) after addition of 50 ppm gelatin and 50 ppm albumin to (i), and
(iii)—(v) same as (i) with decreasing hydrazine concentrations of 5,
1, and 0 M at the NPyCME in pH 8.0 ammonia buffer solution. (b)
FIA response of increasing concentration of amitrole in pH 3.6 HCIO,/
NaClO, solution. Flow rate was 1.0 mL/min with an applied potential
of 0.7 V vs Ag/AgCl for (a) and 1.2 V for (D).

NPyCME were very close to those obtained with an oxygen
meter and were also in good agreement with results
obtained with classical procedures.

To eliminate the interference of oxalic acid on the
detection assays of the industrially and pharmacologically
important hydrazine is a practical target. Cobalt phthalo-
cyanine (CoPC)/Nafion CME is considered to be a good
electrode to solve this problem through CoPC’s mediation
and Nafion’s permselective rejection of oxalate anions on
the surface.*? Nevertheless, the surface poisoning of this
electrode due to other interferences such as gelatin and
albumin cannot be prevented. Such interference, however,
is negligible during the hydrazine assay on the NPyCME
in pH 8.0 ammonia buffer solution, as shown in Figure
4a. The D, value is 0.15 uM (S/N = 3), i.e., 0.048 ng in 20
uL sample by FIA. A similar procedure was further
developed for amitrole detection (Figure 4b), which is
widely used as a herbicide along roads and railway tracks
and in agriculture as mixed formulations with other
pesticides.2 The amitrole content in drinking water was
monitored at a regulatory level of 0.1 4g/L in European
countries. A D of 0.15 ng in a 20 uL sample was obtained
by FIA, giving an easy route to monitor amitrole in real
systems.

Pharmaceutical and Food. Acetaminophen is a widely
used analgesic anti-pyretic drug often formulated with
caffeine, which is a stimulant to the central nervous and
cardiovascular systems. Simultaneous determination of
the above formulation is a challenge in the pharmaceutical
assays. Figure 5a shows the simultaneous determination
of acetaminophen and caffeine in commercially available
drugs using the NPyCME in 0.05 M perchloric acid

(a)

original

E, V (vs. Ag/AgCl)

FIGURE 5. Determination of acetaminophen, caffeine, and theo-
phylline using the NPyCME. (a) SWV responses for simultaneous
determination of acetaminophen and caffeine in commercial avail-
able drug with 10 «M concentration of the above compounds per
spike. (b) Theophylline determination in green tea with spiking
concentration of 20 «M for four successive spikes in pH 3 phosphate
solution.

solution.’> The NPyCME can also be extended to food
analysis for caffeine in beverages such as cola, coffee, and
tea with good sensitivity and selectivity.*® Theophylline is
a xanthine derivative, another cardiac stimulant drug and
smooth-muscle relaxant; it is also used for the treatment
of asthma.'® The use of the NPyCME in the measurement
of theophylline-containing samples such as ampule, tab-
let, black tea, and green tea (Figure 5b) is also very
promising.

Evaluation of the freshness of fish is an unresolved
problem in food testing processes. It is normally pursued
from the detection assay of Hx released after the death of
the animals. This is a typical class of aging index studies.
Normally, the Hx monitoring electrodes were constructed
using the xanthine oxidase (XOD) enzyme. Unfortunately,
XOD is not specific toward Hx alone; it also reacts with
xanthine, making the detection system more compli-
cated.”* The NPyCME, however, can sense Hx alone
through the electrocatalytic effect and has been success-
fully applied to monitor the freshness of two kinds of
locally available fish, namely Carassius aurathus and
Tilapia mossambia. The Hx contents monitored by the
NPyCME for fish samples 1, 24, and 48 h after death are
0.48, 2.80, and 8.76 umol/g, respectively. A similar trend
was also noticed for different fish and has clearly dem-
onstrated that Hx release is directly related to the decreas-
ing freshness of fish. We also investigated the simulta-
neous determination of Hx, xanthine, and uric acid on
NPyCME as shown in Figure 6.9 This result can open
more quantitative applications in biomedias.

Biomedical. Dopamine and serotonin are important
neurotransmitters that are active in the control and
regulation of brain function. The main problem with GCE
in the detection assays is the interference from ascorbic
acid (AA) due to the overlap of oxidation potentials. A
regular level of dopamine in biological systems is 0.01—1
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1.2 0.8 0.4 0.0
E, V (vs. Ag/AgCl)

FIGURE 6. Simultaneous determination of uric acid (U), xanthine
(X), and hypoxanthine (Hx) using the NPyCME. SWV responses for
(i) O, (if) 20, and (iii) 30 .M concentration of U, X, and Hx, respectively,
in pH 7 phosphate buffer solution.
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E, V (vs. Ag/AgCl)
FIGURE 7. Simultaneous determination of guanine and adenine in

DNA with increasing concentration of 0.33—3.96 ppm at 0.33 ppm
intervals in pH 4.0 solution at the NPyCME.

uM, and the concentration of AA is much higher (~0.1
mM) than that of dopamine. Since AA is insensitive on
the NPyCME, the interference can easily be eliminated.
The calculated D, is 0.1 uM, with a preconcentration time
of 60 s at a preconcentration potential of —0.3 V vs Ag/
AgCL*° With regard to serotonin, the D is 2 nM in pH 9.0
ammonia buffer solution and was successfully applied to
the serotonin analysis in human blood samples.

Chemical sensors for the simultaneous quantification
of purine bases such as guanine (G) and adenine (A) in
nucleic acid have been developed on the NPyCME by SWV
(Figure 7).2 The detection limits for G and A were 11.5
and 37.7 ng/mL, respectively. Assayed G and A values for
synthetic oligonucleotides, D55 (5'GCGGTACAAAATGG-
GCGC3') and BR2 (5GTGCAATGCAATGCAAC3'), and some
nucleic acids, like calf thymus DNA and yeast RNA, were
all in good agreement with spectroscopic results.

The NPyCME can also be extended to the dual elec-
trocatalytic reactions of NO,~ oxidation and NO reduction
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(a)

(NO Reduction)

(NPYCME + 5 mM NO,)
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(NO, oxidation)
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E, mV (vs. Ag/AgCl)
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FIGURE 8. Determination of cysteine, NO,~, and NO using the
NPyCME. (a) CV responses for cysteine (v = 50 mV/s) in pH 7.4
solution and for NO,~ oxidation and NO reduction (v =5 mV/s) in
pH 1.65 KCl solution. (b) FIA responses for cysteine (flow rate = 0.3
mL/min at 1.0 V vs Ag/AgCl), NO,~ (flow rate = 0.3 mL/min at 1.1V
vs Ag/AgCl), and NO (flow rate = 0.5 mL/min at —0.8 VV vs Ag/AgCl).

(Figure 8).** These are also important constituents in
biological media; their simultaneous measurements is
believed to be a real challenge. The NPyCME provides a
detection range of 100 nM—100 M and 800 nM—63.3 uM
and a D, of 4.8 and 15.6 nM for NO,~ and NO, respectively.

All the above analyses prove the ideality and success
of this novel NPyCME for real systems. Moreover, the
NPyCME showed good long-term stability, as no decreases
in peak signals were observed after the electrode was
stored in 1 M KOH solution for more than 3 months.
Unlike the surface poisoning effect from halides, S*-,
surfactant, etc. and corrosive behavior due to high acid
and alkaline pH values on conventional electrodes, these
effects are not so operative on the NPyCME due to a
network with rigid polymeric backbones.

Future and Perspective

(i) Analysis of protein folding/defolding is also a possible
goal in developing the NPyCME. Recent FIA measure-
ments on cysteine (R—SH) showed a sharp and obvious
response for the 10 nM sample with a D, of 1.7 nM in pH
7.4 buffer (Figure 8).%° This is one of the lowest values ever
reported. Thus, by coupling the NPyCME with real protein
samples, one can certainly get information about the —SH
(i.e., cleaved disulfides) quantification and in turn about
the analysis mentioned above. Note that the NPyCME is
specific to R—SH oxidation alone and not for RS—SR
reduction. At neutral pH, the FIA signals are not altered
with respect to other biological interferences like disul-
fides, sulfonic acid, glucose, and ascorbic acid.
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Scheme 4. Photochemical Oxidation Reaction on the Ru(bpy)s?*/
Py-Doped Nafion Membrane

Experimental Setup

Oxygen

Mafion 417 Film

e

Nafion 417 film

Mechanism for the photochemical oxidation of anisole

Nafion-Py-Ru(bpy),2*-membrane

h .
\M Y - Rupy;™ PYred H0,
Rupy);™ H,0
Ph-SO-CH;
Ru(bpy);” PYox 0,

Ph-SO-CH; + H;0;

(Py catalyst)

(ii) The NPyCME is promising for other, newer biologi-
cal systems that contain functional groups like —OH, —SH,
etc.

(iii) The preparation of Py units in other cationic-
exchange matrixes like clay can also lead to the birth of
another class of chemical sensor.

(iv) The NPyCME can also be prepared as a disposable
screen-printed electrode and is more suitable for real
samples and commercial use.

(v) As a new approach, we have coupled this in situ
precipitation technique for application in synthetic photo-
organic chemistry. The Py units were first precipitated
(partially) directly in a Nafion membrane followed by ion
exchange of a photosensitizer like Ru(bpy)s**, and this
multicomponent film showed efficient catalytic effect in
selective oxidation of thioanisole (Ph—S—CHz). This model
system in the presence of aqueous acetonitrile, H, O,
and under the illumination of a 500-W halogen lamp for
12 h resulted in more than 90% yield of Ph—SO—CH;
(Scheme 4).

(vi) Since the Py units are derived from precious
metallic oxide groups, one can further extend their ap-
plication to other research fields like photoassisted split-
ting of water, solar energy conversion, etc.

Overall, this new NPyCME has a wide scope in the
diverse research fields of material science, electrocatalysis,
chemical and biochemical sensors, and photoorganic
synthetic chemistry. Numerous applications can readily
be imagined from the NPyCME discussed above.

Glossary

Py lead—ruthenium oxide pyrochlore

NPyCME Nafion/lead—ruthenium oxide pyrochlore
chemically modified electrode

NPyCE Nafion + Py powder composite electrode

GCE glassy carbon electrode

% scan rate

AE, peak potential separation

ipa anodic peak current

ipc cathodic peak current

i current function

ke heterogeneous electron transfer rate con-
stant

Y kinetic parameter

Do diffusion coefficient of the oxidant

Dr diffusion coefficient of the reductant

n total number of electron

F Faraday’s constant

R gas constant

SWV square-wave voltammetry

FIA flow injection analysis

m order of reaction

T temperature

o transfer coefficient

n overpotential

AH# enthalpy of activation

Imag current magnitude

concentration of analyte

CL saturation concentration

D detection limit

T surface concentration of the electroactive
species

A electrode area

q surface charge

Km Michaelis—Menten binding constant

ke catalytic rate constant

K'mE electrochemical rate constant

Hx hypoxanthine
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