Available online at www.sciencedirect.com

SCIENCE@DIRECT° Blos som
BIOELECTRONICS

N

LSEVIER Biosensors and Bioelectronics 21 (2005) 389—-407

www.elsevier.com/locate/bios

Review

Sensor and biosensor preparation, optimisation and applications of
Prussian Blue modified electrodes

F. Ricci®, G. Palleschi

Dipartimento di Scienze e Tecnologie Chimiche, UnivamditRoma Tor Vergata, Via della Ricerca Scientifica,
00133 Rome, Italy

Received 2 November 2004; received in revised form 1 December 2004; accepted 3 December 2004
Available online 13 January 2005

Abstract

Being one of the most commonly used electrochemical mediators for analytical applications, Prussian Blue has found a wide use in the
biosensor field during the last years. Its particular characteristic of catalysing hydrogen peroxide reduction has been applied in the construction
of a large number of oxidase enzyme-based biosensors for clinical, environmental and food analysis.

By modifying an electrode surface with Prussian Blue, itis in fact possible to easily detect hydrogen peroxide at an applied potential around
0.0V versus Ag/AgCI, thus making possible coupling with oxidase enzymes while also avoiding or reducing electrochemical interferences.

Papers dealing with glucose, lactate, cholesterol and galactose biosensors that are based on the use of Prussian Blue have recently appear
in the most important analytical chemistry journals.

Another recent trend is the use of a choline probe based on choline oxidase for pesticide determination to exploit the inhibition of
acetylcholinesterase by these compounds.

In addition, the use of Prussian Blue in the development of biosensors for food analysis has captured the interest of many research groups
and led to improved methods for the detection of glutamate, galactose, alcohol, fructosyl amine, formate, lysine and oxalate.

This review will focus on the biosensing aspects of Prussian Blue-based sensors giving a general overview of the advantages provided by
such mediator as well as its drawbacks. A comprehensive bibliographic reference list is presented together with the most up to date research
findings in this field and possible future applications. The commercial potential of sensors based on this mediator will also be discussed.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction For this reason, in the last decade, electrochemical inor-

ganic mediatorsGhaubey and Malhorta, 2002; Zen et al.,

The most used configuration for the assembly of amper- 2003a; Newman et al., 1995vhich catalyse the oxidation
ometric enzyme biosensors is that involving the use of an or reduction of hydrogen peroxide, have been preferred to
oxidase enzyme. This class of enzymes acts by oxidising HRP and have been used for the assembling of oxidase-based
the substrate and then returning to their original active state biosensors. This results in a decrease of the applied poten-
by transferring electrons to molecular oxygen, so that the fi- tial and the consequent avoidance of many electrochemical
nal products of these enzymes are the oxidised form of theinterferences. In this perspective, hexacyanoferrates and in
substrate and, as a side product, hydrogen peroxide. Bothparticular Prussian Blue (ferric hexacyanoferrate—PB) have
the measurement of oxygen consumpti@afk and Lyons, found a large use (se&cheme ) (Karyakin, 2001; Koncki,
1962 and hydrogen peroxide productiddgdike and Hicks, 2002; de Tacconi et al., 20R3
1967, Guilbaultand Lubrano, 1973; Harrison et al., 13&fh This review will deal with all the analytical aspects of
provide information about the initial concentration of the en- Prussian Blue with a comprehensive and exhaustive biblio-
zyme substrate. Methods based on the measurement of hydrographic survey of the biosensor examples appearing in the
gen peroxide have been greatly preferred during recent yearditerature and based on this mediator. The review intends to
to those based on the reduction of oxygen. However, a greatbe a valuable tool for all the researchers who are interested
drawback in this approach is represented by the high over-in this field and intends to illustrate all possible application
potential needed for hydrogen peroxide oxidation (ca. 0.7V of PB in the biosensor field.
versus Ag/AgCl) at which many electroactive substances (i.e.
ascorbic acid, uric acid, etc.), which are usually presentin real
samples, could also be oxidised to give interfering signals. 2. Chemical, physical and electrochemical properties

One of the most common ways to overcome this prob- of Prussian Blue
lem has been the use of another enzyme, namely horseradish
peroxidase (HRP), a prototypical hemeprotein peroxidase, In 1978,Neff (1978)reported for the first time the elec-
which catalyses the reduction ob8, and, due to its pecu-  trochemical behaviour and the successful deposition of a thin
liar structure, allows the direct electron transfer between its layer of Prussian Blue on a platinum foil. The cyclic voltam-
active site and the electrode surfaténfigren et al., 2000;  metry of the modified electrode revealed the classic and today
Razola Serradilla et al., 2002; Csoregi et al., 1994; Ruzgas etwell-known form of the reversible reduction and oxidation of
al., 199. This approach, although exhibiting good sensitiv- Prussian Blue (sefig. 1a). It was only some years later that
ity and accuracy, suffers from some important shortcomings the electrochemistry of Prussian Blue was fully investigated
such as high cost, low stability and the limited binding of (Ellisetal., 1981; Rajan and Neff, 198faya et al., 1982a,b,

HRP to solid surfaces. 1984a,b, 19860hzuku et al., 1985 Itaya et al. addressed
Eppp = 0.0V. Sensor .
vs Ag/AgCl Interface Bulk solution
/ PB, . i OH"- 0, . Substrate
|

PB, 4 H,0, < ’ Product
L, A
Y
PB modified Enzymatic
electrode membrabe

Scheme 1. General overview for PB-based biosensor with an oxidase enzyme.



F. Ricci, G. Palleschi / Biosensors and Bioelectronics 21 (2005) 389-407 391

0.125
A
0.075
PB s BG
rs
E 0.025 b
0 ot
N
-0.025 S
A
00751  pg = pw—+ BGSPB v
-0.125 ‘ : : : :
-0.75 -0.50 -0.25 0 0.25 050 075 1.00 1.25
(a) E/V (b)
KFe"Fe'(CN)s+ K'+e %  KqFe"Fe"(CN)g
"soluble" PB Prussian White-PW (Everitt salt)

.
KFe"Fe'(CN)y @———® 2/3K' + 23 ¢ +Ka(Fe™(CN)e)2sFe(CN)e) 13
"soluble" PB Berlin Green - BG

(c)

Fe,"[Fe"(CN)l; +4K* + 46 < * KFe"[Fe"(CN)s]3
"insoluble PB" Prussian White- PW (Everitt salt)

R _— > R
FesU[Fe"(CN)sls + 3A° —————2® 3¢ + Fe,[Fe™(CN)s Al
"insoluble" PB Berlin Green - BG
(d

Fig. 1. (a) Cyclic voltammogram of a PB modified electrodes showing the reduction and oxidation peaks of PrussigicBilet &l., 2003 Copyright
Wiley/VCH. (b) Unit cell of Prussian Blue. Permission frdderren et al. (1980aCopyright (1980) American Chemical Society. ORTEP plot of the unit cell
of Prussian Blue displaying part of the hydrogen bond network. Cyanide ions are omitted for the sake of clarity and the radii of the atoms aretcédlgen arbi
(e, Fe(lll); 0, Fe(ll); O, oxygen;O, D; @; D20). (c) Redox processes for “soluble” Prussian Bla#ig et al., 198). (d) Redox processes for “insoluble”
Prussian Bluelfaya et al., 1982a, 1936

a new versatile method for the preparation of Prussian Blue lattice structure, it will be located in the center of each va-
modified electrodes based on a simple electrochemical re-cancy being surrounded by four divalent high spin iron ions
duction of a ferric—ferricyanide solution. The procedure was on average, which can bring about a catalytic reduction of
adopted with different electrode materials (Sh@latinum, H205 via a four electron reaction.

gold, glassy carbon) and, under certain conditions, a high sta-  Although this hypothesis is rather suggestive, the mecha-
bility of the layer deposited through successive cycling was nism of catalysis of PB towardsJ@, reduction is still not
demonstrated (i.e. no degradation afte? &9cles).ltaya et completely clear, probably due to the fact that, as with cross-
al. (1984ayemonstrated the most important feature of Prus- linked organic polymerdtaya etal., 198K itis very difficult

sian Blue (in terms of analytical application). It was in fact to characterize PB and there is still no complete agreement
shown that the reduced form of Prussian Blue (also called concerning its structure and its stoichiometric composition.
Prussian White) had a catalytic effect for the reduction f O For many years, the structure of PB has been a subject
and hydrogen peroxide. Also, the oxidised form of Prussian of investigation in order to explain the electrochemical be-
Blue showed a catalytic activity for the oxidation of hydrogen haviour and its catalytic activityKeggin and Miles (1936)
peroxide. The catalytic effect of PB towards oxygen and hy- first discussed the structure of PB on the basis of powder
drogen peroxide was ascribed to the peculiar structure of PB.diffraction patterns. The authors distinguished between two

The zeolitic nature of PB with a cubjc unit cell of 132and different forms of PB, one called soluble and the other insol-
with channel diameters of about #2allows the diffusion uble. These names, given by dye makers, do not refer to the
of low molecular weight molecules (such as énd H0Oy) real solubility in water but rather indicate the ease with which

through the crystal. For this reason, Itaya described PB as apotassium ions peptize. The unsuitability of these terms has
three-dimensional catalyst. By taking into consideration the been much stressed and it was demonstrated that both the
previous diffraction study of PB structure by Ludi et &lugli forms are highly insolubleKps= 10-49) (Ellis et al., 1981;

and Gudel, 1973; Herren et al., 1980ahich indicated the ~ Mortimer and Rosseinsky, 1984According to Keggin and
presence of about eight uncoordinated water molecules in theMiles, the soluble form of PB has a cubic structure in which
unit cell of PB, Itaya hypothesized that such vacancies wereiron(ll) and iron(lll) are located on a face centered cubic
responsible for the catalytic activity towards®. When the lattice, where iron(ll) ions are surrounded by carbon atoms
molecule of hydrogen peroxide (or oxygen) penetrates the PBand iron(lll) ions are surrounded octahedrically by nitrogen
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atoms. The “insoluble” form differs from the “soluble” one the reduction and oxidation reactions, some uncertainty re-
by virtue of the excess of ferric ions which replace potassium garding the validity of one reaction or the other remains. By
ions in the interstitial sites. Following this study, a new ap- contrast, itis instead well documented and univocous the ef-
proach for determining the structure of the insoluble formwas fect of cations on the PB structure. It has been demonstrated
performed by Ludi and co-workers(di and Gudel, 1973 that the PB electrochemical activity is supported in the pres-
Herrenetal., 1980a;Buser et al., 197)&vhich showed some  ence of K ions (Garcia-Jareno et al., 19984lso, Rl", Cs
differences from that proposed by Keggin and Miles (see also and NH;* were found to allow the cyclic electrochemical re-
Fig. 1b). The structure was found to be more disordered with activity of PB. Conversely, in the presence of N&i* and
one-fourth of the ferrocyanide sites unoccupied. The presenceH*, as of all group Il cations, the activity of PB is blocked
of 14-16 water molecules per unit cell was demonstrated. A after very few cycles. This behaviour has been explained in
portion of the water molecules are filling empty nitrogen sites terms of the hydrated ionic radii and the channel radius of
of the ferrocyanide vacancies, while the rest are occupying the PB lattice. PB has in fact a channel radius of aboul1.6
interstitial sites and represent uncoordinated water. More- (Fig. 1b) which will easily accommodate™ Rb*, Cs" and
over, no iron(l11) ions were found in the interstitial sites. This  NH4* whose hydrated molecules have radii of 1.25, 1.28,
conclusion seems also to be confirmed by Mossbauer and in-1.19, 1.258, respectively ltaya et al., 1982a, 1986
frared studiesRobin and Day, 1967; Duncan and Wrigley, The electrochemical stability of the PB layer has also been
1963. However, it should also be stressed that this uncer- a matter of investigation since its first use. Although it was
tainty concerning the PB structure has also to be attributed todemonstrated from the beginning that the storage stability of
the fact that Prussian Blue is a generic chemical designationPB was quite high (better if in dark), it was clear that the
for a complex material with variable stoichiometityaf/a et pH and solution composition in which PB was tested were
al., 198§. The structure, depending on the materials and pro- extremely important. The effect of pH on PB activity and
cedure used to crystallize PB, could contain co-precipitated stability is still a subject of interest for researchers involved
ions, indefinite amounts of water, hydrolysed ferrocyanide in the characterisation of PB and will be addressed in more
and various vacancies in the crystal structure. depth later, since it represents one of the major issues for the
The uncertainty as to the structure of Prussian Blue hasapplication of PB in biosensor field.
also been responsible for the uncertainty concerning the elec-  The findings of Itaya and Neff in the 1980s have had very
trochemical reaction that takes place at the electrode surfaceimportant implications for PB catalytic activity and for its
Initially, it was proposedEllis et al., 198) that PB could be subsequent use in electroanalytical applications. They were
oxidised and reduced according to the following reactions: the firstto demonstrate the possibility of depositing PB layers
T . N onto different electrode materials (platinum, glassy carbon,
KFe Fé"(CN)es +K"+e" = KZ,FeI F_é (CN)e  (1a) SnG, TiOy) and showed the interesting electrocatalytic ac-
‘soluble” PB Prussian White (Everitt salt) tivity relative to hydrogen peroxide reduction. These studies
were the basis for the future applications of PB in biosensors

2 2 i i
KEe! Ed! (CN)s = §K+ 1 e as a means for amperometric detection gOhl.

“soluble’ PB 3
+ Ka/3Fe" (CN)g)p/3(Fe' (CN)g)y 3 (1b) 3. Prussian Blue modified electrodes as hydrogen
Berlin Green (Prusssian Yellow) peroxide sensors

assuming that the “soluble” form of PB (KFeFe(GNyas
involved in the process.

A different reaction was instead proposedItgya et al.
(19824, 1986)who claimed the following scheme for the two

3.1. General aspects

The problem of hydrogen peroxide amperometric detec-
tion is well known to all the researchers involved in the

reactions: . ' . A :
biosensor field, since hydrogen peroxide is the side prod-
Fey!'[Fe' (CN)gl; +4KT + 46~ = Ky4Fey'[Fe' (CN)gl5 uct of the classic reaction catalysed by oxidase enzymes (Eq.
“insolublé’ PB Prussian White (Everitt salt) (3))
(2a)
Substrater Oy
F&1|” [Fe” (CN)glz+3A™ =2 3¢ + K4F&1|“ [Fe'” (CN)6Al 5 Oxidase enzyme o
“insoluble’ PB Berlin Green (Prussian Yellow) - product (0X|d|59d SUbStrate‘) H202 (3)
(2b)

For any biosensor employing an oxidase enzyme as recog-

where A is the anion supplied by the electrolyte. nition element, the detection of hydrogen peroxide becomes
These reactions were proposed because no potassium ionsf great importance, its concentration being directly propor-
were found in the film of PB electrodeposited and thus, the tional to the concentration of the enzymatic substrate (i.e. the
“insoluble” form was taken to be the only possibility for the analyte). However, direct hydrogen peroxide amperometric
reaction. Since potassium ions appear to be involved in bothdetection at conventional electrodes is only possible at ca.
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0.6 V versus Ag/AgCI. At this potential, the presence of eas- modified electrode selective for hydrogen peroxide. How-
ily oxidisable compounds such as ascorbate, bilirubin, urate, ever, the low applied potential does not by itself explain the
etc. can easily interfere in the measurement, being oxidisedhigh selectivity of PB. This feature has again been accounted
at the electrode together with hydrogen peroxigeteller et for in terms of the peculiar structure of PB which enables
al., 1987%. Initially, the solution to this problem was the use low molecular weight molecules to penetrate the cubic lat-
of a protective layer made from a cut-off membrane which tice and be reduced while excluding molecules with higher
was able to eliminate the interferenBa{leschi et al., 1996 molecular weight. This is probably the main advantage of
This, however, gave rise to other problems, namely diffusion using PB as mediator for 4D, reduction. The selectivity
barrier, long time preparation, etc. To overcome this problem, and activity achieved are comparable to those of a biological
the use of mediators which were able either to reoxidise the binding component but with all the advantages of an inor-
enzyme active site or to reduce or oxidise one of the productsganic species (low cost, high stability at certain conditions,
of the enzymatic reaction was proposed. The optimisation of ease of electrode surface modification, no saturation effect
a sensitive, stable, reproducible and interference-free hydro-for substrate).
gen peroxide mediator thus represents a major issue in the For this reason, a great attention was devoted to PB mod-
biosensor field. The development of such a layer would pro- ified electrodes and their use increased following the publi-
vide the perfect substrate for the immobilisation of an oxidase cation of these pioneering papersTable lare summarised
enzyme which would give the specificity for the analyte of the most significant results that were obtained feOblde-
interest. The subsequent coupling of a specific enzyme withtection by use of PB modified electrodes based on differ-
an interference-free #0, sensor would make possible the ent electrode materials, modification procedures and prin-
assembly of a biosensor with the desired characteristics ofciples of measurement. By now, PB modification has been
sensitivity and selectivity. exploited in conjunction with all the most commonly used
Following the initial findings by Itaya and Neff, the firstat- electrode materials; glassy carbdfatyakin et al., 1996,
tempt to study Prussian Blue as electrochemical mediator for 1999, 2000; Karyakin and Karyakina, 1999; de Mattos et al.,
hydrogen peroxide was made Bypyer et al. (1990using a 2000h, graphite Turner and Jaffari, 1995; Dostal et al.,
PB modified carbon paste electrode. Although they demon- 1995; Chi and Dong, 1995; Deng et al., 199&arbon paste
strated good analytical performance (linear range between(Weibenacher et al., 1992; Moscone et al., 2001; Zakharchuk
3x 1072 and 3mM at—0.4V versus SCE), using this medi- et al., 1995; Garjonyte and Malinauskas, 1998atinum
ator, the experiment generated little interest until 1994 when (Garjonyte and Malinauskas, 1999g,6nd gold electrodes
Karyakin et al. (1994inade the claim for a PB modified elec- (de Mattos et al., 20Q3It has also been applied to innovative
trode as a powerful tool for hydrogen peroxide detection at electrode forms: screen printed electrodes (SPHEsalloran
low applied potential. They demonstrated the possibility of et al., 2001; Ricci et al., 2003a; Zen et al., 200330
the effective electrochemical deposition of a PB layer onto electrodes Garcia-Jareno et al., 1998b, 199%nd carbon
a glassy carbon electrode providing an efficient and selec-nanotubes-based carbon paste electrdiesiet al., 2003yl
tive catalytic activity towards hydrogen peroxide reduction Inall these cases, the analytical behaviour towarg3Hvas
(Karyakin etal., 1994, 199%nd they found that the catalytic  highly satisfactory with a detection limit always in the mi-
activity of PB towards HO, was about 100 times greaterthan cromolar range and with excellent characteristics relative to
that of oxygen and that the rate constant fodd reduction the most common electrochemical interferents.
under those experimental conditions was $0° M~1s~1. In Among the carbon-based electrode materials, also glassy
the first instance, a potential of 180 mV versus Ag/AgClwas carbon pasteRicci et al., 2003); carbon ceramic material
applied at the modified electrode with a resulting detection (Wang et al., 2000and carbon fiber cone nanoelectrodes
limitof about 1uM and alinear range up to 0.01 M. Afterthis, (Zhang et al., 199have been used as substrate for PB mod-
an optimised procedure for PB deposition and a more care-ification. The self-assembling of PB hybrid films directly on
ful investigation of the hydrogen peroxide cathodic current cinder containing carbon paste electrodes has also been ex-
at different potentials allowed the use of PB modified elec- tensively reported4en et al., 2001; Kumar et al., 2004; Zen
trodes at an applied potential of 0.0V versus Ag/AgCl with and Kumar, 2004 PB hybrid films have also been formed

a sensitivity in the micromolar rang&éryakin et al., 1995 inside the natural iron-rich materials of nontronife( et al.,
For the optimised conditions (thin layer of PB), the recal- 2000. These materials contain a natural excess 8t ks
culated bimolecular rate constant for the reduction e®H in their structures which effectively assists hybrid Prussian

was 3x 10° M~1s~1, which is very similar to that measured  Blue formation in the presence of electrochemical cycling in
for the peroxidase enzyme 210*M~1s™1) (Hasinoff and  a solution of Fe(CNy?~.

Dunford, 1970. This high catalytic activity and selectivity For hydrogen peroxide detection, glassy carbon has
led Karyakin to consider PB as an “artificial peroxidase”. provided the highest sensitivity (1 A/(M &) among the
The operating potential (i.e. 0.0V versus Ag/AgCl) was low carbon-based electrode&gryakin et al., 1995 but in
enough to avoid or greatly reduce the contribution from all 2003, Gorton’s group demonstrated the best sensitivity to-
the most common interferents (ascorbic acid, paracetamol,wards B0, for PB modified gold screen printed electrodes
uric acid) Karyakin et al., 1995, 1996rendering the PB (2 A/(Mcm?)) employed in a FIA experimenidé Mattos



Table 1
Examples of hydrogen peroxide sensors based on Prussian Blue modified electrodes
Type of sensor Deposition method Procedure of measurement  Applied LOD Linearrange  Sensitivity Comments Reference
potential (mV) (kM)  (uM) (mA/(M cm?))
Glassy carbon Galvanostatic Rotating disk electrode +180 1.0 180-10 - First H,O, sensor Karyakin et al. (1994)
based on PB
Glassy carbon Galvanostatic Rotating disk electrode +180 1.0 %08 1000 - Karyakin et al. (1995)
Basal pyrolitic graphite ~ Cycling of (Fegt# Fe(CN})  Stirred batch amperometry —50 - ?-900 55* First using very low  Chi and Dong (1995)
potential
Glassy carbon Galvanostatic FIA 0 1.0 1.0-200 250* - Karyakin et al. (1996)
Carbon rod Cycling of KFe(CN} Stirred batch amperometry  +450 vs. SCE - - 1000* Patented procedureTurner and Jaffari (1995)
Glassy carbon Galvanostatic FIA -50 0.1 0.1-100 600 - Karyakin and Karyakina
(1999)
Platinum Cycling of (FeGl+ Fe(CN))  Steady-state amperometry 0 - - 2D Very low stability of Garjonyte and Malin-
the PB layer auskas (1999a)
Graphite screen PB microparticles mixed with  Stirred batch amperometry 0 0.4 0.4-100 137 - O’Halloran et al. (2001)
printed electrodes carbon ink
Carbon paste Chemical deposition on Stirred batch amperometry 0 0.25 0.25-200 45* High pH stability = Moscone et al. (2001)
graphite powder
Graphite screen Chemical deposition on Stirred batch amperometry —50 0.3 0.5-18 135 High pH stability Ricci et al. (2003b)
printed electrode graphite/GC mixed with
carbon ink
Glassy carbon paste Chemical deposition on Stirred batch amperometry —50 0.25 0.25-500 188 High pH stability Ricci et al. (2003c)
glassy carbon particles
Graphite screen Chemical deposition on Stirred batch amperometry —50 0.1 0.1-50 234 High pH stability Ricci et al. (2003a)
printed electrode graphite screen printed
electrode
Platinum screen Galvanostatic FIA -50 5.0 - 1000 - de Mattos et al. (2003)
printed electrode
Gold screen printed Galvanostatic FIA -50 - - 2000 Highest sensitivity de Mattos et al. (2003)
electrodes ever found for HO,
Nanoelectrode array Galvanostatic FIA +50 0.01 0.0-10 60 Lowest detection limit Karyakin et al. (2004)
for HoO,

Sensitivities values recognised by * have been calculated by the authors from the experimental data found in literature. Applied potentéal issimdei@lgCl except when specified.
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et al.,, 2003. In the case of nanoelectrode arrays on an long-term film cycling stability in neutral solution was never
inert glassy carbon electrod&dryakin et al., 2004 the established. The PB layer was reported to be disrupted af-
LOD achieved was 1@ M with an extended linearity upto  ter a few scans at neutral pH and a very low stability was
10~2 M. To our knowledge, this represents the lowest detec- observed with alkaline pH. The reason for this behaviour is
tion limit for HoO, and the greatest linear range ever found probably to be ascribed to the strong interaction between fer-
for PB-based sensors. ricions and hydroxylions (OH) which forms Fe(OHj at pH
Screen printed electrodes have played an important rolehigher than 6.4Keldman and Murray, 198,thus leading to
in the field of sensors in recent yearsd{lier et al., 1998; the destruction of the Fe—CN-Fe bond, hence solubilising PB
Rippeth et al., 1997; White et al., 1996n particular, they (Karyakin and Karyakina, 1999Its leakage from the elec-
have found a large use in the construction of hexacyano-trode surface results in a decreased signal. For many years,
ferrate Wang and Zhang, 199%nd especially PB-based this unstability has represented the main drawback to the use
H»O, probes. An important advantage of screen printed of Prussian Blue modified electrodes, especially when they
electrodes is that they are inexpensive, simple to prepare,are coupled with an enzyme having its optimum pH in the ba-
versatile and suitable for the mass-production of dispos- sic range Garjonyte and Malinauskas, 1999a; Malinauskas
able electrodesAlbareda-Silvert et al., 2000; Hart et al., etal., 2004.
2004. The pH stability seems however to be dependent also on
An early advance came when Guilbault and co-workers the different modes of deposition of the PB layer. As already
(O’Halloran et al., 2001; Pravda et al., 2Q0showed the pointed out, the structure of Prussian Blue is still a matter of
possibility of including PB micropatrticles in the ink used for investigation, and itis likely that the structure itself is directly
the printing of the working electrode of a SPE. The LOD related to the procedure used to form the PB layer. If the pH
achieved for these SPEs was iM with a linear range up  unstability is only due to the reaction between Oidns and
to 100,M. In 2003, our group proposed the use of a sim- ferric ions, it is possible that a very slight difference in the
ple and reproducible chemical deposition for the modifica- three-dimensional structure of PB could lead to a different
tion of a SPE with PBRicci et al., 2003a The electrodes  availability of the ferric ions for reaction with OH thus
showed excellent analytical parameters faiQd detection accounting for a different effect of alkaline pH on the stability.
(LOD =0.1uM, linear range up to 50M) with an increased An increased stability of the Prussian Blue at alkaline pH
stability at alkaline pH. was observed by our group after adopting a chemical de-
As noted, a primary advantage of Prussian Blue is its very position method for the modification of the electrode surface
high electronic transfer rate which makes the electrodes mod-with Prussian Blueloscone et al., 2001; Ricci etal., 2003a
ified with such a mediator very rapid and versatile for many The greatly increased stability of PB layer made possible the
electrochemical methods. It is for this reason that Prussianpractical application of these sensors even at alkaline pH (no
Blue modified electrodes have been used with almost all theloss of signal for HO, after 50h at pH 7.4Ricci et al.,
amperometric techniques and procedures: FKAryakin et 20033) and with the coupling to an oxidase enzyme (choline
al., 1996, 2004; Karyakin and Karyakina, 1999; de Mattos oxidase) having an optimum pH of 8.0. Chemical deposition
et al., 2003, continuous flow system®(cci et al., in press has been showmoscone etal., 20QRiccietal., 2003a 10
such as batch mod&icci et al., 2003a; Chiand Dong, 1995; be a useful alternative method to the most used electrochem-
Turner and Jaffari, 1995; O’Halloran et al., 2001; Moscone ical approach for PB surface modification which was com-
et al., 200) and chronoamperometry pu et al., 2004 monly used since Itaya works and optimised by Karyakin. It
These various approaches have always provided very highis based on the spontaneous reaction between ferric chloride
analytical performances with respect to hydrogen peroxide and potassium ferricyanide and resulted in a very stable PB
detection. layer. It has to be noted that the increased operational sta-
Despite the advantages reported, initially all the PB mod- bility at alkaline pH is still not well understood. As already
ified sensors were affected by a marked instability at alkaline hypothesized, this effect is likely related to the structure of

pH which limited their use to neutral or acidic solutions. deposited PB which is, as previously reportédya et al.,
1986, highly dependent on the procedure adopted for PB de-
3.2. pH stability of Prussian Blue position. It could be that the chemical procedure allows the

deposition of a form of PB with a structure more similar to
Typical experiments to evaluate the stability of PB have the “soluble” PB which, as demonstrated Gwarcia-Jareno

included the use of cyclic voltammetry and were based on et al. (1996) is more stable than the insoluble one. This
calculation of the decrease of the peak currents of PB af- hypothesis finds some confirmation from the initial works
ter several cycles under differing conditions. Neff and Itaya reported by Neff and Itaya on the deposition of PB. First,
always claimed a high stability of the Prussian Blue>(@@- Neff (1978)reported the use of a chemical deposition simi-
clesat 100 mV/slfaya et al., 1982 layer, butitwasin 1992  lar to that applied by our group, and proposed that only the
that the negative effect of slightly alkaline pH on PB stability “soluble” form of PB was deposited on the electrode sur-
was reportedStilwell et al., 1992. While for a pH range be-  face and was involved in the redox reactiofdli§ et al.,

tween 2 and 3, cycle lifetimes in excess of @ere achieved,  1981). It was in 1982 that Itaya, using an electrochemical
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procedure for PB deposition, demonstrated that no potassiuntion of the protein and mediator moleculgSgfard et al.,
ions were found in the PB film and then that only the “insol- 2002; Cosnier, 1999; Lewis et al., 199® first report on
uble” form of PB was depositedtéya et al., 1982a,b)cOn the possibility of electropolymerisation on top of a PB film
the basis of these observations, Itaya concluded that the elecappeared in 1994K@aryakin and Chaplin, 1994 followed
trochemical procedure led to the deposition of the “insoluble” by an electrochemical study of the PB layer protected by a
form of PB which has been reported to be less stable. polyaniline (PAn) membraneN@kayama et al., 1997Fol-

Karyakin and Garjonyte, who also reported a low pH sta- lowing this, Garjonyte and Malinauskas proposed the use of
bility for the PB layer, always adopted an electrochemical poly(o-phenylendiamine) (i.e. poly-1,2-diaminobenzene) for
procedure based on the Itaya procedure and followed bythe immobilisation of glucose oxidase (GOx) onto PB modi-
voltammetry cycles. According to Itaya’s study, this would fied electrodedgarjonyte and Malinauskas, 19991t was in
result in the formation of the “insoluble” form of Prussian 2002 that the use of the same non-conducting polymers was
Blue and would account for the low stability of the PB layer reported to improve the performance of a PB layer by pro-
formed. However, this conclusion seems to be contradictedviding a better stability and greater sensitivity towards hydro-
by other studies which have reported that, even in the casegen peroxide. PB-poly(1-2DAB) showed improved stability
of the electrochemical deposition, the cycling of potential in continuous flow conditions (1 mL/min) for more than 20 h
in a potassium chloride solution for a few scans (made by (pH 6.0) and exhibited a detection limit foLB®, comparable
Karyakin in the electrochemical procedure) causes the trans-to that obtained without the use of polymetsikachova et
formation of the PB structure from the “insoluble” form to al., 2002, 2008 Also, the use of poly(vinylpyrrolidone) was
the “soluble” one Garcia-Jareno et al., 1996; Mortimer and reported to protect PB nanopatrticles and offers an enhanced
Rosseinsky, 1983; Roig et al., 1994l of this points back solubility in organic solventd{emura and Kitagawa, 20P3
to the fact that the designation PB is a generic term which Electropolymerisation of-aminophenolRan et al., 2004b
denotes a complex material with variable stoichiometry and and poly[4,4-bis(butylsulphanyl)-2,2bithiophene] Lupu et
thus, it is difficult to prove that one has a specific structure. al., 2003 on a PB modified platinum electrode resulted in an
The passage from the “insoluble” form to the “soluble” one enhanced reproducibility and stability of the sensor produced.
which occurs with the repetitive cycling following the elec- In addition, an ionic conductor such as Nafion has pro-
trochemical procedure is known to involve the loss of one- vided a powerful tool for improvement in performance of
quarter of the high spin iron Fe(lll) and the occupancy of the PB-based biosensors. The presence of Nafion not only allows
interstitial sites by potassium ionMértimer and Rossein-  the transport of counterions, necessary for electroneutrality,
sky, 1983. Although this, it is difficult to believe that cyclic ~ from the solution to the inner PB filnGRarcia-Jareno et al.,
voltammetry in potassium chloride solution would provide 1996, but also provides a higher stability of the PB fil@H|
the conversion of the PB present in the deeper layers near theand Dong, 1995Karyakin et al., 1995, 1996
electrode surface. Probably, only the most superficial layer,in ~ Some additives have also been proposed to improve the
direct contact with the solution, will be able to be converted stability of PB film.Lin and Shih (1999showed that tetra-
to the “soluble” form and the bulk will be represented by the butylammonium toluene 4-sulfonate (TTS) present in the
“insoluble” one which is responsible for the limited stability working solution helped stabilise hexacyanoferrate modified
at alkaline pH. electrodes. After this study, it was demonstrated that TTS

Another hypothesis is that the chemical procedure resultsused both in the carrier stream of a FIA experiment or in
in a large excess of deposited PB which acts as a PB reserthe buffer used for the electrodeposition of PB markedly im-
voir. This would minimise the effect of the leakage due to the proved the stability of the PB layed¢ Mattos et al., 2003;
hydrolysis of ferric ions at alkaline pH. Although these hy- Haghighi et al., 2004
potheses have not been confirmed by any experimental proof,
itis clear that the chemical deposition is directly responsible 3 3. PB deposition procedures
for the stability obtained. It has in fact been demonstrated that
the same procedure applied to many other electrode materi- In Table 2are shown all the most commonly used pro-
als (i.e. carbon pastdvipscone et al., 20Q1glassy carbon  cedures adopted for PB deposition on various electrode sur-
(Ricci et al., 2003k carbon nanotubeRjcci et al., 2003} faces.
has always resulted in a high stability of the PB layer atalka- ~ Almost all the procedures adopted for PB deposition are
line pH, a result which has not yet been reported elsewherebased on an electrochemical step which employs a con-
with other materials or deposition procedures. stant applied potential (galvanostatic) in a solution of fer-

Other methods, ranging from the use of protective poly- ricyanide and ferric chlorideK@aryakin et al., 1996, 1998,
mers to the use of additives in the deposition buffer, have also200Q Garjonyte and Malinauskas, 1999a, 2000ab po-
been proposed to increase the operational stability of PB.  tential cycling in the same solution&érjonyte and Malin-

In recent years, conducting and non-conducting polymers auskas, 1999aThe galvanostatic strategy is usually followed
have attracted attention relative to the biosensors develop-by (1) a series of cyclic voltammetry (15-25) which enables
ment both as matrix for enzyme and/or mediator entrapmenta sort of activation of the PB layer and (2) by a heating step
and also for their role in electron transfer and in the protec- (100°C for 1-1.5 h) for the stabilisation of the same layer.
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Table 2
Most commonly used methods adopted for Prussian Blue deposition
Deposition Brief description Electrodes used Reference
method
Electrochemical Applied constant potential for a fixed period in Pt, Au, graphite-based electrodes,Karyakin et al. (1995, 1996, 1998)
galvanostatic K3Fe(CN) + Fe(Cly solution (for Karyakin followed Al, SnOy, TiO; Itaya et al. (1982a,b, 1984a,b, 1999)
by cyclic voltammetry in buffer and 1 h at 10Q)
Electrochemical Cyclic voltammetry in a KFe(CN}) + Fe(Cl) solution Pt, basal pyrolitic graphite Chi and Dong (1995)Garjonyte and
cycling 1 Malinauskas (1999a)
Electrochemical Cyclic voltammetry in a KFe(CN} solution Carbon rods Turner and Jaffari (1995Yaffari and
cycling 2 Turner (1997)
Chemical 1 Spontaneous reaction betweghé{CN) + Fe(Cl} in Pt, Au, graphite-based electrodes,Neff (1978)
presence of KCl and HCI Al, SnO,, TiO,
Chemical 2 Spontaneous reaction betweghé{CN) + Fe(Cl} in Graphite-based electrodes Moscone et al. (2001)Ricci et al.
presence of KCl and HCI; followed by 1.5 h at 10D (2003a,b,c)

See references given for further details.

The chemical deposition procedure has already been dis-the main problem relating to the electrochemical detection of
cussed in the previous section. This procedure, which doesH,02 and for the construction of sensitive and interference-
not involve long electrochemical steps, can also be followed free biosensors based on oxidase enzymes.
by a 100°C heating for 1.5h in order to stabilise the PB
layer formed. It should be noted that among the other proce-
dures (mostly electrochemical), a chemical procedure baseds. pryssian Blue-based biosensors
on the simple chemical reaction between ferric chloride and
ferricyanide seems to be much easier to perform and more4.1. General aspects
promising for a mass production of PB modified sensors (for
example, with SPE). The histogram shown iRig. 2represents the trend in pa-

Another approach, which is quite different from the others pers published concerning the use of PB-based biosensors.
and has been also patented, was adopted by Jaffari and Turneis can be seen, there has been a steady increase in the ap-
and consists of a simple voltammetric cycling of a potassium plication of PB in the biosensor field starting from the report
hexacyanoferrate solutioddffari and Turner, 1997; Jaffari  that it could be used to obtain a sensitive and selective probe
and Pickup, 1996in order to form a PB layer on the surface for H,O, detection Karyakin et al., 199% In Table 3 we
of a graphite disk electrode. In this case, the authors claimed asummarise the mostimportant examples of PB-based biosen-
good stability for the “PB analogue” layer (20 h of continuous sors. Over and beyond the large use of GOx, a series of
function at pH 7.4) which, to our knowledge, is one of the best other oxidases enzymes have also been exploited. The list
ever achieved, relative to those reported and obtained withincludes: lactate oxidaseChi and Dong, 1995; Garjonyte
the chemical deposition. This sensor was reported to detectet al., 2001; Ricci et al., 2003c; Garjonyte and Malinauskas,
H20, at +450 mV versus SCE by measuring the oxidation 2003, cholesterol oxidasé.{et al., 2003 Vidal et al., 2003,
current instead of the usuabB, reduction measured with  amino-acid oxidaseGhi and Dong, 1995 ethanol oxidase
other PB-based sensors. (Karyakin et al., 1998 glutamate oxidasé¥ang et al., 2003;

Various applications involving the use of PB microparti- Karyakin and Karyakina, 1999lysine oxidaseRicci et al.,
cles has also been proposed. Guilbault and co-workers re-20031 and oxalate oxidasé{orito and Cordoba de Torresi,
ported the inclusion of microparticles in the ink of the work- 2004. More than 10 different enzymes have been coupled
ing electrode of a SPE. In 2003, a new procedure for the with PB, and in all cases, good performance in terms of detec-
preparation of ultrathin layers of Prussian Blue nanoclusters tion limit and interference level was obtained. The biosensors
created in a ferricyanide solution at negative potentials was were suitable for different amperometric procedures. Flowin-
proposed. PB formed as a consequence of the dissociatiorjection analysis, batch stirred amperometry, steady-state am-
of ferricyanide which, being very slow, could be easily con- perometry were all successfully used for the detection of the
trolled and led to a compact and defect-free ultrathin PB layer enzymatic substrate. The use of bi- and tri-enzymatic system
(zhang et al., 2008 Finally, the fabrication of highly ordered  for acetylcholine Ricci et al., 2003a; lvanov et al., 200&nd
Prussian Blue nanowire arrays has been reported by use obucroselaghighi et al., 200¢has also been reported.
an electrodeposition procedure employing anodic aluminium  Due to its high stability and the importance of its natural
oxide films ¢hou et al., 200R substrate, glucose oxidase has always represented the model

Independently of the nature of the electrode material and enzyme to test a particular kind of sensor, and evaluated the
the procedure of deposition used and despite the problempossibility of its use in the biosensor field. Also, in the case of
related to low stability at alkaline pH, it has been clear from PB modification, this was the route chosen and GOx was thus
the beginning that PB had great potential as a solution for the first enzyme immobilised on the surface of a PB modi-
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Number of publications

Karyakin et al., 1994
First PB based biosensor

1994 1995 1996 1997 1998 1999 2000 2001 2002 2003 2004(first six

Year of Publication months)

Fig. 2. Histogram plot of the papers concerning Prussian Blue-based biosensors (updated till June 2004).

fied carbon electrodeléffari and Turner, 1994; Turner and 1998, the serum samples obtained from healthy and diabetic
Jaffari, 1995; Karyakin et al., 1994, 199%t was also rou- persons were diluted 1/50 in potassium phosphate buffer and
tinely reported when a new procedure or a different electrode a good agreement was found with results obtained with ref-
material was used to performpB, measurement. Ithas also erence method. In a paper published in 200&1g et al.,

to be considered that the use of GOx has been probably en2003, Chitosan/Prussian Blue-based biosensors are applied
couraged by the fact that this enzyme has a wide pH rangeto glucose detection in whole blood samples. Ten microliters
of activity and thus could easily be used at neutral pH values of sample was dropped onto the probe’s sensitive area and the

which do not affect PB stability. outputvalues obtained at an applied potential of 50 mV versus
Ag/AgCl were compared with those obtained with a spec-
4.2. Glucose biosensors trophotometric method. Results from 100 samples were in

excellent agreement, with a correlation coefficient of 0.9903

Itis well known that the first example of a glucose biosen- (Fig. 3). This trial demonstrates the suitability of the media-
sor based on the use of a PB modified electrode was reportedor in avoiding interference. This was the first case in which
by Karyakin et al. (1994jvho also made a successive opti- a glucose biosensor based on PB has been used with whole
misation in 1995Karyakin et al., 199p The biosensor was  blood samples without any dilution step. The good results,
claimed to have a low detection limit (16M) and a wide which are also attributable to the use of a double-functional
linear range (up to 5mM). In the same ye@h({ and Dong, Chitosan membrane which immobilised the enzyme and pre-
1995, new examples of biosensors based on PB appeared irvented the penetration of interferents, are highly encouraging
literature. The enzyme was in this case co-immobilised with for the possible future application of such a mediator in clin-
the mediator. High analytical performances were observedical applications.

(LOD 2 x 10-%M, linear range 10° to 10~3 M) and no sig- The possibility of measuring glucose in a whole blood
nal was found for % 102 M of ascorbic acid and uric acid  sample is in fact very important for diabetes treatment and
which were tested as standard interferents. PB-based glucose biosensors seem to be suitable for the as-

In 1996 and 1997Jaffari and Pickup, 1996; Jaffari and sembly of finger stick sensors. To this final objective are
Turner, 1997, there were two articles describing the ana- pointed the majority of the attempts to modify screen printed
lytical performances of an amperometric biosensor for the electrodes with a PB layer.
determination of blood glucose using a PB modified graphite ~ During recent years, the screen printing (thick film) tech-
electrode which had first appeared in a UK patent applica- nology applied to sensor and biosensor construction has been
tion by Jaffari and Turner (1994that then extended to an  considerably improved and a large number of papers and re-
international patentTurner and Jaffari, 1995The biosen- cently some reviews have appeared in the literatdegt(and
sor was reported to give a detection limit 0k3.0-6 M and Wring, 1997; Albareda-Silvert et al., 2000; Hart et al., 2004
alinear range up to 4.5 10~2 M. The same biosensors also  Screen printed electrodes are in fact inexpensive, simple to
showed a high stability and no interferent signals from ascor- prepare, rapid and versatile and this technology also appears
bic acid, uric acid or 4-acetamidophendéffari and Pickup,  to be the most economical means for large-scale production
1996; Jaffari and Turner, 199/ When tested with plasma, and for the assembling of spot test for clinical and environ-
it showed a good stability although with a lower sensitivity mental analysis.
(Jaffari and Pickup, 1996 The first report in this context appeared in 1999 and de-
Glucose biosensors based on PB have been successfullyailed the mixing of a PB analogue (cupric hexacyanoferrate)
applied to blood and serum samples. In one cRea( et al., together with GOD into the carbon ink used to print the work-



Table 3

Prussian Blue-based biosensors

Analyte Enzyme Procedure of measurement Working  LOD Linear range Sensitivity Analyte/H,O Real sample Comments Reference
pH (M) (M) (MA/(M cm?)) (%)
Glucose GOx Rotating disk electrode am- 6.0 10 1.0-16 - - - First biosensor based on PB Karyakin et al. (1994)
perometry
Rotating disk electrode am- 6.0 10 1.0-16 180 18 - - Karyakin et al. (1995)
perometry
Stirred batch amperometry 6.4 .02 10-3168 0.3* 0.5 - No interferences for 2mM of ascor- Chi and Dong (1995)
bic acid and uric acid
Low stability at pH 7.4
FIA 55 20 2.0-5x 103 20 8 - - Karyakin et al. (1996)
Steady-state amperometry 7.4 - 72-1.50° 0.05 7 - High stability Turner and Jaffari, (1995
No interference for ascorbic acid,
uric acid, 4-acetamidophenol
Steady-state amperometry 7.4 - 0-8.80° 130* 7 - Same procedure as patefitifher Jaffari and Pickup (1996)
and Jaffari, 1995
No interference for ascorbic acid,
uric acid, 4-acetamidophenol
Steady-state amperometry 6.5 .05 5.0-4.5x 10° 114 - Serum samples No interference for 1/50 dilution Deng et al. (1998)
Steady-state amperometry 6.4 100 100-20* 0.23* - - nL samples used Zhang et al. (1999)
No interference from ascorbate
Stirred batch amperometry 7.4 220 220<30° 321 2 - Good stability at pH 7.4 O’Halloran et al. (2001)
FIA 55 25 2.5-5.0x 103 20 5 - Different forms of GOx tested de Mattos et al. (2001)
FIA 55 05 0.5-2.5x 103 0.36 - - 10 h stability at pH 5.5 de Mattos et al. (2000a)
Stirred batch amperometry 6.0 100 100<20% 23 5 - High stability at alkaline pH Moscone et al. (2001)
First example of optimum alkaline
pH enzyme
Steady-state amperometry 6.5 60 1068603 31 - - Planar platinum microelectrode  Zhu et al. (2002)
used
FIA 6.0 01 0.1-100 50 - - Best glucose detection limit Karyakin et al. (2002)
Steady-state amperometry 6.86 30 100-10 3.1* - Serum sample 100 serum samples gave a good Wang et al. (2003)
correlation (R.S.D.% =0.998) with
spectrophotometric measurements
Stirred batch amperometry 6.0 .06 5.0-500 14 10 - Operational stability>48h (pH 6) Ricci et al. (2003b)
Stirred batch amperometry 6.0 30 506303 37 3 Beverage samples Recovery values ca. 95% Ricci et al. (2003b)
Dilution factor 1/400
Stirred batch amperometry 6 50 50-800 25 3 - - Ricci et al. (2003c)
Stirred batch amperometry 7.4 .02 2.0-100 63 26 - - Ricci et al. (2003a)
Stirred batch amperometry 7.4 70 100<30* 33 6 - First carbon nanotube PB-based Ricci et al. (2003d)
sensor
FIA 6.0 10 10-18 25 - Urine Dilution for urine 1/2 Derwinska et al. (2003)
Serum Dilution for blood 1/20
Beverages Good agreement with spectropho-
tometric methods
Drugs
Wines
Stirred batch amperometry 6.5 20 20-4:750° 16.0* - Serum Dilution factor 1/50 Lietal. (2004)

No interference for ascorbic ac.
0.2mM
Average recovery = 97%
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Table 3 Continued
Analyte Enzyme Procedure of measurement Working LOD Linear range Sensitivity Analyte/H,O2 Real sample Comments Reference
pH M) M) (MAMem?) (%)
Chronoamperometry 7.0 a 1.0-5x 103 1.4% - Red and white wine Dilution factor 1/50 Lupu et al. (2004)
Average recovery =85%
Stirred batch amperometry 7.0 200 200603 16.0 - - ITO electrode used Ferreira et al. (2004)
Enzyme immobilised with LbL
films
Stirred batch amperometry 7.0 10 10803+ 24 - - Use of poly§-aminophenol) filmto ~ Pan et al. (2004a)
improve stability
FIA 6.0 10 1.0-16 60 - Red and white wine No matrix effect; dilution factor Ulasova et al. (2003)
1/1000
Good correlation with spectropho-
tometric method
Continuous flow amperom- 7.4 25 25-18 54 25 Dialysed human serum High operative stability (50—-60 h) Ricci et al. (in press)
etry
No matrix effect with dialysed sam-
ple
Possible use for glucose continuous
monitoring
Acetylcholine (pesticide ChOx+AchE Stirred batch amperometry 7.8 .04 5.0-100 n - Red and white grape juices Minimal matrix effect Ivanov et al. (2003)
detection)
No dilution required
Acetylcholine ChOx +AchE Stirred batch amperometry 8.0 01 5.0-100 10D 44 - - Ricci et al. (2003a)
Cholesterol ChoOx Stirred batch amperometry 6.8 01 1.0-80 - - Serum Recovery values ca. 97% Lietal. (2003)
Serum diluted 1/10
- 80 - 85 - - - Vidal et al. (2004)
Choline ChOx Stirred batch amperometry 8.0 20 20-10° 35 8 - High stability at alkaline pH Moscone et al. (2001)
First example of optimum alkaline
pH enzyme
Stirred batch amperometry 8.0 .50 0.5-100 11@ 47 - - Ricci et al. (2003a)
Ethanol AlOx FIA 7.5 100 100-10 1.0* 0.4 - - Karyakin et al. (1996)
Galactose GaOx Steady-state amperometry 6.86 60 160-10 1.6* - Serum sample 100 serum samples gave a goodVang et al. (2003)
correlation (R.S.D.% =0.998) with
spectrophotometric measurements
Glutamate GIOx Steady-state amperometry 6.86 60 10b-10 2.0* - - - Wang et al. (2003)
FIA 6.0 01 0.1-100 100* 17 - - Karyakin and Karyakina (1999)
Lactate LOx Stirred batch amperometry 6.4 30 70-a0* 0.3* 0.5 - No interferences for 2mM of ascor- Chi and Dong (1995)
bic acid and uric acid
Low stability at pH 7.4
FIA 55 10 1.0-800 28* - - - Garjonyte et al. (2001)
Stirred batch amperometry 7.0 .05 5.0-60 330 17 - - Ricci et al. (2003c)
Lysine LyOx Stirred batch amperometry 8.0 .05 6.0-700 52 38 - Good stability at pH 8.0 Ricci et al. (2003b)
Stirred batch amperometry 8.0 52 2.5-50 68 36 - - Ricci et al. (2003c)
Oxalate OxaOx Stirred batch amperometry 3.8 50 80x4162 1313 - Serum High operational stability (100 Fiorito and Cordoba de Torresi (2004)
measurements)
2% interference for ascorbic acid
(A mMm)
Sucrose GOx+Mut+Inv FIA 6.5 R: 4.0-800 - - - Increased operational stability with Haghighi et al. (2004)
TTS
Xanthine XOx Stirred batch amperometry 7.4 01 1.0-20 32* — — Gold used as working electrode  Liu et al. (2004)

All the biosensors listed have been obtained with the enzyme immobilised on the electrode surface. Sensitivities values recognised by * havlateednydhle authors from the experimental data found in
literature. Analyte/HO, (%) represents the ratio of the sensitivity for glucose and the one for hydrogen peroxide, and has been calculated by the authors whéyetpessititens GOx, glucose oxidase;
ChOx, choline oxidase; ChoOx, cholesterol oxidase; AlOXx, alcohol oxidase; GaOx, galactose oxidase; GIOx, glutamate oxidase; LOX, lactdtg@xjdgsiee oxidase; OxaOx, oxalate oxidase; XOx,
xanthine oxidase; AchE, acetylcholinesterase; Mut, mutarotase; Inv, invertase.
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tinuously flowed into a biosensor wall-jet cell and the current
12F ; due to the hydrogen peroxide reduction was continuously
' monitored. After 50-60 h, the drift of the signal observed
was around 30%. This high stability suggests the possibility
of using such biosensors in conjunction with a microdialy-
L sis probe for a continuous monitoring of glucose for clinical
purposes. This was, to our knowledge, the first attempt at con-
structing a planar mediator (PB)-based biosensor for contin-
2F uous glucose monitoring coupled with a microdialysis probe
PR S TR T N and a portable instrument. Preliminary results obtained with
2 4 6 8 1012 dialysed samples of human serum gave encouraging results
X/ mM demonstrating a low matrix effect and no drift of the signal

. . - for more than 30 h. Clinical tests are now in progress to eval-
Fig. 3. Correlation and regression line for glucose measurements of 100 e . . .
human blood samples assayed by spectrophotometry against the glucosé’Iate the pOSSIbI|Ity of using such biosensors for continuous

sensors based on Prussian BXi@ata assayed by the sensgdataassayed ~ Monitoring in patients.
by spectrophotometryR€ = 0.9903). Permission fron#ang et al. (2003) Also, with other approaches, the use of PB for blood serum

Copyright (2003) Institute of Physics Publishing. glucose testing was always found particularly advantageous
(Derwinska etal., 20Q3.i etal., 2004. In the first case, mea-
surement of glucose under flow-injection analysis conditions

ing electrode. The resulting glucose biosensor showed goodwas performed in various real clinical samples such as urine

selectivity with regard to the common electrochemical inter- and blood serum that had been 2 and 20 times, respectively,
ferences, but at physiological pH the signal decreased by 10%diluted before determinations. The comparison with refer-
after 2h. In 2001, Guilbault and co-workei®’Halloran et ence methods also gave very good agreement in this case
al., 2001; Pravda et al., 20p2eported on a PB sensor ob- and demonstrated the practical applicability of the biosen-
tained with the bulk modification of the carbon ink by PB sor based on PB for the determination of glucose in blood
microparticles. The PB-SPEs showed low detection limits and urine samples (Derwinska et al., 2003). In the second

(0.4umolL~1) and a sensitivity of 137 mAmM cn? for example Li et al., 2004, a new approach which involved

H»0O, and, when modified as a glucose biosensor, a linear the use of PB modified glassy carbon electrodes with a silica

range up to 3mM of glucose was observed with no interfer- sol-gel outer layer was proposed. In this paper, the attempt to

ence. However, pH stability experiments, performed with the develop a biosensor combining the merits of the sol-gel tech-

PB modified SPEs, revealed again a decrease of & H  nique for enzyme immobilisation and PB modified electrode

amperometric signal (50% of the initial activity after 4h of was proposed. Serum sample assayed with these glucose

continuous use) at pH values above 7. In 2003, our group biosensors (dilution factor 1/50) showed good agreement
reported a chemical deposition of a PB layer onto the sur- with spectrophotometric reference methods. The biosensor
face of a SPERicci et al., 2003pwhich created a very sta- exhibited reasonable selectivity and produced satisfactory

ble (even at basic pH) sensor which could be coupled with results with an average recovery of 101% and a R.S.D.

glucose and choline oxidase. The resulting biosensors wereof 5.9%.

10F

Y /mM
o0
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~

very satisfactory in terms of sensitivity (LOD:>210~6M All these examples, as already noted, illustrate the wide

for glucose, 5¢< 10~ M for choline), storage and operational number of clinical applications of Prussian Blue-based glu-

stability. cose biosensors, ranging from the simple disposable spot test
Biosensors based on PB modified gold and platinum SPEsup to the continuous glucose monitoring.

were also demonstrated ke Mattos et al. (2003)Both The use of glucose oxidase-based PB biosensors was also

the sensors were first modified via an electrochemical de-reported in animmunoassay system. The polyclonal antibody
position with PB and then GOx was immobilised by use of used in the sandwich assay was labelled with glucose oxi-
a Nafion membrane. The biosensors were reported to havedase and its concentration, which was directly proportional
good stability in a FIA system and the signal due to glucose to the concentration of the antigen (icefetoprotein), was
remained constant for 10 h of continuous injections ofa 1 mM ultimately measured by the use of PB modified screen printed
glucose standard solution (injection frequency 1Tin electrodesGuan et al., 2004
pH 5.5). Glucose measurement with PB-based biosensors was also
Recently, a paper by our group reported on the assemblytested in other real samples ranging from wirlago et al.,
of a screen printed glucose biosensor with excellent opera-2004; Ulasova et al., 200®erwinska et al., 2003) to bever-
tive and storage stabilityRicci et al., in press These probes,  ages Ricci et al., 2003por glucose containing drugs (Der-
obtained by depositing PB on the electrode surface via chem-winska et al., 2003). In particular, with red and white wines, it
ical deposition and immobilising GOx with a cross-linking was demonstrated that with a minimum dilution of 1/20, any
method, were tested over 50-60 h in a continuous flow modeinterferences from phenols or oxidable compounds, which
(10pL/min). A 0.5mM concentration of glucose was con- always affect amperometric measurement in these matrices,
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are eliminated and high recovery values could be achieved4.4. Bi- and tri-enzyme biosensors
(Derwinska et al., 2003;upu et al., 2001
Bi- and also tri-enzyme systems based on the use pf PB

4.3. Other biosensors have also been reported in recent years. Of particular im-

portance is the use of choline oxidase and cholinesterase for

Many other oxidase enzymes have been coupled to PBthe final detection of pesticiddR{cci et al., 2003a; Ivanov

modified electrodes and tested with different real matrices. et al., 2003. In the latter case, the two enzymes were co-
Serum samples, for example, were analysed for cholesterol,immobilised via a glutaraldehyde cross-linking method on
oxalate and galactose using PB-based biosensors. In the caseB modified SPEs and the resulting biosensor was tested for
of cholesterol (i et al., 2003, the biosensor was obtained detection of anticholinesterase targeted pesticides in spiked
with the use of a sol-gel matrix membrane to immobilise the grape juices. Carbofuran and chloropyrifos-methyl, chosenas
enzyme. The detection limit for cholesterol was about’1d standard pesticides, were detected at concentrations as low as
and most of the interfering compounds were reported to not 10~ and 16°° g/L, respectively, and a minimal matrix effect
affect the determination. Dissociated cholesterol was also de-was observed. In this case, no dilution of the sample is per-
termined by an amperometric method in serum samples. Aformed and so both the results of sensitivity and interference
dilution of 1/10 and a heating step were required in order to effect were extremely encouraging and indicated sufficient
solubilise the analyte in aqueous solution. The results showedreliability for pesticide detection in real samples.
recovery values in the range of 96.5-104% with a R.S.D. of  The only tri-enzyme system based on the use of PB mod-

ca. 2% (=5). ified electrodes was reported by the Gorton grddaghighi
Similar results were found with the same analyte in syn- etal., 2004. The co-immobilisation of three enzymes, inver-
thetic and control blood serum sampl&&dal et al., 2004. tase, mutarotase and glucose oxidase, was performed to ob-

In this case, instead of a sol-gel matrix, a polypyrrole layer tain a sucrose sensor. Analytical performances of the biosen-
electropolymerised onto the PB modified Pt electrode was sor (LOD for sucrose gM, linear range 4-80QM) were
used to immobilise the enzyme cholesterol oxidase. A De- significantly better than most of the previously reported su-
tection limit of 8uM was found with a maximum sensitivity ~ crose sensors based on different mediators. Also, an increase
of 8.5 mA/(M cn?). In addition, a considerable improvement in the operational and storage stability of the PB layer was
of the PB stability was obtained through the addition of a noted after a conditioning of the electrodes in a buffer con-
layer of Nafion on the elctrode surface. taining 0.05M TTS during the preparation of the PB films.
Galactose biosensors were also used for 100 whole blood
samples\(Vang et al., 2003and even in this case, an excellent
correlation with the spectrophotometric reference method 5. Other uses of Prussian Blue
was found. Recently, the use of a multilayer-organic oxalate
biosensor has also been presentéidrito and Cordoba de  5.1. Optical biosensors based on Prussian Blue
Torresi, 2004. The multilayer is obtained by covering the PB
film deposited on a glassy carbon electrode with a self-doped A different application of PB film was proposed and
polyalinine (SPAN) layer. Oxalate oxidase was then immo- adopted for the first time biKoncki and Wolfbeis (1998b)
bilised with a cross-linking agent and a limit of detection of who exploited the possibility of using PB as an optical trans-
ca. 0.08 mM with a linear range up to 0.45 mM was observed. ducer. It has already been noted that the changes in the oxida-
The SPAN layer was reported to act as protective barrier for tion state of PB are accompanied by a colour change which is
the PB film so that high operative stability was achieved, en- also denoted by the common names given to the compounds
abling more than 100 determinations without degradation or (i.e. Prussian Blue and Prussian White). The detection of hy-
loss of activity. drogen peroxide (but also other oxidants) is performed by
A choline biosensor was first reported bloscone et al. relating the change of the PB film absorbance to the concen-
(2001)and represents the first example of a PB-based biosen-ration of the analyte. Also, pH changes could be measured
sor operating at alkaline pH (pH 8) without loss of activity. with a PB film following the reversible hydrolysis of PB that
Graphite powder was modified with PB chemically synthe- occurs with increasing pH (E¢4)) (Koncki and Wolfbeis,
sised ‘in situ’. After the addition of mineral oil and choline  1998a; Guo et al., 1999
oxidase, a highly active and very stable PB modified carbon P .
paste biosensor was produced. Fey" [Fe' (CN)g]3 + 3H20 = Fé' (OH)q
This work opened up new possibilities for the application | 3dil £l (CN)g~ + 3H* (4)
of PB to enzymes having pH optimum in the basic range. Ly-
sine (pH 8) was measured with glassy carbon paste electrode3he Prussian Blue film was deposited via a non-
(Ricci et al., 2003pand also choline (pH 8) together with  electrochemical method onto non-conducting materials such
acetylcholinesterase (pH 8) was immobilised on PB modi- as plastic and glass. Biosensors were based on a final mea-
fied screen printed electrodes as a valuable tool for pesticidesurement of hydrogen peroxidEdncki et al., 2000, 2001
measurementicci et al., 2003a; Ivanov et al., 2003 (as product of oxidase enzymes) or pH changfem¢ki and
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GLUCOSE demonstrated to catalyse the oxidation of morphine; when ap-
plied for morphine detection in amperometric mode, a linear
range between 0.09 and 1.0 mM together with a sensitivity of
16.8 mA/(M cnt) was found Ho et al., 2003 Prussian Blue
H,0, has also been applied as a mediator for NADH amperometric
K Fe'lFell(CN), e t" KFelllFe!l(CN)g + K* detection in the assembling of a formate biosenZbiab et
PW-film e PB-film al.,, 2003.

One of the most interesting alternative uses of PB was first
reported byHou and Wang (19919howing the catalytic ac-
Scheme 2. Scheme of optical system adopted for glucose detection. Thetivity of PB towards the oxidation of some thiols such as
enzyme (GOx) is deposited onto a PW film (colourless) which is easily cysteine,N-acetylcysteine and glutathione. The same cat-
oxidised in presence of hydrogen peroxide to PB g_iving a strong change in alytic action was then applied Byilkins et al. (2000)for
absorbanceina:= 720 nm). Reproduced by permission of the Royal Society the detection of thiocholine and it was subsequently used
of Chemistry Koncki et al., 2001 Al . : - -

as a means for pesticide detection (thiocholine is the prod-
uct of acetylcholinesterase when acetylthiocholine is used as
substrate). An extensive study in this area has been recently
carried out by our group trying to elucidate the mechanism
of catalysis which is still not cleaRjcci et al., 2003. Many
thiocompounds were investigated and their differing reactiv-
ity was discussed. Thiocholine and cysteamine were found

Colorless Amax ~ 720 nm

Wolfbeis, 1998a, 1999; Radomska et al., 200¥hen ure-
ase was used as biosensing element, the hydrolysis of ureain
creases the pH of the solution (in the surroundings of the sen-
sor), thus leading to a decrease in the absorbance of the pH
sensitive film Koncki et al., 2001; Lenarczuk et al., 20Q1a
Urea concentration was then correlated with the different ab- to give the best results in terms of LOD (i.ex5.0-6 and

sorption values obtained. _ _ _ 10-® M respectively) and linear range £510~6to 5x 1074
Another glucose biosensor was obtained with the immo- and 10 to 104 M, respectively) at an applied potential of

biIislr:ljtig)n of ?Ox quto gtljwhla%/e(rj, a colourlesgdfilm which d200 mV. Two applications were also proposed, one involving
could be easily oxidised by the hydrogen peroxide generatedy, o i q 45 rement of thiocholine as a mean for pesticide de-

by the enzyme, t'o give a changg n absorbancg at 720nmtection and the other being an electrochemical alternative to
(Scheme 2 The biosensor gave alinear response in the rangeiman's test for total thiol estimatiorR{cci et al., 2004
between 0.1 and 1.0 mM of glucose, which is much lower

than that reported for electrochemical methods but still use-
fu] in the case of some real samples. When _tested with fruit 6. Conclusions and future perspective in the use of
juices, red and white wines, the results were in a good agree-p. ssian Blue

ment with reference metho#&¢ncki et al., 200). The same
optical method was applied in a FIA system giving better
sensitivity (LOD 0.05 mM for glucose) and a very good cor-
relation with reference methods when tested with urine and
serum samples from healthy and diabetic patidrgaérczuk
etal., 2001h

This review gives a clear picture of the increase in re-
search interest concerning Prussian Blue in recent years. The
increasing use of PB and the optimisation of modification
procedures as well as elucidation of its action will provide a
powerful stimulus to researchers who work in the biosensor
field and who are interested inpB, amperometric detec-
5.2. Prussian Blue as mediator for other substances tion. This review has dealt with general aspects and physical

and chemical properties of Prussian Blue and its application

Prussian Blue's use in analytical chemistry applications in the field of hydrogen peroxide sensor and electrochemical
has not been limited to the assembling of oxidase-basedbiosensors have been covered. Prussian Blue applications,
biosensors. Recently, some articles have appeared in the lit-different from the classic hydrogen peroxide amperometric
erature reporting how PB acts as an electrocatalytic me- measurement, have been also reported.
diator for the reduction or oxidation of compounds other Some limitations on the use of Prussian Blue such as the
than hydrogen peroxide. The first attempts in this direc- low stability in particular conditions of basic pH have been
tion were reported bgura et al. (1994yvho proposed the  fully investigated and reviewed bringing to the conclusion
use of PB modified polyaniline electrodes to detect,CO thatthese drawbacks could be overcome by adopting the right
Also, the use of Prussian Blue coupled with a conducting modification procedure and electrode material.
polymer (polypyrrole) was reported to have a catalytic ac-  From this review, it can be concluded that the use of Prus-
tion towards the oxidation of the redox protein cytochrome sian Blue brings to outstanding hydrogen peroxide sensors
C and this system was applied in FIA systerhs €t al., with selectivity, sensitivity and stability never reported for
1998. In 2001, Prussian White, the reduced form of Prus- other HO, mediator-based probes.
sian Blue, was reported to act as electrocatalyst towards NO  The future use of PB will be then very promising for the as-
reduction at potentials lower thar0.4 V (Pan et al., 2001 sembly of oxidase-based biosensors which could have a prac-
Recently, Prussian Blue modified ITO electrodes were also tical application in clinical, food and environmental analysis.
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In particular, the ease of some modification procedures cou-

pled with low cost electrodes will be suitable for the construc-
tion of probes to be used “in situ” or by non-skilled personnel.
Also, the overcoming of some major drawback achieved in
some of the cited papers will be extremely important for the
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Duncan, J.F., Wrigley, P.W.R., 1963. The electronic structure of the iron
atoms in complex iron cyanides. J. Chem. Soc., 1120-1125.

Ellis, D., Eckhoff, M., Neff, V.D., 1981. Electrochromism in the mixed-
valence hexacyanides. 1. Voltammetric and spectral studies of the
oxidation and reduction of thin films of Prussian Blue. J. Phys. Chem.,
1225-1231.

increase in the use of Prussian Blue modified electrode andreldman, B.J., Murray, R.W., 1987. Electron diffusion in wet and dry

for its future use in commercial biosensors development.
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