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Nonconducting Polymers on Prussian Blue Modified
Electrodes: Improvement of Selectivity and Stability
of the Advancedd» O, Transducer
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Giuseppe Palleschi, Antonella Curulli, and Arkady A. Karyakin

Abstract—An approach to improve the analytical performance The applications for these sensors include clinical diagnos-
of a Prussian Blue (PB)-based hydrogen peroxide transducer is tics, environmental protection, and quality control in the food
described. In support of this objective, both the stabilizing and and pharmaceutical industries. Hydrogen peroxide itself is a

anti-interferent properties of nonconducting films were used. toxic chemical t £ . d d water that i
Electropolymerization on the top surface of PB modified elec- oxic chemical agent present in rain and ground water that 1S

trodes is possible due to the high oxidizing ability of Berlin Green, @ Waste product of many industries and atomic power stations
and the growth of nonconductive polymers may be independently [1], [2]. In addition, hydrogen peroxide is used to disinfect water
monitored by investigating the redox activity of the inorganic pools, food, and beverage packages [3], [4], which makes it im-
polycrystal. The best performance characteristics, which are portant to measure its residual concentration.

advantageous over existing O, sensors, were obtained for PB Electrochemical detecti f hvd id b
electrodes covered with electropolymerized o-phenylenediamine ectrochemical detection ol hydrogen peroxide can be

(1,2-diaminobenzene). The reported transducer remained at the carried out effectively on platinum or gold electrodes at a high
100% response state for more than 20 h under continuous flow anodic potential (0.5-0.7 V, Ag/AgCI). A variety of biosensors

of 0.1-mM hydrogen peroxide (flow rate 1 mimin~"), which for glucose, lactate, glutamate, glycerol, piruvate, etc., were
improves the stability level among the selective EO-. sensors developed on this principle [5]-[9], having, however, the main

by one order of magnitude. The selectivity factor of the PB-poly disadvant £l lectivity. S bst ted
(1,2-diaminobenzene) based transducer relative to ascorbate is’ ISadvantage of low seleclivity. some substances presente

nominally 600. PB-poly(1,2-diaminobenzene) modified electrode IN food and biological samples (e.g., ascorbate, urate, and
allows the detection hydrogen peroxide in the flow-injection mode acetaminophen) are efficiently oxidized in the same potential

down to 10~/ M with sensitivity of 0.3 AM ~‘cm=2, whichistwo range and interfere with hydrogen peroxide detection. For
times lower compared to the uncovered PB-based transducer. example, the response to acetaminophen+@t65 V on a
Index Terms—Hydrogen peroxide, polymer, prussian blue (PB), Platinum electrode is even higher than the responsé,0,
Sensor. [10]. The selectivity of hydrogen peroxide transducers relative
to such reductants can be improved either using the alternative
method for hydrogen peroxide detection (its reduction at low
potentials rather than oxidation) or by covering the transducer
HE most common transducing principle for first generayith an additional permselective membrane.
tion oxidase-based biosensors is the detection of hydrogerrhe optimal potential range for biosensor operation is from
peroxide, which is a product of the enzyme catalyzed reaction.1 to 0.1 V(Ag|AgCl), where unwanted reactions cause only
omidase a minor influence on biosensor response [11], [12]. Presently,
Analyte+ Oy ————— Oxidized analyte- H,Oo there are only two transducers for hydrogen peroxide able to
operate at such low potentials: peroxidase and Prussian Blue
(PB) modified electrodes. The advantage of these transducers is

. . . . the selective reduction of hydrogen peroxide in the presence of
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Another problem is that, by decreasing the electrode poten- [I. EXPERIMENTAL
tial, one can achieve a response to ascorbate, which is only jen -
. : ~ Materials
times lower than the response of the biosensor to the specific ) ) _ ) - -
analyte. However, in some cases, such as clinical diagnostic§xPeriments were carried out mainly with Millipore (MilliQ,
and food quality control, it is necessary to detect low levels 8SA) water. All inorganic salts and hydrochloric acid were an-
analytes in the presence of ascorbate, which is 10 to 100 tinfégiical grade. Detection of hydrogen peroxide concentrations
higher in concentration. Thus, the additional efforts in shielding@S made in phosphate buffer using both ordinary distilled and
the transducer surfaces with permselective membranes needdifpore water. _ _ _
be investigated. Hydrogen peroxide (30% solution, Reachim, Russia),
Modification of the electrodes by both conducting and nor-2-diaminobenzene (DAB) (Calbiochem, CA), catechol 99%

conducting polymers has been widely used to eliminate the #2d uric acid (Sigma, Germany), L-ascorbic acid and ac-
terference effect. The advantages of films are their chemical &f@minophen, and D-(+)-glucose from ICN Biomedicals (USA)
mechanical stability, ease of film formation procedure, and th¢eTe used as received. Tetraethoxysilan (TEOS) was donated
possibility of immobilization of electroactive and/or bioactivdy Dr- S- A. Krutovertsev (JSC “Praktik NC,” Zelenograd,

species. Covering the electrode with Nafion [4], sol-gel [11]RUSSia)-
or other thick films [5] facilitated an increase in sensor seleg-
tivity by approximately ten times. Permselective properties are
usually based on size exclusion or the electrostatic repulsion ofcalvanostatic and voltammetric studies were performed
the interferences. However, if the diffusion limitation of the subsing a Solartron Schlumberger Electrochemical Interface
strate arises, the problem is a significant increase of the respoiglel 1286 (U.K.) connected to an IBM compatible personal
time, and decreased sensitivity usually results. computer for control and data acquisition. Experiments were
Electrosynthesis of polymers compares favorably with tie@rried out in a three-compartment electrochemical cell con-
thick film method. Electrochemical control of the polymerizataining a platinum net auxiliary electrode and an Ag/AgCl
tion conditions is a common way to provide a uniform thin filnfeference electrode in 1-M KCI. The cell construction allowed
with desirable properties. These processes can be accompalRagration of the working electrode space. Glassy carbon
by the immobilization of an enzyme from a neutral aqueodSC) disk electrodes (GC 2500, Research Institute of Graphite
solution and, thus, satisfy the requirement for all-electrocheiaterials, Moscow, Russia) with a diameter of 1.8 mm were
ical sensor fabrication [19]. Nonconducting polymers usuallysed as working electrodes.
produce more uniform films with limited thickness, while con- The flow-injection system contained a Cole Parmer (USA)
ducting films generate thick, porous surfaces with some adgeristaltic pump (7519-10), a homemade flow-through wall-jet
tional sensing properties. In terms of selectivity to hydrogen peiell with a 0.5-mn nozzle positioned 1 mmiin front of the sur-
oxide in the presence of interferents, the most promising resifie of the disk electrode, a homemade injector, and a Metrohm
were obtained with poly-1,2-diaminobenzene (poly-1,2-DAB)Switzerland) potentiostat (641-VA). Some flow-injection ex-
modified electrodes [20]. Deposition of (poly-1,2-DAB) filmsperiments were performed using a Solartron Electrochemical
was found to cause only a minor reduction in its response lfgferface Model 1286 (UK).

H>0,, whereas the noise signal of interferents was decreased
five times [21]. C. Procedures

Apparatus

We believed that the selectivity and stability of the PB-based The working glassy carbon electrodes were polished with alu-
hydrogen peroxide transducer could be further improved by théna powder (0.3 and 0.0bm) to a mirror finish. The elec-
deposition of electro-inactive polymers on the top surface of thrdes were then carefully rinsed with water and used immedi-
modified electrodes. The possibility for electropolymerizatioately.
on the top surface of PB films was probably first shown in our Electrodeposition of PBwas carried out at constant cathodic
publication [22] describing the high oxidizing ability of Berlincurrent density of 8@A cm~2 for 50 s from an initial solution
Green, the fully oxidized form of PB. Since that time, a varietgontaining 4 mMK3[Fe(CN)g] and 4 mMFeCl; with 0.1 M
of conducting and nonconducting polymers were synthesiz&&€l and 0.1 M HCI as the supporting electrolyte. This method
on the top surface of transition metal hexacyanoferrate moslas found to give the PB modified electrodes an improved
ified electrodes. In particular, constant potential deposition oésponse to hydrogen peroxide and a decreased background
poly-o-phenylenediamine (poly-1,2-diaminobenzene) over Rirrent compared to the potentiostatic mode deposition used
was recently carried out to immobilize glucose oxidase [23arlier [25]. After deposition of the PB films, the modified
[24]. electrodes were activated in the same supporting electrolyte

In this paper, we report that the analytical performance eblution, which was used for film growth, by cycling the
the PB-based hydrogen peroxide transducer can be remarkaigplied potential from—0.05 to 0.35 V at a sweep rate of
improved by the deposition of an additional nonconducti#0 mV s~ (20 cycles). The total amount of deposited PB
polymer or sol-gel membrane on the top surface of a transiti¢8.5 = 0.5 nmol cm?) was estimated from cyclic voltam-
metal hexacyanoferrate modified electrode. The achieved 2@grams. After first activation, the modified electrodes were
h of absolute operational stability under continuous flow dieated for 1 h at 100C. For uncovered PB electrodes, the last
0.1-mM hydrogen peroxide and a selectivity factor 600 relatistep was the second activation in a 0.02 M phosphate buffer (pH
to ascorbate are advantageous over existing transducers.  6.0) with 0.1 M KCI by cycling at a sweep rate of 20 mV's
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with the anodic switching potential in the range of 0.7-0.8
V. Alternatively, after heating, the nonconducting polymers
were deposited on the top surface of PB modified electrodes ¢
described below.

Electrodeposition of poly(1,2-DAB) and polycatechol
After the first activation and heating cycle, the PB modi- 0.5
fied electrodes were placed in solution of DAB or catechol
(5-10 mM) in a 0.02-M phosphate buffer with 0.1-M KCI as “-‘E
the supporting electrolyte (pH 6.0). Polymerization was carriec ©
out in a deaerated solution using cyclic voltammetric condition: E
with the anodic switching potential in the range of 0.7t0 0.8 V .= 0.04%&
at a sweep rate of 20 mV'$ (10-20 cycles).

Sol-gel modified electrodesFrom 3 to 3QuL of TEOS were
added to 92% ethanol to a final volume of 3 mL and stirred care
fully at a room temperature. Next, /8. of hydrochloric acid
(0.1 v/v %) were added as a catalyst. The resulting concentr: ‘
tions of TEOS were 0.1-1 v/v %. The solution was stored for € T : T . T . T ; .

1.0 1

-0.54

h for curing. Then, L of sol was deposited on the top of the 0.0 02 0.4 06 0.8
PB electrodes, which were spun 30 min at 1000 rpm. After that, E,V
the electrodes were heated at PI5for 1 h. Fig. 1. Electropolymerization of 1,2-DAB on the top of a PB modified

Analysis of hydrogen peroxide and interferences The electrode: 5-mM DAB, 0.02-M phosphate pH 6.0 with 0.1 M KCI, 20 mVts
modified electrodes were poised to 0.0 V for 10 min to reach
a constant baseline in the 0.05-M phosphate buffer with|n contrast to the commonly used surfaces for the deposition
0.1-M KCI as the supporting electrolyte (pH 6.0). Hydrogesf nonconductive polymers, PB modified electrodes have their
peroxide and interferences (ascorbic and uric acids and aemn redox activity. Reduction of PB to Prussian White is ac-

etaminophen) were tested in both flow injection and continuogempanied with the consumption of alkali metal ions according
flow modes at flow rates of 1 mL min'. to the reaction [29]

F€4III[F’GII(CN>6] 3—|—4E—|—4K+<—>K4F64II[}7611(ON)G] 3-
lll. RESULTS AND DISCUSSION
N Since the cations cross the film-solution interface during ox-
A. Electodeposition of Poly(1,2-DAB) and Polycatechol on  jgation-reduction, it is expected that the redox activity of PB is
the Top Surface of PB sensitive to the appearance of any film on its surface. Indeed, as

A variety of conditions have been reported for the electrod&een in Fig. 1, in the course of 1,2-DAB electropolymerization,
position of nonconductive polymers. In the great majority dhe PB peaks become broader, and the peak separation increases.
publications, the cyclic voltammetric [26] or potentiostatic [19]Thus, the growth of nonconducting films onto the electroactive
[23], [27], [28] procedures have been described. The initial sol§urfaces can be independently monitored.
tions usually contained millimolar concentrations of monomers Electropolymerization of poly(catechol) is similar to that of
in neutral phosphate or acetate buffer. poly(1,2—DAB) Catechol has its own redox aCtiVity in the Po-

We decided to investigate aromatic amines and phené@gltial range investigated, which is observed over the PB set of
as potential monomers for electrosynthesis of the shieldiﬁ@aks- This redox activity also decreases in the course of film
membranes. Based on the fact that electropolymerizati@fPwth.
of 1,2-diaminobenzene (o-phenylenediamine) and catechol ) o
provides attractive performance characteristics of the resultilg Analytical Characteristics of the PB Based Hydrogen
biosensors [20], [21], [27], [28], these particular monomeferoxide Transducers
were chosen for deposition onto the PB modified electrodes. PB based transducers for hydrogen peroxide were tested

Fig. 1 presents cyclic voltammograms of the poly(1,2-DAB)nder the continuous flow of eithéi;O, or interferents at
electrosynthesis on the PB-modified glassy carbon electrode.doncentrations of 0.1 mM, as described in the Section Il. Since
reversible oxidation of the monomer (1,2-DAB) is observed atic acid and acetaminophen gave only a minor response even
high anodic potentials-0.7 V. In the course of continuous cy-on uncovered PB electrodes, the detailed investigation of the
cling, the peak of the monomer’s irreversible oxidation is deransducers covered with nonconductive films was carried out
creased because the poly(1,2-DAB) membrane shields the elgith ascorbate.
trode surface. In the first cycle, an additional anodic peak of The selectivity of théH, O, transducer relative to ascorbate
monomer oxidation at 0.33 V occurs. This indicates that thveas characterized as a ratio of the current of hydrogen per-
hexacyanoferrate in PB oxidation state has already enough aiide reduction to the current of interferent oxidation. As seen
dizing ability to oxidizeo-phenylenediamine. In further cycles,in Table I, the selectivity ratio of the traditionally deposited and
this peak disappears because the polymer film as formed shigldst-treated PB modified electrodes is approximately 20. Sur-
the PB surface and blocks this reaction. prisingly, treatment of the PB film at high anodic potentials re-
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TABLE |
OPERATIONAL CHARACTERISTICS OFHYDROGEN PEROXIDE TRANCDUCERSJNDER CONTINUOUS FLOow (1 mL min—1)

Response to Selectivity relative Time of 100% stability
under continuous flow of

0.1 mM H,0,, hours

0.1 mM H,0,, pA cm? to ascorbate

PB 120 20 0.5
PB-poly(catechol) 75 90 0.6
PB-sol-gel 35 210 3.5
PB-poly(1,2-DAB) 60 600 >20

sulted in a rise of sensor selectivity. When the modified elec- Even after 20 h under continuous flow of 0.1-mM hydrogen
trodes were cycled in a neutral phosphate buffer solution pproxide, no decrease of the sensor response was observed.
to potentials of 0.7-0.8 V, the resulting selectivity reached tt&ince the operational stability of the uncovered PB films (0.5
value of 80—90 (data not shown). h without decrease of the response) was already found to be
As a characteristic of operational stability, the time duringomparative and even higher than that of the other known
which the transducer remained at the 100% response level urider-potential H; O, transducers [14], the PB-poly(1,2-DAB)
continuous flow of 0.1 mM of hydrogen peroxide was chosesensor improves the stability level among the selective peroxide
The 100% response level means there is no visible decreasea@fsors by one order of magnitude.
the response. Under these experimental conditions (nozzle-tose|ectivity to ascorbate and the operational stability of the
eIectrod.e.dlstance 1 mm, 1 ml mihflow rate), the uncovered H,0, transducer are highly dependent on the growing con-
PB modified electrodes were completely stable, on average, {gfions of poly(1,2-DAB), including the concentration of the

0.5 h (Table ). monomer, the value of the anodic switching potential, and the

Electropolymerization of polycatechol films on the top sufqmper of cycles. Variation of growing conditions and, in par-

face of PB modified electrodes does not significantly improvg, jar of the anodic switching potential obviously affects the
the analyt_lc_al performance of the transd_ucer (Table I). D‘?Spﬁﬁ)rphology of the resulting nonconductive polymer film. To
the selectivity of PB-poly(catechol) relative to ascorbate IS i, 5racterize the thickness of the nonconductive film, we have
creased, the similar rise in selectivity was observed for uncqg Hosen the peak current of the PB redox activity. As seen in
ered PB modified electrodes poised to high anodic potenti 8. 1, the peak current decreases in the course of film growth.

_The operational stability of the PB-pon(catechoI)_ films was n(ﬁthe ratio of the first cycle peak current to that of the last cycle
improved, and the response to hydrogen peroxide was S|gn2:1c

Karacterizes film permeability to cations, which are required
cantly lower compared to the uncovered transducer. P v ’ q

Electropolvmerization of o-phenvienediamine on the ton s frquB electroactivity. The sensor selectivity in relation to ascor-
poly pheny P SUte as a function of the peak current ratio is plotted in Fig. 2.

face of the PB films, on the contrary, provides a dramatic "Fhe filled symbol in Fig. 2 corresponds to the uncovered PB

provement in the ana_lyﬂqal performance. of the hydrogen_p_ feated in the same electrochemical conditions used for film de-
oxide transducer, which is clearly seen in Table I. Selectivi

of the PB-poly(1,2-DAB) sensor in relation to ascorbate is sition. Solid line in Fig. 2 illustrate the general tendency ob-
' rved in a number of experiments made under different con-

times higher compared to the uncovered PB modified electrod . A th lectivity of the t d .
it reached an average value of 600, which is significantly high flons. As seen, the selectivity of the transducer increases as

compared to the known transducers. The observed respons ?Opermer?blhty of th? nolncolnduc;tl\;]e film (?(ecreases. However,
ascorbate did not exceed the baseline drift. For comparisGic’ r€aching an optimal value of the peak current ratio at ap-

the response to ascorbate of the recently reported PB_poly(lpg’gximately 40-50%, the sensor selectivity decreases as the film
ickness is increased. This dependence of the selectivity on the

DAB)-(glucose oxidase) electrode [23] was ten times high > T X
(10 + 1 mA M~cm2 at applied potentials betweerD.2 and permeability of the nonconducting film has to be taken into ac-
00V count in the course of sensor development.

The most impressive improvement of tHgO,, sensor isits ~ Asan alternative procedure forimproving both selectivity and
prolonged operational stability. Operational stability of the trarstability of the hydrogen peroxide transducer, the formation of
sition metal hexacyanoferrate electrode is a crucial point, whishl-gel films on the top of the PB modified electrodes was used.
limits their practical applications. In addition, as was shown eadviembranes, polymerized from 0.1 v/v % sol (Table I), seemed
lier [30], the product of hydrogen peroxide reduction on PB possess optimal characteristics in respect to the sensitivity
modified electrodes is the hydroxide ani@H ™), which solu- and selectivity of the final hydrogen peroxide transducers. As
bilizes the electrocatalyst. Thus, the operational stability of tlidserved, the remarkable improvement of the sensor character-
PB modified electrodes in hydrogen peroxide reduction is ebstics can be achieved. The selectivity is increased ten times, but
tremely important. it is accompanied by an almost four times reduction of the re-
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Fig. 2. Selectivity of the hydrogen peroxide transducer relative to ascorbate as [H,O,], M

a function of cation permeability of the nonconducting film (see text for details&.ig 3. Calibration plots for hydrogen peroxide detection in the flow-injection

mode using (0)—PB-poly (1,2-DAB) andm)—uncovered PB based
sponse to hydrogen peroxide. The operational stability of tfa"sducers:
sensor is also significantly improved. Thus, the sol-gel proce-
dure can be used to improve the PB based transducer. Howerogen peroxide transducer. Electropolymerization on the top
ever, the performance characteristics of the PB-poly(1,2-DABjJ PB modified electrodes is quite possible due to the high ox-
sensor are more attractive (Table I). Moreover, electropolymédizing ability of Berlin Green, and the growth of nonconduc-
ization facilitates the synthesis of the more uniform noncotive polymers can be independently controlled by observing the
ducting films. redox activity of the inorganic polycrystal. The permeability of
Itis interesting to compare the analytical performance of othie poly(1,2-DAB) films seems to be independent of this fact,
PB-poly(1,2-DAB) sensor with other systems based on noncomhether they were electropolymerized on platinum or on PB
ductive films. Electropolymerization of (1,2-DAB) on the surmodified electrodes.
face of the platinum electrode has led to a seven-fold reductioriThe attractive performance characteristics of PB-poly
of ascorbate interference [26]. Poly(1,2-DAB) film on the tog1,2-DAB) modified electrode are advantageous over existing
surface of the PB modified electrode caused a similar seven-féldO, sensors. With this electrode design, the stability level
decrease in the response to ascorbate when compared withaifi@ng the selective peroxide sensors is improved by one order of
PB films treated with the similar electrochemical regime usadagnitude. This particular sensor is considered as a ready-to-use
for deposition of the nonconducting film. Thus, the relative petdevice in analytical systems for continuous monitoring.
meability of the poly(1,2-DAB) films electropolymerized on The selectivity of the PB-poly(1,2-DAB) baséthO, trans-
platinum and PB modified electrodes is quite similar. Howeveducer relative to ascorbate is approximately 600, which is much
the initial selectivity of the PB electrodes is two orders of madrigher compared to the other reported systems. This level of se-
nitude higher than that of platinum ones, which provides thectivity provides the possibility to develop the biosensor for use
highest selectivity level of the PB-poly(1,2-DAB) sensor. in certain areas of clinical diagnostics (brain research) and food
Calibration graphs for hydrogen peroxide detection in theontrol (juice and wine analysis), where detection of low levels
flow-injection mode are presented in Fig. 3. Both sensors basgfchnalytes in the presence of 10-100 higher concentrations of
on uncovered conventional PB and PB-poly(1,2-DAB) givascorbate is required.
straight lines in logarithmic plots over four orders of magnitude Analytical characteristics, however, depend on the thickness
of H, O, concentration. Both transducers allow the detection of the nonconductive film. Selectivity of the transducer exhibits
hydrogen peroxide down t)~7 M in the flow-injection mode. a strong dependence on cation permeability of the noncon-
Sensitivity values calculated from the slopes of the straigtticting films, which has to be taken into account in the course
lines presented in Fig. 3, for uncovered and poly(1,2-DAB)f sensor development.
modified PB are 0.6 AM!cm=2 and 0.3 AMlcm2,
respectively. The ratio of the sensitivities is similar to the ratio REFERENCES
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