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Bioelectrochemistry

Editorial

A central component of each chemical sensor and


biosensor in particular is its sensing system responsible


for recognition of a target analyte as, among others,


IUPAC emphasised in its recommendation report [D.R.


Thévenot, K. Tóth, G. Wilson, Electrochemical biosen-


sors: recommended definitions and classification, Pure


Appl. Chem. 71 (1999) 2333–2348]. In sequence to this


sensing system, a physicochemical transducer is connected


that generates a measurable signal. In order to obtain


sensing systems for selective and, even more important,


specific sensing, surfaces of solid substrates of both


chemical and biochemical sensors are modified according


to dedication for the desired application. With these


objectives in mind, the meeting Surface Modification for


Chemical and Biochemical Sensing (SMCBS 2003) was


organised in Bialowieya, Poland, from November 13 to


16, 2003.


The meeting is part of the activity of Surface Phenomena


and Reactions (SURPHARE; Contract No. G5MA-CT-


2002-04034) Centre of Excellence in Competitive and


Sustainable Growth Programme (Grow-2001-5.2) of the


European Commission. The Centre was established (http://


ichf.edu.pl/surphare/main.htm) in November 2002 through


November 2005 at the Institute of Physical Chemistry of the


Polish Academy of Sciences in Warsaw within the Fifth


Frame Programme of the European Commission. Promotion


of scientific activities and dissemination of new findings to a


broad audience through meetings like this one and


publications like this special issue are among the goals of


this Programme.


For the purpose of combining research and teaching, the


meeting had the structure of a workshop thus attracting


distinguished scientists as well as graduate students,


postdoctoral fellows, and researchers who wanted to enter


the field or update their knowledge on recent developments


in the rapidly growing area related to surface modification


for chemical and biochemical sensing. A total of 70


participants coming from 17 countries in Europe, United


States, and Canada had the opportunity to enjoy, besides


discussions and exchange of ideas, 20 invited tutorial


lectures delivered by prominent scientists, 11 keynote
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lectures presented by internationally recognised researchers,


and 14 short oral communications contributed by young


researchers and graduate students.


The workshop was focused on the fundamentals of


chemical sensors and biosensors, which comprise the art of


recognition-oriented decorating of surfaces of solid sub-


strates. It covered recent developments in the broad


interdisciplinary research on various aspects of surface


chemistry related to sensing and biosensing, including


investigations of chemical surface reactions, structure and


physicochemical properties of self-assembled monolayers,


Langmuir and Langmuir–Blodgett films, thin polymer and


oxide films, performance of chemically modified electrodes


and polymer modified electrodes in particular, development


of detection techniques, as well as novel instrumentation for


surface probing, signal transduction and processing.


The present special issue contains papers based upon the


contributions presented at the workshop. Several partici-


pants have recapitulated their oral presentations in the form


of a paper for this special issue. Review articles summarise


the applications of lipidic cubic phases for electrode


modification, application of microsystem technology for


the development of sensing nanodevices, as well as design,


synthesis and characterization of monomolecular interfacial


layers. Original papers address several fundamental aspects


of surface modification with an ultimate goal of sensor


development. They include, among others, the DNA film


investigations involving the AFM imaging of DNA films


under potential control, DNA hybridisation, DNA surface


immobilization for the development of affinity biosensors,


and an application of the DNA electrochemical biosensor to


the study of the degradation kinetics of an anaesthetic drug.


Original papers related to cytochrome c include its surface


immobilization and investigations of its properties in films


of the fullerene polymer, films of TiO2 phytate, and


Langmuir–Blodgett films of Nafion and Eastman AQ 55.


It is my pleasure to thank all the authors who contributed


to the special issue. All papers were peer-reviewed, and the


help of many colleagues who assisted in the reviewing


process is gratefully acknowledged. I hope that not only


workshop participants, but also all readers will find the
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papers both interesting and useful. These papers reflect the


open and interactive spirit present throughout the workshop,


which was certainly aided by the beautiful surroundings of


the wonderful conference venue at the outskirts of the


Bialowieski primeval national forest and the lively social


events. All these activities would not have been possible


without the support of the European Commission through


the SURPHARE Centre of Excellence. Both participants


and organisers are grateful to these organisations, as well as

to Elsevier for providing the opportunity to publish this


special issue.


Wlodzimierz Kutner


Department of Physicochemistry of Supramolecular


Complexes, Institute of Physical Chemistry, Polish Academy


of Sciences, Kasprzaka 44/52, 01 224 Warsaw, Poland


E-mail address: wkutner@ichf.edu.pl.


Tel.: +48 22 34 33217; fax: +48 22 3433333.
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Abstract


The lipidic cubic phase can be characterized as a curved bilayer forming a three-dimensional, crystallographical, well-ordered structure


that is interwoven by aqueous channels. It provides a stable, well-organized environment in which diffusion of both water-soluble and lipid-


soluble compounds can take place.


Cubic phases based on monoacylglycerols form readily and attract our interest due to their ability to incorporate and stabilize proteins.


Their lyotropic and thermotropic phase behaviour has been thoroughly investigated. At hydration over 20%, lipidic cubic phases Ia3d and


Pn3m are formed. The latter is stable in the presence of excess water, which is important when the cubic phase is considered as an electrode-


modifying material. Due to high viscosity, the cubic phases can be simply smeared over solid substrates such as electrodes and used to host


enzymes and synthetic catalysts, leading to new types of catalytically active modified electrodes as shown for the determination of


cholesterol, CO2, or oxygen.


The efficiency of transport of small hydrophilic molecules within the film can be determined by voltametry using two types of


electrodes: a normal-size electrode working in the linear diffusion regime, and an ultramicroelectrode working under spherical diffusion


conditions. This allows determining both the concentration and diffusion coefficient of the electrochemically active probe in the cubic


phase.


The monoolein-based cubic phase matrices are useful for immobilizing enzymes on the electrode surface (e.g., laccases from Trametes sp.


and Rhus vernicifera were employed for monitoring dioxygen). The electronic contact between the electrode and the enzyme was maintained


using suitable electroactive probes.


D 2004 Elsevier B.V. All rights reserved.
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1. Introduction


Retaining enzymes in functionally active forms on the


electrode surface is a challenging and difficult task. Ideally,


the immobilization of proteins should be performed under


conditions that provide membrane-like environment in
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which all the normal interactions of the proteins are


preserved. Providing electronic contact of the protein


molecules with the conducting substrate by means of a


biocompatible medium is even more difficult. We review


here recent studies on the application of liquid crystalline


phases formed by polar lipids in aqueous media as model


matrices for hosting both synthetic catalysts and biocatalysts.


Monoolein (MO), monopalmitolein (MP), and other natural


lipids or synthetic surfactants can be used to prepare the


cubic phases according to the procedure of Rummel et al. [1].


Cubic liquid crystals with a number of different


structures have been reported [2–4]. These are usually


grouped into two main types, namely the discrete and


bicontinuous structures, which can be of the normal or

66 (2005) 3–8
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reverse kind [5]. Within the two main groups of cubic


structures, several spatial arrangements are possible, leading


to a number of different space groups [4]. In the binary


system used in our studies (i.e., 1-monooleoyl-rac-glycerol/


water at 20 8C), two reversed bicontinuous cubic phases


belonging to the space groups Ia3d and Pn3m are present


[6–8], as determined by X-ray spectroscopy [9]. The water


channels of diameters around 50–60 2 can easily accom-


modate hydrophilic proteins of similar sizes without


modifying the structure of the matrix.


The lipidic matrices are characterized by a curved


bilayer extending in three dimensions, forming a crystallo-


graphically well-ordered structure that is interwoven by


aqueous channels [1,10] (Scheme 1).


Lateral diffusion of hydrophobic proteins along the


curved bilayer was demonstrated [10] and exploited for


the crystallization of a number of membrane proteins:

Scheme 1. Structure of the cubic phase: (a) scheme showing the bilayer


structure; (b) interconnected rods model.

bacteriorhodopsin, halorhodopsin, two photosynthetic


reaction centers, and light-harvesting complex [11–13].


Small solutes and water-soluble proteins diffuse within the


network of aqueous channels, allowing crystallization


from this compartment [14]. Thus, lipidic cubic phases


may provide a matrix for the reconstitution of proteins


under conditions, which preserves functionally important


hydrophobic interactions at the lipid–water interface.


Because of the cubic symmetry, the orientations of


integral membrane proteins in the lipidic phase are


equivalent with no inside/outside distinction as in vesicles.


This allows unrestricted access of soluble proteins to


membrane proteins, for example.


Homogeneity and optical transparency are advantages


of the lipidic cubic phases as matrix material. Because the


phases are isotropic and optically transparent, they are


ideal matrices for UV–visible and other spectroscopic


investigations with which the functionality of the protein


can be probed.


Examples of cubic phase-modified electrodes have been


described in recent papers [14,15,16,17]. We have shown


that cubic phase-modified electrodes are useful for the


determination of cholesterol, CO2, and O2 [6,18,20].

2. Preparation of the phase


The cubic phases are prepared by weighing monoolein


in a small glass vial (ca. 10 mg), then water or enzyme


(e.g., laccase solution) is added [6,18,20]. The ratio of


components is chosen on the basis of the phase diagram


for the monoolein–water system, and corresponds to the


diamond-type cubic phase.


The glass vial is tightly closed and centrifuged for 15 min


at 4500 rpm to mix the components. After centrifugation, a


transparent and highly viscous cubic phase should be ob-


tained. The stability of the system is confirmed by macro-


scopic observations of the sample viscosity and clarity.


The enzyme-free cubic phase can be stored in closed


vial for several months, but in the case of cubic phase with


laccase stored in temperature below 0 8C, the activity of


laccase remained at about 90% of the initial value for 2


days and, after longer storage, it decreased gradually.


Cubic phases have a well-defined and reproducible


structure, which is determined by X-ray spectroscopy


[6,19,20].

3. Electrode modification procedures


The glassy carbon electrode is polished on Buehler plates


with 0.3 Am alumina, then rinsed with water and dried in the


air. The GCE are weighed before and after application of


cubic phase in order to determine the amount of cubic phase


on the electrode. This amount was usually from 9 to 12 mg


per electrode. The cubic phase can be deposited on the
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electrode surface using a spatula. The thickness of the layer


was in the range 1–2 mm [19,20].


The electrode modified with the cubic phase was


immersed in the deoxygenated supporting electrolyte and


was kept in this solution for an additional 20 min before


each experiment; this time was needed for equilibrating the


gas concentration between the cubic phase and the solution.


In the case of experiments with mediators, the appro-


priate amount of each compound was dissolved in the


supporting electrolyte after deoxygenation of the cubic


phase. The electrode was left in the solution for 60–90 min,


depending on the nature of the probe [19,20]; this time is


needed for equilibrating the concentration of the electro-


active probe in the solution and in the cubic phase.

Fig. 1. Determination of diffusion coefficients in the cubic phase:


voltammograms recorded using the electrode modified with cubic phase


in 0.5 M KCl solution containing about 1 mM Ru(NH3)6
3+. The thickness of


the cubic phase layer on the electrode was ca. 2 mm. (A) Pt ultra-


microelectrode (r=5 Am); scan rate is 0.02 V/s. (B) GCE (A=0.07 cm2);


scan rate is 0.01 V/s.

4. Diffusion in the cubic phase matrix


The diffusion of compounds in the cubic phase is


usually studied using nuclear magnetic resonance or


holographic laser interferometry [21]. Holographic laser


interferometry was found to be a powerful technique for


monitoring the diffusion processes in porous media, since


it not only allowed to measure the concentration profiles


due to diffusion but also revealed any distortions during


the diffusion process [22]. Razumas et al. [15] and


Nylander et al. [22] estimated amperometrically the


diffusion coefficients of glucose in the monoolein-based


cubic phase. This approach relied on catalytic glucose


oxidation, leading to the formation of electroactive H2O2


oxidized next on the Pt electrode. Some assumptions


concerning enzyme activity had to be made, and since the


method was indirect (based on H2O2 oxidation currents),


the authors found advantageous the direct measurements


of glucose diffusion by the holographic laser interferom-


etry or nuclear magnetic resonance (NMR) methods.


Results obtained by the latter techniques indicated that


diffusion was not perturbed by macroscopic defects in the


cubic phase but was likely to be controlled by transport


through the water channels [21].


The approach used in our studies was based on the


application of two electrodes of different sizes operating in


different diffusion regimes. The normal-size electrode


operated under conditions of linear diffusion where the


peak current is proportional to the square root of diffusion


coefficient [23–25], while the ultramicroelectrode is under


conditions of spherical diffusion, where the limiting


current is proportional linearly to the diffusion coefficient


[26–28]. Based on the currents recorded using these two


electrodes parallelly in one solution, we could solve a


system of two equations and determine both the actual


concentration of the redox probes and their diffusion


coefficients in the cubic phase present on the electrode. We


did not need any assumptions concerning the concentration


of the electroactive compound based on density measure-


ments, which is required in any electrochemical approach

based on a single technique as described for the character-


ization of diffusion of vitamin K [16]. The layer thickness


is always much bigger compared to the diffusion layer


width.


Typical voltamograms for Ru(NH3)6
3+ are shown in


Fig. 1.


The peak current recorded using the normal-size elec-


trode for the conditions of linear and infinite diffusion is


given by the equation [23]:


Ip ¼ 2:69� 105n3=2ACcubic phasev
1=2D1=2; ð1Þ


where Ip is the peak current (A), n is the number of


electrons, A is the electrode area (cm2), Co is the


concentration (mol/cm3), v is the scan rate (V/s), and D is


the diffusion coefficient (cm2/s).


In case of ultramicroelectrode, the conditions of


spherical diffusion prevail except for very short timescales.


The steady-state current recorded voltametrically is


described by the equation [29,30,31]:


iss ¼ 4nFDCcubic phaser; ð2Þ


where r is the radius of the ultramicroelectrode.







Fig. 2. Cyclic voltammograms recorded on gold electrode modified with the


monoolein cubic phase containing the enzyme in monoolein in the absence


and presence of 0.2 mM cholesterol. Buffer solution containing 50 mM


Na2HPO4 and KH2PO4, and 0.1 M KCl (pH=7.8; scan rate=0.1 V/s).


Electrode area is 0.07 cm2 and the cubic phase layer thickness is 2 mm.
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An important advantage of cubic phases over other


matrices was the more efficient diffusion of hydrophilic


probes [19]. The diffusion coefficients of the electro-


chemical probes are significantly larger in the lipidic cubic


phase than in Nafion layers. For example, for [Ru(NH3)6]
3+,


it is 2.17F0.44�10�6 cm2/s, while in Nafion, it is reported


to be only 2�10�10 cm2/s [32]. The concentration in the


solution was 9.8�10�4 M, and the calculated value based


on the system of equations was 8.5�10�4 M. The lower


value of diffusion coefficient compared to that for the


bulk solution may, in part, be a geometric effect due to the


excluded volume in the cubic phase environment. Currently,


we are trying to determine the contribution of this effect.


These results, confirmed for several electrochemically


active probes [19], indicated that enzymes incorporated in


the cubic phase could efficiently communicate with the


electrode surface by means of small mobile redox mediators


simultaneously incorporated in the phase. This property of


the cubic liquid crystalline phases is useful also in view of


practical applications of such modified electrodes in sensing


and electrocatalysis, since small mediators, substrates, and


products can readily access both the electrode surface and


the catalytic centers of the modifying layer.

5. Immobilization of enzymes


Cubic phases based on monoolein were used as matrices


to immobilize the Rhodococcus sp. cholesterol oxidase. The


enzyme trapped in these systems remained catalytically


active for at least a week. This technique allows determi-


nation of the conditions under which the cholesterol oxidase


can function as a sensing element of the electrode-


modifying layers for cholesterol detection [6] based on


reactions shown in Scheme 2.


In Fig. 2, the voltamograms recorded using the electrode


modified with cholesterol oxidase in the cubic phase are


shown. The curves are obtained in the presence and absence


of cholesterol and differ in peaks a1 and c1, which can be


ascribed to the electrode processes of H2O2 formed in the


catalytic process (Scheme 2).


The direct electrochemical detection of hydrogen per-


oxide formed in the presence of the sterol is the basis for a


sensitive cholesterol sensor.

Scheme 2. Conversion of sterols (5-stene-3h-ol) to

Monoolein cubic phase was also employed for the


immobilization of another enzyme, laccase, on solid


supports.


Laccases oxidize o- and p-benzenediols to appropriate


quinones, with concomitant reduction of oxygen to water


[33–38]. The enzyme active site contains four copper atoms


of types I, II, and III, which play different roles in the


enzymatic process. When hydroquinone is used as the


laccase substrate, the enzymatic process is described by Eqs.


(1) and (2):


2Cu2þ þ hydroquinoneY2Cuþ þ quinoneþ 2Hþ


2Cuþ þ 1=2O2 þ 2HþY2Cu2þ þ H2O ð4Þ


Laccases are exceptionally versatile enzymes, catalyzing


one basic reaction from which all its activities spring. In


addition to the strictly biological functions, laccases are


increasingly being investigated for a variety of practical


applications ranging from use in the pulp and paper industry


to their possible use in bioremediation, analytical processes,


and organic synthesis [34–38]. The redox potential for type


I copper in Rhus vernicifera was estimated to be 432 mV at


pH 6. Since laccase oxidation is linked to dioxygen


reduction, it was also employed in constructing cathodes


for a biofuel cell [39,40].

4-stene-3-one by cholesterol oxidase (COD).







Fig. 3. Voltammograms recorded on GCE modified with cubic phase in


oxygenated (bold line) and deoxygenated (thin line) 0.05 M phosphate


buffer (pH=6.3) containing 1 mM hydroquinone. Scan rate=0.05 V/s.


Solution saturated with oxygen. Laccase from Trametes sp. Quantity of


enzyme on the electrode: 0.1 mg.


Fig. 5. Voltammograms recorded on GCE modified with cubic phase with


laccase from Trametes sp. (0.4 mg of enzyme per electrode) in 0.05 M


phosphate buffer (pH=6.0) containing 1 mM Ru[(NH3)6]Cl3. Scan


rate=0.005 V/s. Bold line—oxygenated solution; thin line—deoxygenated


solution.
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Laccase was stored at about �18 8C and taken to the


room temperature at about 30 min before the experiment.


Laccase is soluble in water, and a homogenous solution is


obtained and used for the cubic phase preparation [20]. The


contact between the electrode and the enzyme is maintained


by means of a suitable electroactive probe, which is


oxidizable by the enzyme. The voltamograms recorded


using electrodes modified with cubic phase containing the


laccase and hydroquinone (Fig. 3) couple indicate decreas-


ing anodic peak due to consumption of hydroquinone in the


catalytic reaction.


This system was found suitable for controlling oxygen in


aqueous solutions at 10�5–10�4 M concentration levels [20]


(Fig. 4).

Fig. 4. The dependence of chronamperometric current value vs. dioxygen


concentration in the solution. Current value measured at �0.3 V, after 300 s


from applying this potential to the electrode, was recorded in phosphate


buffer solution (pH=6.1) containing 1 mM 1,4-benzoquinone. Diamonds—


electrode with enzyme; squares—electrode without enzyme. Quantity of


laccase from Trametes sp. was 0.18 mg per electrode.

Laccase enzymatic process can be observed in the


presence of both organic and inorganic electroactive probes.


The potential of the catalytic process can be tuned by


choosing a suitable electroactive probe (Figs. 3 and 5).


Using oxidized forms of this probe allows to switch on


and off the catalytic process by applying appropriate


potential to the electrode, which generates the form actually


undergoing reaction with laccase [20].


In summary, monoolein cubic phase is a suitable material


for electrode modification since:


– It holds laccase and other catalysts close to the electrode


surface and in a functional form.


– Diffusion of small hydrophilic probes in the cubic phase


is fast. It is stable in contact with water, viscous, and


transparent.


– Laccase enzymatic process can be observed in the


presence of both organic and inorganic electroactive


probes, and the potential of the catalytic process could be


tuned by changing the electroactive probe. The electrode


modified with laccase in the cubic phase catalyzes the


oxygen reduction process.


6. Conclusions


The research on electrodes modified with cubic phases


containing enzymes and synthetic catalysts demonstrates


their high application potentiality. Indeed, recent results


show that cholesterol, carbon dioxide, and dioxygen levels


can be monitored using these systems. Compared to other


electrodes, cubic phase-based electrodes show different


advantages, as discussed in the original papers. Research


on the interactions between the matrix, the immobilized


molecules, and the analytes, currently underway, should


give more insights into the mechanisms governing the


functioning and structure of the cubic-based systems and


allow their use as sensors.
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Abstract


We have designed a series of monomolecular films comprised of four basic structural motifs. We have used these films for a variety of


purposes, ranging from support structures for chromophore arrays to the creation of selective and biomimetic interfaces. We will discuss the


several different types of interfacial binding chemistry that are used in the construction of these interfacial films, for both monomeric and


polymeric layer structures. Following a discussion of the construction of the adlayers, we describe several uses of these assemblies, in areas


ranging from adsorption to optical signal processing, and the formation of biomimetic interfacial structures.


D 2004 Elsevier B.V. All rights reserved.
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1. Introduction


Surfaces and interfaces are central to processes ranging


from cell function to chemical catalysis and sensing. For


this reason, there has been a great deal of research effort


dedicated to the control and modification of surfaces for


predetermined purposes. The surfaces we are interested in


are those capable of being used under ambient, atmos-


pheric conditions or in the liquid phase, and significant


challenges exist in the design, synthesis and character-


ization of these systems. We have used a variety of


chemical approaches for modification of metallic, semi-


conductor and insulator interfaces [1–20]. The chemical


details of the surface modification depend on the intended


application and, for this reason, we have used both ionic


and covalent interlayer linking chemistry to construct


relatively well-organized interfaces. In this article, we will


discuss the chemical means by which individual molecular


layers are deposited and bound to one another. Following


this discussion, we will outline the use of selected
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polymers in the formation of multilayer assemblies.


Polymers provide lateral interfacial integrity that is not


available with a,N-bifunctional layers. With the design and


synthesis of layered interfacial assemblies in hand, we


consider several recent uses of these films, including their


use in hybrid bilayer systems. We hope that the presenta-


tion of these interfacial structural motifs will spark new


interest in the design of interfaces for controlling specific


properties, such as permeability, and the development of


chemically selective and biomimetic interfaces.


One of the key issues in the construction of layered


interfaces is the ability to form discrete layers under well-


controlled conditions. Among the first examples of


multilayer growth was the elegant work of Sagiv showing


the formation of layered assemblies using SiOx chemistry


[21–27]. This methodology tends to terminate after


several layers of growth due to the use of bifunctional


silanes as well as the speed of siloxy bond formation. In


parallel with the growth of siloxane multilayers, the


alkanethiol/gold monolayer system was discovered and


explored [28–37]. Alkanethiol monolayers on gold have


proven to be a remarkably versatile system, and multi-


layer structures have been formed using N-functionalized
alkanethiols in concert with a variety of interlayer


bonding schemes. Alkanethiol monolayers serve as a

66 (2005) 9–21







Fig. 1. Schematic depiction of layered growth chemistry, with either


monomeric (left) or polymeric (right) layer constituents and ionic (top) or
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useful interfacial structure when bound to ordered metallic


and semiconductor surfaces such as Au, Ag, Cu, Pt and


GaAs [38–41], but the attachment of thiols to oxide


surfaces such as silica, indium-doped tin oxide (ITO) and


alumina or boron-doped diamond (BDD) has not been


successful. In order to attach adlayers to this latter family


of less well-organized surfaces, different and more robust


chemical approaches are required. We will consider here


recent progress in the formation of multilayer structures


on oxide and other surfaces using ionic and covalent


interlayer linking chemistry. We have used these struc-


tures to form multilayers using a,N-bifunctional layer


constituents as well as using polymers as layer constit-


uents. We consider several examples that will demonstrate


the breadth of interface modification chemistry that is


available today. Following an initial discussion of the


chemistry used in layer formation, we highlight recent


applications of these layered structures.


covalent (bottom) interlayer linking chemistry.

2. Structural motifs for layered interfaces


There are essentially four structural configurations that


can be used in the construction of layered interfaces (Fig. 1).


These are the use of either a,N-bifunctional layer constit-
uents to form layers characterized by structural integrity


normal to the interface plane, or the use of polymers with


reactive side groups to form layered sheets with structural


integrity both parallel and normal to the substrate plane.


Both of these structural motifs can be constructed using


either ionic or covalent interlayer linking chemistry. We


consider each of these systems in terms of the chemical


reactions used to generate the layered structures. For the first


two structural motifs discussed, where a,N-bifunctional
adlayer constituents are used, covalent and ionic interlayer


linking chemistry may appear to be substantially different,


but the same basic principle applies to layer growth in both


cases. Each of these growth mechanisms is, at heart, an


alternating copolymerization, where for the covalent case


the reaction between comonomers involves the formation of


a covalent bond, and for ionic layer growth, the como-


nomers form an ionic complex to create the interlayer


attachment.


Ionic bonding of a,N-bifunctional species is well


established in the literature [3,4,42–48]. While there


have been a variety of metal ions and anionic


functionalities used in the construction of ionically linked


multilayers, the system used most widely is zirconium


bisphosphonate (ZP) [42–50]. The reason for the


dominance of Zr4+ or Hf4+ lies in the insolubility of


these metal phosphonate salts and their fast formation


kinetics. The initial step in the preparation of the


interface is its modification to contain anionic function-


alities capable of binding metal ions. The surfaces most


amenable to ionic layer growth are characterized by


terminal hydroxyl functionalities (e.g. an N-hydroxythiol

adlayer on Au, SiOx, ITO), because of the ability of


these moieties to interact with POCl3 to form phosphate


functionalities. Subsequent growth of layered assemblies


requires alternate exposure of the interface to a,N-
bisphosphonates and to metal ions. We note that it is


possible to bcapQ a surface using this synthetic strategy


when both phosphonate functionalities on the a,N-
bisphosphonate react with metal ions in the same layer.


This situation can be avoided by using sufficiently high


concentrations of the bisphosphonate or by using a rigid


bisphosphonate. Because the reaction is so fast for the


formation of ZP interlayer linkages, a kinetic product


invariably results, as is seen in the IR spectra of layered


alkanebisphosphonates, which indicate a liquid-like con-


formational distribution for the CH2 groups. Our


experimental data suggest that the bond strength for


the ZP linkage is in excess of 250 kJ/mol [11], making


ZP-bonded multilayers robust materials.


Despite their energetic favorability, the formation of ionic


interlayer complexes is not always the ideal means for layer


growth. One example is the construction of interfaces where


interlayer excitation transport can be controlled. The ZP


interlayer bsheetsQ formed by ionic layer growth are


sufficiently polarizable that they serve as a dielectric screen


to inhibit interlayer transport [4]. To overcome this


limitation, we have developed alternative adlayer growth


strategies that involve the formation of less polarizable,


covalent interlayer linkages.


There are a variety of synthetic routes available for the


formation of covalent interlayer linkages (Fig. 2) and all of


them are simple displacement reactions [5,7–9,12,14,15,17–


19]. To form covalent adlayers, we can use the same


substrates that are used for ionic adlayer growth. We react


the surface –OH or –NH2 functionality with the appropriate


a,N-bifunctional molecule, such as a diacid chloride or a


diisocyanate, to form a reactive interface. The new reactive







Fig. 2. Top: schematic of covalent multilayer growth using a diacid chloride (adipoyl chloride) and a diol (hexanediol). Bottom: other chemical reactions we


have used for the formation of covalently bound multilayer assemblies.
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interface is exposed to a complementary a,N-bifunctional
compound such as a diol or diamine, to form the subsequent


layer, and the sequence of exposing the resulting interface to


its reactive complement can be continued. The initial


demonstration of this type of covalent adlayer growth was


made using diamines and diisocyanates to form urea


interlayer linkages, with both of the comonomers being


sufficiently rigid that self-termination did not play a


significant role in limiting interface reactivity [7]. We have


subsequently demonstrated the formation of multilayers


using diols or diamines with diacid chlorides to form ester


or amide linkages, respectively, as well as several other


reactions [15].


These reactions and methodology for adlayer growth can


be applied to the formation of polymeric multilayers, where


the overall interfacial assembly is best described as a layer-


by-layer cross-linked polymer network [7,8,14,15]. Our


approach to the formation of polymer multilayers is to


synthesize the polymers with side groups that are appro-


priate for either the ionic or covalent interlayer linking


chemistry discussed above. The polymer we use for this


work is a maleimide-vinyl ether (MVE) alternating copoly-


mer (Fig. 3) [51]. We have chosen this family of polymers


for several reasons: (1) MVE polymers are structurally


regular, allowing for the incorporation of known amounts


and types of side groups at well-defined intervals along the


polymer backbone; (2) MVE polymers are synthesized


readily and there is substantial freedom in the choice of side


groups of the maleimide and vinyl ether monomers; and (3)

these materials are structurally robust; once the polymer


adlayers are formed, they are not susceptible to chemical or


thermal degradation under ambient conditions.


Using MVE polymers, we have demonstrated regular


multilayer growth using both ionic and covalent interlayer


linking strategies (Fig. 3) [5,7–9,14,15]. For ionic interlayer


bonding, we must use bromotrimethylsilane partial depro-


tection chemistry of protected phosphonate side groups to


allow for multilayer growth [52]. Once the polymer is bound


to the surface, the remaining isopropylphosphonate groups


are deprotected and subsequently zirconated so that they can


be used to bond to a subsequent adlayer [5]. For a given


polymer adlayer within the assembled interface, there is no


guarantee that 50% of the polymer phosphonate side groups


bind to their underlayer and 50% are used to bind to an


overlayer, and this is an issue that will depend on the details


of the selective deprotection chemistry. The fact that there


are available deprotected phosphonates available for each


interlayer binding step ensures the facile formation of the


layered assembly.


For covalent polymer layer bonding, there is not the


corresponding need for selective deprotection because of the


nature of the chemistry used. We have demonstrated facile


multilayer growth using MVE polymers with covalent


interlayer linking chemistry and without the need to resort


to selective protection/deprotection schemes [15]. The


resulting multilayers show regular growth, both in terms


of layer thickness and absorbance, and we have seen no loss


of reactivity with the addition of layers.
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3. Utility of adlayer structures


Using the several layered interface growth strategies


outlined above, we now consider selected applications and


the characterization of a representative sampling of these


systems. Our interest in layered interfaces ranges from


optical information storage to chemical separations and the


development of biosensors, and we will consider each of


these areas separately.


3.1. Excitation transport to characterize interface


morphology


We have used ZP-linked multilayers comprised of a,N-
bifunctional species to understand the surface morphology


of silica [3]. Silica is a widely used interface for chemical


separations and the density of surface silanol groups can


be controlled to a limited extent. On the molecular scale,


however, it is not clear how the surface silanol groups are


distributed. To evaluate interface morphology, we have


performed excitation transport experiments on ZP mono-


layers bound directly to silanol groups. The monolayers


we use for this work were made with varying concen-


trations of bisphosphonated oligothiophene chromophores,


where bithiophene (BDP) functions as an optical donor


and quaterthiophene (QDP) acts as an optical acceptor.


These layers exhibit chromophore population decay


dynamics that can be understood in the context of an


excitation hopping model [53], but are inconsistent with


the standard presentation of the Ffrster model [54]. From


the excitation hopping model, we can extract the size of


the islands sensed spectroscopically and compare this

Fig. 3. Top: schematic of synthesis of maleimide-vinyl ether alternating copolym


polymer adlayers. Polymers can be bonded to substrates or other polymer layers


through the maleimide (center) or the vinyl ether (right) side groups using covale

information to the physical dimensions we recover from


AFM measurements [3]. The correspondence between the


two measures of island size reflects the relationship


between spectroscopic and physical domains, and for


these interfaces, the two domain sizes are in remarkably


good agreement.


We construct three-component monolayers using BDP,


QDP and an optically inert bisphosphonate. The fractional


amount of each species present in the adlayer can be


controlled through the solution phase concentration ratios


of the bisphosphonates in the deposition solution [3]. The


time-domain spectroscopic characterization of these mono-


layer assemblies shows that the optical donor population


decays approximately as a two-component exponential,


and neither the time constants nor the prefactors of the


exponential components depend on BDP concentration.


This apparently anomalous behavior is a consequence of


the morphology of the adlayer. For a spatially heteroge-


neous system, we consider the chromophores (donor or


acceptor) to be present in the form of aggregated islands,


with a minor fraction of the chromophore present in non-


aggregated regions (Fig. 4). For such a system, the


aggregates will absorb most of the light based simply on


the preponderance of absorbing species being present in


that form [53]. The chromophores contained in the


aggregates are assumed in this model not to emit light


efficiently; the chromophores that dominate the radiative


response are not coupled to the aggregates, and their


proximity to the aggregates is related to their lifetime. This


latter assumption is made based on the putative dielectric


gradient in which these (radiative) chromophores reside. In


principle, we should detect a continuous distribution of

er. Bottom: schematic indicating different methodologies for deposition of


through their vinyl ether side groups using ZP chemistry (left), and either


nt linking chemistry.







Fig. 4. Top: cartoon and excitation relaxation pathways of aggregated


surface, with radiative monomers (red and orange) in different spatial


proximities to aggregated (blue) species. Bottom: the series of coupled


differential equations that describe the relaxation process.


Fig. 5. Time-correlated single photon counting data showing the instrument


response function and the relaxation dynamics of surface bound BDP. The


build-up time following the maximum of the instrument response function


results from excitation migration on the aggregate islands. Deconvolution


shows the build-up time to be V10 ps.
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lifetimes based on the proximity of the radiative chromo-


phore(s) to nearby aggregates, but the signal-to-noise ratio


of our experimental data limits our ability to discern more


than two decay components. The functionality and con-


centration-independence of the donor emission response


are indicative of a spatially heterogeneous adlayer struc-


ture. The most instructive feature of the radiative response


of the adlayer donors is the build-up in emission response


subsequent to excitation (Fig. 5). These data show that


there is a measurable increase in signal intensity following


the peak of the instrument response function, correspond-


ing to random-walk excitation transport on the aggregate


prior to its migration to a radiative chromophore [53].


Because the time resolution of our time correlated single


photon counting system is ~35 ps, and we are limited in


our ability to deconvolute the response from the data for S/


N reasons, we can only determine that the time constant of


the build-up is 10 ps or less. This upper limit on the build-


up time corresponds to an aggregate island size of 50–100


2 in diameter, depending on the excitation hopping rate


and the shape of the island. AFM data on these same


interfaces [3] reveal a physical topology in excellent


agreement with our spectroscopic findings, suggesting that


the characteristic spectroscopic domain size we sense is


limited by the physical dimension of the island structure


on these surfaces.


It is important to consider the origin of the spatial


heterogeneity we find in SiOx-bound adlayers. There are


several ways to attach ZP monolayers to silica surfaces.


Substrate priming with aminopropyltriethoxysilane

(APTES) yields ~30 2 surface coverage, indicating


substantial primer polymerization. This polymerization


can be eliminated by either of two methods; reaction of


the SiOx surface with aminopropyldimethylmethoxysilane


(APDMES) or by direct reaction of surface silanol groups


with POCl3. Both of these priming methods produce


monolayer coverage of the silica surface without


unwanted polymerization. We obtain the same spectro-


scopic results for the formation of optical donor/acceptor


monolayers using any of these initial surface reactions,


indicating that the spatial heterogeneity we detect is


intrinsic to the silica substrate and is not a consequence


of our reaction chemistry. This finding has significant


implications for chromatographic separations and opens


the door to the use of polymeric adlayers to alter the


density and distribution of chemically reactive functional


groups present at the substrate surface.


3.2. Biomimetic interfaces bound to electrode surfaces


We have used covalent interfacial bonding chemistry as a


facile means of constructing a hybrid bilayer assembly [55].


We are interested in creating interfaces that are characterized


by the presence of both hydrophilic regions and hydro-


phobic regions that lie in spatially well-defined layers
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parallel to the substrate surface. This structural motif is


useful for biomimetic sensors, where the hybrid bilayer


assembly can function as a lipid-like medium to support


transmembrane proteins in their active conformation in a


location amenable to electrochemical signal transduction.


An interfacial structure characterized by a hydrophilic


region adjacent to the substrate is, in general, not readily


accessible with alkanethiol or alkylsilane layer growth


chemistry. The chemistry we utilize relies on the reaction


of a substrate interfacial oxide with an acid chloride such as


adipoyl chloride or tetradecanoyl chloride to form an ester-


like bond. For an ITO-coated substrate, the interfacial oxide


is a native indium doped tin oxide deposited on quartz and


for the gold substrate the interfacial oxide layer is generated


electrochemically. For both ITO and Au substrates, after the


initial deposition of adipoyl chloride, the resulting terminal


acid chloride functionality is reacted with n-dodecylamine


to produce an interfacial monolayer of n-dodecyladipamide


(designated C6–A–C12, Fig. 6). We compare the behavior of


the C6–A–C12 interface to that of a monolayer formed from


tetradecanoyl chloride (designated C14, Fig. 6). Our primary


interest at this point lies in characterizing the structure and


properties of the C6–A–C12 and C14 interfaces, and how


these systems respond to the physisorption of a lipid adlayer


(Fig. 6).


The C6–A–C12 and C14 interfacial structures are charac-


terized by a hydrophilic region in close proximity to the


electrode surface, with hydrophobic structure beyond the

Fig. 6. Schematic depiction of hybrid bilayer assemblies. These cartoons are no


covalently bound layer. Top: a C6–A–C12 layer covalently bound to a substrate,


bound to a substrate, capped with a physisorbed layer of DOPC.

hydrophilic region [56]. For C6–A–C12, there is a second


hydrophilic region comprised of amide bonds, spaced apart


from the first hydrophilic region. Both the oxide substrates


and the adlayers lie within our structural control syntheti-


cally, and the thickness and spacing of hydrophilic and


hydrophobic regions can be adjusted to create interfaces that


can serve as substrates or initial layers in hybrid bilayer


membranes (HBMs) [57,58]. The incorporation of hydro-


philic and hydrophobic regions in an adlayer at well-defined


distances from the substrate can be superior to other


methods for supporting biomolecules at interfaces. Amide-


and ester-containing adlayer structures can form hydrogen


bonded networks parallel to the substrate plane that can


interact strongly with adsorbed species and can support an


ionic reservoir between the hydrophobic portion of the


adlayer and the substrate surface.


Our goal in designing amphiphilic interfaces is


ultimately to incorporate selected proteins into the


interfacial adlayer while retaining their biofunction. For


this purpose, we have constructed biomimetic hybrid


bilayers where the substrate-bound side of the adlayer


will be fluid-like. Clearly, such a system will be less fluid


than a true lipid bilayer structure and, for these systems,


the manifestation of fluid-like behavior will depend on the


manner in which the system is examined. IR data indicate


a fluid-like environment based on band position and


linewidth of the CH stretching resonances, and time-


domain fluorescence data of chromophores imbedded in

t intended to imply specific registration of the physisorbed layer with the


capped with a physisorbed layer of DOPC. Bottom: a C14 layer covalently







Fig. 7. FTIR spectra taken with 4 cm�1 resolution of the CH stretching


region of (a) an adipoyl chloride adlayer, (b) a C14 adlayer and (c) a C6–A–


C12 adlayer. The spectra have been offset for clarity.
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the interface reveal an environment that is substantially


rigid on a ~20-ns timescale. Only when these interfaces


are examined from a variety of standpoints, both


spectroscopic and electrochemical, does a true picture of


their properties emerge.


Infrared reflectance–absorbance spectra can provide


steady state orientational and conformational information


on the hydrocarbon chains in the C6–A–C12 (25 2
ellipsometric thickness) and C14 (18 2 ellipsometric


thickness) SAMs, when they are grown on reflective


substrates. Well-ordered, densely packed alkyl chains in n-


alkanethiol SAMs on gold have CH2(as) and CH2(sym)


bands at 2918 and 2850 cm�1, respectively, being shifted


by 5–9 cm�1 to the red relative to the spectral features


seen for disordered monolayers [33,59]. The relative


intensities of the methylene stretches have been used to


obtain quantitative information about alkyl chain orienta-


tion for n-alkanethiols on several coinage metals [33,59–


62]. While our systems are not the same as alkanethiols on


gold, the principles of the measurement and qualitative


interpretation of the data remain largely the same. Typical


IR reflection–absorption spectra have features between


2700 and 3100 cm�1 for the C6 adlayer, the C14 adlayer


and the C6–A–C12 layer on oxidized gold substrates (Fig.


7). The CH stretching vibrations of the C6 and C6–A–C12


adlayers are most similar to those of liquid-like films. The


relative intensities of asymmetric –CH2– and –CH3


stretches suggest some ordering in the C14 and C6–A–


C12 adlayers, consistent with earlier work on DPPE-


mercaptopropionamide monolayers on gold [63].


We can gain additional insight into the nature of the


adlayer bonding to the surface by taking advantage of the


fact that ITO is a semiconductor. We apply a Mott-Schottky


analysis to our data to detect changes in the flatband


potential, Ufb, of the ITO semiconductor electrode. This


effect has been reported for ITO and silanized ITO surfaces


[64–66]. We measured the dependence of the space charge


capacitance, Csc, on the applied potential for bare ITO


electrodes and ITO with C14 and C6–A–C12 adlayers bound


covalently. We acquire Csc directly from complex AC


voltammetry data. The analysis of impedance data in terms


of appropriate equivalent circuits leads to capacitance and


resistance values of the circuit elements used, allowing the


separation of space charge and monolayer capacitances. In


the low frequency regime, the change in the overall


impedance of the ITO/monolayer interface is not correlated


with the adlayer impedance, but is attributed to the decrease


of the space charge capacitance, Csc [64–66]. We observe a


capacitance drop from 41 AF/cm2 for the bare ITO surface


to 10 AF/cm2 for adlayer-coated ITO. By comparison, a


well-ordered alkanethiol monolayer yields a value for Csc of


1.14 AF/cm2 [67]. We assume the monolayer capacitance is


constant over the potential range we access, so the depend-


ence of the interfacial capacitance on applied potential is


dominated by Csc. We extract a flatband potential value of


Ufb=�0.58 V for bare ITO, in agreement with other reports

[65]. The addition of either C14 (Ufb=�0.51 V) or C6–A–


C12 (Ufb=�0.50 V) adlayers shifts Ufb positive by 70–80


mV, indicating the surface state distribution has been


modified by the covalent attachment of the adlayers to the


surface hydroxyl groups. A positive shift of similar


magnitude has been seen for alkylsiloxane monolayers


bound to ITO [65].


The capacitance of the interface between a metallic


(Au) electrode and the solution is a characteristic of the


adlayer density and organization. We cannot use capaci-


tance to characterize the adlayer bound to the ITO


electrode because of contributions from space charge


capacitance, Csc. For the Au electrode, a well-organized


adlayer should be substantially impermeable to electrolyte,


resulting in a small monomolecular adlayer capacitance,


Cm, that is related to the adlayer thickness, d, by the


parallel plate capacitance equation,


Cm ¼ ee0A
d


ð2Þ


A is the electrode area, eo is the dielectric constant of the


vacuum and e is the apparent dielectric constant of the


adlayer. If the adlayer contains defects, such as disordered


chains or pinholes, electrolyte will penetrate the film,


yielding a capacitance value larger than predicted by the


model [61,68–70]. The capacitance characteristics of C6–


A–C12 and C14 adlayers on gold are derived from complex


AC voltammetric measurements (Fig. 8). We have also


physisorbed a DOPC overlayer onto the C6–A–C12 and


C14 adlayer structures. Because of the apparent parabolic


dependence of the capacitance as a function of potential


for both C6–A–C12 and C14 adlayers, we believe there to


be potential-dependent changes in aliphatic chain organ-


ization and/or electrostriction within these structures [70–


75]. For the C6–A–C12 adlayer, Cm=1.22 AF/cm2 corre-


sponds closely to the value expected for a defect-free


monolayer of densely packed alkanethiols of comparable







Fig. 8. Capacitance as a function of potential for HBM adlayer structures,


indicated next to each curve.
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length [67]. The C14 adlayer exhibits Cm=2.66 AF/cm2,


implying higher permeability than for the C6–A–C12


adlayer. We attribute this difference to the presence of a


hydrogen-bonded network within the adlayer which serves


to isolate the surface from the bulk.


The quality of the adlayer bound directly to the


substrate is also reflected in the behavior of HBMs formed


on their surfaces. We obtain CHBM=0.65 AF/cm2 from the


capacitance/voltage curve of the C6–A–C12/DOPC HBM, a


value fully consistent with the 0.5–1 AF/cm2 range that has


been seen for bilayers tethered to gold using hydrophilic


spacers [76–78]. By comparison, the capacitance of a


solvent-free lipid bilayer membrane is CBLM=0.8 AF/cm2


[79]. We can model the hybrid bilayer structure in the


context of a pair of capacitors in series. We recover


CDOPC=1.6 AF/cm2, in agreement with the value of a


DOPC monolayer densely packed on mercury, and with


other HBMs [63,80,81].


The presence or absence of defects and pinholes in our


HBM and adlayer structures can be examined using cyclic


voltammetry and ac voltammetry. Systematic analysis of


cyclic voltammograms (CV) often allows for the differ-


entiation among possible mechanisms of electron transfer


at monolayer-modified electrodes [61,68,82]. For well-


ordered, defect-free films, CV exhibits a nearly exponen-


tial current–potential dependence, indicating through-chain


electron transfer. Spherical diffusion-limited electron trans-


fer, characteristic of pinholes, produces a sigmoidal CV


curve. The CVs of C6–A–C12/DOPC and C14/DOPC


hybrid bilayers on gold and ITO show that, even though


the Faradaic current is almost two orders of magnitude


smaller than that for bare electrodes, there is a significant


contribution from radial-diffusion limited electron transfer


of the K4 [Fe(CN)6] redox probe. This same behavior is


more pronounced for the C6–A–C12 and C14 adlayers


alone, suggesting the presence of widely spaced pinhole


defects (N5 2 radius) to allow direct electron transfer


between the redox probe and the electrode surface

[61,68,83]. Such defects are most likely a consequence


of the relatively short adlayer constituents we use.


Discontinuities in the surface gold oxide layer [84] can


produce point defects and grain boundaries that would be


unaffected by the covalent adlayer bonding chemistry we


use. Regardless of the exact origin of the defects, the


addition of a DOPC overlayer seals them significantly,


creating a relatively well-ordered hybrid bilayer mem-


brane where the underlayer is bound covalently to the


substrate.


Polymeric adlayers have proven to be of great use in


probing and controlling selected interfacial properties. We


have examined both ionically and covalently bound


polymeric multilayer structures and from these studies we


have gained insight into the strength of interlayer linking


chemistry that holds these structures together, as well as


understanding the potential for this family of materials to


function as chemically selective structures. We consider


these areas separately.


3.3. Polymer side group isomerization as a means of


gauging interlayer bonding strength


In an effort to understand the structural freedom of


polymeric multilayers and at the same time to evaluate the


relative strength of the chemical and physical forces


responsible for the formation of polymeric ZP multilayers,


we have undertaken a study using maleimide-vinyl ether


alternating copolymers with isomerizable side groups. We


have grown layered assemblies of poly(4-N-maleimidoazo-


benzene-c-(2-vinyloxy)-ethylphosphonate) (poly(MAB-


VEP)), where interlayer connections are made using


zirconium-bisphosphonate (ZP) ionic complexation chem-


istry [11]. The absorption spectroscopy of the azobenzene


side groups shows constant layer density but a layer-


dependent ratio of trans-to-cis isomers. Ellipsometric thick-


ness data show a constant average layer thickness despite


the change in cis-to-trans side group conformer ratio. The


layer-dependent conformational changes result from the


steric constraints imposed on the polymer side groups by the


formation of the ZP interlayer linkage(s). Once the layers


are formed, the side-groups do not have sufficient structural


freedom to back-convert to the trans conformer, even when


exposed to UV for a prolonged period.


We have grown up to seven layers of poly(MAB-VEP).


Poly(MAB-VEP) exhibits a constant average layer thick-


ness of 21.7 2/layer. Absorption spectroscopic data reveal


the steric restrictions placed on the azobenzene side groups


by the formation of the interlayer ZP linkages. We show in


Fig. 9 the absorbance spectra of the poly(MAB-VEP)-


modified interface as a function of number of layers added.


These spectra are dominated by the absorbance of the


azobenzene side groups in the 230–400 nm region. We


determine the density of chromophores from the absorb-


ance data using the trans (e313=25,000 M�1 cm�1) and cis


(e250=13,000 M�1 cm�1) conformer extinction coefficients







Fig. 9. Absorbance of poly(MAB-VEP) layers as a function of layer


deposition, shown offset for clarity. The band positions for the first layer


(bottom) are shifted from those for layers 2–7 and the band intensity ratios


vary with number of adlayers.
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[85–87]. The absorbance data indicate a constant amount


of polymer is being deposited for each layer. The bands for


the first layer appear to be shifted relative to those for


subsequent layers, as a result of the gradient in the


dielectric response of the system over the length scale of


the chromophore [88–92] for the first polymer adlayer.


Perhaps, most significant is the observation that the ratio


of the azobenzene side group trans (313 nm) and cis (250


nm) bands depends sensitively on the number of polymer


layers. The fact that the conformer ratio changes with the


number of polymer layers means that the azobenzene side


groups are confined significantly by their local environ-


ment and the driving force for the formation of the


multilayer assembly must exceed the energetic cost


associated with isomerization of the ground state chromo-


phore. This situation is true even for the first layer, where


[trans]/[cis]=0.59.


In contrast to our polymer layer data, solution phase


azobenzene exhibits essentially no cis conformer. Our


finding that only 60% of the side groups are trans in the


first polymer layer underscores the steric limitations


imposed on the polymer side group by the ZP layer


linking chemistry. For the spin-cast film, we recover a


predominantly trans conformation since there is no


opportunity for sterically restrictive bond formation to


occur within the spin-cast matrix. The ground state barrier


for the isomerization of azobenzene is thought to be on the


order of 105 kJ/mol [93]. We estimate the strength of


RPO3–Zr–O3PR group formation based on the limited


information available in the literature on the solubility of


zirconium phosphates. We take with some trepidation the


value of Ksp=10
�132 for Zr3(PO4)4 [94],


If we assume this value is correct and apply it to the


formation of RPO3–Zr–O3PR, where the metal to ligand

ratio is different, we can estimate the equilibrium constant


for RPO3–Zr–O3PR formation based on the concentration of


free Zr4+. We infer Keq=10
44 for the reaction


Zr4++2RPO3
�2ÐZr(RPO3)2


and from this estimate, we calculate DG=�250 kJ/mol. In


principle, the ZP complexation process could be mediated


by the photoinduced isomerization behavior of the side


groups. It is possible that ZP complex formation proceeds


only when ambient light btogglesQ a side group to the cis


conformation and the complex cannot form if the side


group remains trans. To evaluate this possibility, we


deposited poly(MAB-VEP) multilayers in the dark, pre-


cluding photoisomerization of the azobenzene side groups.


Ellipsometric data (632.8 nm) show no light-dependence


on the formation and thickness of adlayers, suggesting


room light is not a mediator in the adlayer deposition


process.


It is useful to consider the values of the [trans]/[cis]


ratio and how they correspond to fractional concentrations


of each isomer. For the first layer, where [trans]/


[cis]=0.59, the surface is comprised of 63% cis isomers


and 37% trans isomers. Even for the first layer, there is


considerable steric restriction placed on the azobenzene


side group and this finding suggests a significant role of


surface topology in determining first layer morphology.


For the second layer, [trans]/[cis]=0.43, or 70% cis and


30% trans overall. Since the loading density is constant for


each layer, it is tempting to speculate that the second layer


is 77% cis and 23% trans. This ratio holds relatively


constant for subsequent layers. Because of the nature of


the measurement, we cannot extract the layer-by-layer


fractional concentrations of cis and trans isomers. The fact


that the trans absorbance decreases with the addition of a


second layer demonstrates that we cannot treat these


interfaces as isolated layers.


Once the polymer adlayers are formed, interconversion


between side group isomers is not facile. The driving force


for interlayer bonding prevents back-isomerization. We


have irradiated a four-layer poly(MAB-VEP) assembly


with a Hg lamp (254 nm) for several hours. We irradiated


the S2pS0 transition for the cis side group conformer at


254 nm to convert the existing cis conformers in the


polymer assembly into the more stable trans conformer.


We observed no change in the spectral profile of the four-


layer assembly, nor any change in the ellipsometric


thickness as a result of UV irradiation. Once the adlayers


are bound to the interface, the azobenzene conformers are


effectively locked and the steric restriction imposed by the


layered polymer matrix is sufficient to prevent isomer-


ization of the polymer side groups. It is likely that greater


structural freedom can be designed into the polymer


adlayer structures, leading to more facile side group


isomerization, but we have not investigated this issue in


detail to date.







Fig. 10. Adsorption isotherm data for interaction of vapor phase methanol


with two substrate-bound polymer bilayers: (o) S–C–B=substrate–poly(3-


chlorophynylmaleimide-aminopropylvinyl ether)–poly(4-bromophenylma-


leimide-aminopropylvinyl ether), data taken from low z to high z. (%) S–


B–C=substrate–poly(4-bromophenylmaleimide-aminopropylvinyl ether)–


poly(3-chlorophynylmaleimide-aminopropylvinyl ether), data taken from


low z to high z. ( ) S–B–C=substrate–poly(4-bromophenylmaleimide-


aminopropylvinyl ether)–poly(3-chlorophynylmaleimide-aminopropylvinyl


ether), data taken from high z to low z, indicating the absence of hysteresis.
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3.4. Using polymer multilayers to impart chemical selectiv-


ity to interfaces


We have also used polymeric multilayer assemblies to


mediate the adsorption and desorption kinetics of


interfaces, with an eye toward controlling chemical


selectivity at these interfaces. We deposit maleimide-


vinyl ether alternating copolymer layers, where each


polymer layer contains different pendant side group


functionalities, and the order of layer deposition is


controlled. The adsorption isotherm behavior of these


interfacial structures, when exposed to methanol and


hexane vapor, shows that the identity of the adsorbates


and the order of polymer adlayer deposition both


influence the interfacial adsorption characteristics. The


absence of hysteresis in the isotherm data show our


measurements to be made under equilibrium conditions,


implying chemical and structural control over the


thermodynamics of adsorption.


We measure the gas–solid adsorption isotherms for these


bilayer structures using quartz crystal microbalance (QCM)


gravimetry. For a QCM, there is a linear relationship


between mass uptake and frequency shift, as described by


the Sauerbrey equation [95],


Df ¼ � 2Dm f0ð Þ2n
A lqð Þ1=2


ð3Þ


In Eq. (3), Df is the change in frequency of the QCM


associated with a mass increase, Dm is the mass change, f0
is the QCM oscillation frequency (~6 MHz), n is the


harmonic of the fundamental frequency (n=1 in these


measurements), A is the exposed area of the QCM, and l
and q are the shear modulus (2.947�1011 g cm�1 s�1) and


density of quartz (2.648 g cm�3), respectively.


The form of the adsorption isotherms we measure for


these polymer adlayer stacks is related to the energetics of


adsorption and the interface morphology. We use the BET


model [96] to treat our data because of its versatility and


demonstrated applicability to interfacial adsorption phe-


nomena [97]. We recognize that the BET model will not


fit all of our data over the entire adsorbate partial pressure


range, but for limited adsorbate concentration ranges, this


model can be used to extract useful information. The


BET isotherm relates the volume of adsorbate (assuming


bulk density) to its partial pressure in the vapor phase


[97],


Vads ¼
Vmlcz


1� zð Þ 1� 1� cð Þzf g ð4Þ


Vads is the volume of the adsorbate, Vml is the volume of


the monolayer and z is the fractional vapor pressure,


normalized to the saturation vapor pressure, z=p/p*. The


term c is related to the relevant energies of interaction


(DHdes=enthalpy of desorption of the adsorbate from the

surface, DHvap=enthalpy of vaporization of the bulk


adsorbate).


c ¼ exp
DHdes � DHvap


� �
RT


��
ð5Þ


We use DH terms on the assumption that DSdes=DSvap.


Depending on the adsorbate and polymer adlayer used,


we have found that the dominant interaction between the


adsorbate and the interface occurring at the metallic or


modified dielectric surface, beneath the polymer adlayer


[16]. The functional form of the adsorption isotherm


depends on the polymer and adsorbate identities and order


of polymer adlayer deposition. For low adsorbate partial


pressures, z, the data can be modeled using the BET


adsorption isotherm and for higher z, the BET model


tends to overestimate adsorption. We limit the fitting of


our data to the adsorbate partial pressure range 0VzV0.4
to remain in a region where the application of the BET


isotherm is clearly appropriate. We use methanol and n-


hexane as adsorbates, and our data demonstrate substan-


tial solvent and adlayer-order dependencies in the


isotherms (Fig. 10). From the DHdes values extracted


from fits of the data to the BET isotherm, we find K=ka/


kd for each system (Table 1),


ln
ka


kd


�
¼ DHdes


RT
� DSvap


R


�
ð6Þ


The values of K and the functionality of the adsorption


isotherm varies substantially between different adlayer/


adsorbate combinations, and this finding shows clearly that


we have established control over chemical selectivity using







Table 1


Values of K=ka/kd, calculated using Eq. (6)


Interface K=(ka/kd) (methanol) K=(ka/kd) (hexane)


S-BPM-NPM 31.25 (+8.75, �5.61) 47.6 (+14.9, �9.1)


S-NPM-BPM 2.42 (+0.34, �0.27) 3.70 (+0.61, �0.39)


S-BPM-CPM 0.53 (+0.13, �0.09) 5.38 (+1.16, �0.81)


S-CPM-BPM 5.56 (+2.77, �1.39) 0.40 (+0.05, �0.05)


S-BPM-HPM 3.45 (+0.72, �0.51) –


S-HPM-BPM 385 (+70, �52) –


S-HPMa 2.94 (+0.29, �0.24) –


S-BPMa 4.55 (+2.59, �1.22) –


S-CPMa 2.86 (+0.17, �0.16) –


For these calculations, DHvap=37.43 kJ/mol and DSvap=111 J/mol K for


methanol, DHvap=31.56 kJ/mol and DSvap=92 J/mol K for hexane.


Abbreviations for the interfaces are as follows: S=substrate, BPM=


poly(4-bromophenylmaleimide-aminopropylvinyl ether), CPM=poly(3-


chlorophynylmaleimide-aminopropylvinyl ether), NPM=poly(N-phenylma-


leimide-4-hydroxybutylvinyl ether) and HPM=poly(4-hydroxyphenylma-


leimide-vinyl ether ethylphosphonate). In all cases, adipoyl chloride is used


as the interlayer linking moiety.
a Values extracted from data in Ref. [16].
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polymer adlayers that are tens of 2 thick. One may infer


from our findings that the control we exert is thermody-


namic control, but this issue remains to be established. The


achievement of thermodynamic control could be demon-


strated only if the data acquired at each point along the


adsorption isotherms are at thermodynamic equilibrium. We


test for this condition by acquiring experimental data for


both increasing and decreasing z. If the data acquired under


both conditions are the same to within the experimental


uncertainty (Fig. 10), we are either operating at thermody-


namic equilibrium or we have achieved a different steady


state condition for each value of z. We assert that the latter


situation is not physically reasonable.

4. Conclusions


We have discussed several structural motifs for layered


interfacial assemblies that have been demonstrated and used


for selected applications in our laboratories. We can bind


either monomolecular species or polymers to interfaces one


layer at a time using either ionic or covalent interlayer


linking chemistry. Using these several structures, we have


described their use in areas ranging from characterizing the


distribution of chemically reactive sites on a surface to the


formation of hybrid bilayer membrane structures, a substrate


that will likely be of use in the development of biomimetic


sensors. For polymeric interfaces, we have examined free


volume and steric limitations imposed on the layered


polymer matrix by virtue of the interlayer bonding


chemistry used in their construction, and have utilized


covalently bound polymer multilayers to demonstrate


thermodynamic control over adsorbate-surface interactions.


We anticipate that this latter area will prove to be of use in


designing surfaces with predetermined selectivity for


analytes of interest. The structural tools we have demon-

strated allow great latitude in the design of interfacial


structures.
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Abstract


Tremendous progress of microelectronic technology observed within last 40 years is closely related to even more remarkable progress of


technological tools. It is important to note however, that these new tools may be used for fabrication of diverse multifunctional structures as


well. Such devices, called MEMS (Micro-Electro-Mechanical-System) and MOEMS (Micro-Electro-Opto-Mechanical-System) integrate


microelectronic and micromechanical structures in one system enabling interdisciplinary application, with most interesting and prospective


being bio-medical investigations. Development of these applications requires however cooperation of multidisciplinary team of specialists,


covering broad range of physics, (bio) chemistry and electronics, not mentioning medical doctors and other medical specialists. Thus,


dissemination of knowledge about existing processing capabilities is of key importance. In this paper, examples of various applications of


microelectronic technology for fabrication of Microsystems which may be used for medicine and chemistry, will be presented. Besides,


information concerning a design and technology potential available in Poland and new, emerging opportunities will be given.


D 2004 Elsevier B.V. All rights reserved.
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1. Introduction


The progress in MEMS devices that has been observed for


over the past decade [1,2] has provided a number of exciting


new techniques facilitating a progress in characterization of


biomedical and chemical interfaces. In this paper, several


examples are presented to illustrate that MEMS technique is


promising and powerful tool for surface investigation


including bio-molecules, cell membranes, polymers and even


living cells. The ability to add an extra dimension of chemical


composition information to high-resolution microscopy, or


microscopic information to spectroscopy, plays an increas-


ingly useful part in applied research. The extreme sensitivity


of micromechanical devices coupled with nanoscale science


techniques extends their use well beyond imaging surface


properties. Thermal, mass, magnetic, electrical, chemical,


stress—among others—can be detected [3,4] at ultimate


limits by transduction into micromechanical motion (Fig. 1).

1567-5394/$ - see front matter D 2004 Elsevier B.V. All rights reserved.
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The invention of the scanning force microscope (SFM) [5,6]


linked the use of micromechanics and microscopy at the


atomic scale. Fields where MEMS technology offers its


capabilities to bio-chemistry community are briefly


described below.

2. Devices for thermal analysis in nano- and microscale


Scanning thermal microscopy (SThM) is a near field


technique, which allows mapping of spatial variations of


thermal properties of a sample, such as temperature,


thermal conductivity, and diffusivity with submicrometer


resolution [7,8,10]. This type of microscopy in combina-


tion with microthermal analysis (MTA) is now being used


to visualize the spatial distribution of phases, components,


contaminants in polymers, pharmaceuticals, foods, bio-


logical materials, locally induced phase transformations,


and spatially resolved photothermal Fourier transform


infrared spectroscopy. A large number of probes with


different heat sensitive elements, including thermocouple,

6 (2005) 23–28







Fig. 1. Physical and chemical functions of cantilevers.
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contact potential, Joule expansion, Schottky diode, and


resistance based transducers have been developed over the


past 10 years [8,9]. A resistive probe consists of a thin


wire, making a point contact to the sample, scanned across


the sample surface [11]. In the passive mode, the temper-


ature of the sample is measured by monitoring the change


in the resistivity of the wire. In the active mode, the


sample is locally heated by applying an alternating electric


current to the wire, thus allowing measurement of thermal


conductivity and diffusivity of the sample or inducing local

Fig. 2. SEM images of Thermal Nano Pr


Fig. 3. Topography (a) and thermal conductivity distribution (b) on multiphase s


[14]. Scan area 5�5 Am.

changes such as phase transformations or chemical


reactions (Fig. 2).


In most known solution the thermal sensitive wire has a


micrometer range dimensions (e.g. 75 Am OD coat with 5


Am platinum core) which results in a limited spatial


resolution of such devices [10,11]. To improve the resolution


a novel thermal probe presented here is based on the changes


of the electrical resistivity of a nanometer-sized filament with


temperature [12,13]. The filament is integrated into an


atomic force scanning probe based on a piezoresistive type

obe beam and the nano-tip [12,13].


tructure glass-Al2O3 ceramic obtained with Scanning Thermal Microscopy







Fig. 4. Two versions of the thermoresistor probes.


Fig. 6. AFM/SNOM characterisation of polycarbonate polymer film: (a)


AFM topography image, (b) optical sample characterization.
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cantilever. Using a focused ion beam technique, the front end


of the Al meander is cut through, forming an approximately


1-Am wide gap. Employing an electron beam assisted


deposition technique a sub-100 nm diameter Pt filament is


deposited across the gap. The filament consists of an


approximately 2 Am high loop with an additional spike


deposited at the apex of the loop to improve spatial


resolution. This probe is an example on how a combination


of CMOS technology, bulk and surface micromachining,


focused ion beam technology and e-beam induced deposition


can be used to fabricate innovative nanoprobes, opening new


research opportunities.


Fig. 3 shows topography and thermal conductivity


distribution on glass-Al2O3 multiphase surface respectively.


Achieved spatial resolution is of the order of less then 80 nm


and a thermal resolution of 10�3 K.


Nanometer scale spatial resolution achieved by the


described nanoprobe is not always required in bio-


medical research. In application where the temperature


of a single bio-cell (e.g. plant or bacteria) has to be


measured a flat measurement platform with dimensions in


the range of 10–100 Am is needed. In addition, a precise


touch-down detection is required to protect the sample

Fig. 5. SEM images of the piezoresistor set (a), the beam end (

against damage. A microprobe has been developed for


contact temperature measurements of plant tissue sample.


It consists of a silicon cantilever with a Ni thermoresistor


deposited at the unfixed end (Fig. 4) [15]. Full


piezoresistive bridge allows for measurements of a force


acting on the microbeam and detect touch of a delicate


tissue. Thermal resolution of presented probe is of the


order of 5�10�2 K.

3. Devices for optical investigations in nanoscale


In scanning near field optical microscope (SNOM), an


optical probe with aperture diameter well below the optical


wavelength is moved over the sample to extend resolution of


the optical microscopy over the limits imposed by interfer-


ence phenomena. Precise sample-probe distance control is


one of the key problems in SNOM. In typical solution a


tapered, metal coated optical fiber is used as a shear force tip


to estimate a distance to the surface and to perform the SNOM


measurements [16]. A possibly solution is combination of

b), and the pyramid tip (c) with aperture (insert) [18,19].







Fig. 8. Resonance curves of a T-shaped cantilever with a porous silicon


element as exposed on various humidity levels [22].
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SNOM and piezoresistive atomic force microscopy (AFM)


probe [17] however a technology imposed geometrical


arrangement of the device and precision of the aperture


formation remains still an important issue. In the presented


solution a highly reproductive batch processing allows for


integration of both, cantilever playing role of an AFM


detector and nanoaperture detector [18,19]. Moreover,


illumination of the aperture is easier because of a wide input


opening and its big cone angle. The angle of the apex cone is


close to 508, which renders it possible to obtain a high


aperture transmission coefficient. Apertures in hollow


pyramids have been formed by direct ion beam drilling with


a focused beam of 30 keV Ga+ions. Direct focused ion beam


(FIB) drilling is a reproducible process for hole formation at


the 30–100 nm diameter range. Formation of smaller


apertures is possible if a special FIB drilling/deposition


procedure is applied. Fig. 5 shows SEM image of the


pyramidal tip at the end of the cantilever and the aperture


of 50 nm.


In our experiments we investigated topographical and


optical parameters of polycarbonate material, utilized for


magneto-optical memory discs fabrication. In Fig. 6 images


of the investigated sample are presented.


One may note that the optical characterization shown in


Fig. 6b reveals significant non-uniformities which are not


visible on topographic (AFM) image (Fig. 6a). In our


opinion, the observed differences are connected with non-


homogenities of the polymer material. It is worthwhile to


note also, that presented microprobe may be considered as a


tool for interesting investigation on interaction of matter


(e.g. supramolecular films) with light in nanoscale.

4. Silicon nanobalance


The piezoresistive cantilever beam fabricated using


combination of silicon micromachining with elements of


CMOS IC’s technology may be used as a highly sensitive


nanobalance [20,21]. Such device, equipped with a porous


silicon element to intensify adsorption processes has been


fabricated (Fig. 7). Measurements of a shift of the cantilever


resonance frequency allow for estimation of adsorbed


substance weight e.g., gas, steam with single nanogram

Fig. 7. SEM view of a T-shaped piezoresistive

resolution. Applications of such a device include humidity


and gas detection.


Resonance curves of the cantilever have been meas-


ured by sweeping the excitation frequency of the piezo-


actuator and monitoring the resulting beam deflection.


The deflection has been measured using a piezoresistive


circuit located at the support of the cantilever and


additionally by monitoring of a laser beam reflected


from the device.


The resonance curves for longitudinal mode are shown


in Fig. 8. It may be noted that the quality factor of the


beam which is inversely proportional to the width of the


resonance curve first decreases with humidity then


increases after reaching minimum. This effect may be


related to mechanical behavior of water inside pores. For


medium humidity relatively large water droplets can move


inside pores dissipating mechanical energy. For low


humidity the energy dissipation is smaller due to a small


amount of water.

5. Micromachined hot-plate


To investigate phenomena in micro- and nanoscale


researchers need many new microtools enabling operation

cantilever with a porous silicon element.







Fig. 9. SEM images of micromachined micro hot-plates.
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even with nanogram samples. An example of such


innovative tool developed using silicon micromachining is


a micro-hot-plate. The basic idea was to realize a simple


device on common silicon substrates using conventional


photolithography, sputtering and evaporation techniques.


The maximum power consumption amounts to 150 mW for


an operation at 300 8C and the thermal response time is


expected to be faster than 800 ms. Fast thermal time


constant will allow the operation of device in temperature


pulse mode. First examples of micro hot-plates are


presented in this publication (Fig. 9).

6. Chemical sensors


In numerous research a field Effect Transistors were used


as an effective ion sensitive transducers [23–26]. Current


flow along channel of such a device is controlled by charge


gathered on the transistor gate which is sensitive to the ions


concentration in analyzed environment.


The technical solution and technologies used for fab-


rication of ISFET sensors differs depending on specific


application. Two examples of such implementations are


given here. In the first, basic version source and drain (S/D)


contacts are placed at the front side of the chip. Such a


configuration is called Front Side Contacted ISFET (FSC


ISFET) (Fig. 10a). The bonding pads and the wires should


be carefully protected against contact with analyzed


solution. In the second version of the device called Back


Side Contacted ISFET (BSC ISFET) (see Fig. 10b) the S/D


contacts are placed on the passive (back) side of the chip


that it is completely separated from the front side facilitating


their protection. Fabrication of a BSC ISFETs consists of

Fig. 10. (a) ISFET sensor assembled in a dipst

combination of CMOS and MEMS (Micro-Electro-Mechan-


ical Systems) technology.


The measurement results show, that VGS-pH dependence


is highly linear in a wide range of pH (2–12) for the


operating point UDS=0.5 V, at constant current configuration


ID=0.1 mA. The experimental results indicate that all


developed and investigated ISFET structures may be


directly used for pH measurement in the wide pH range.


Both types of sensors are used for chemical and biochemical


investigations in laboratories in Europe and US.

7. Summary


Presented devices show that silicon microengineering


provide powerful tools for diverse investigations of surface


chemistry in micro- and nanoscale. Particularly, develop-


ment of specialized arrays of devices for biochemical


characterization seems to be very advantageous. Thus,


silicon microengineering allows for fabrication of microtools


filling the gap between our macro-world and the nanoworld,


as pointed out by Richard Feynman, still full of new


opportunities. However, to reach there, to design and


fabricate of such devices close collaboration of multi-


disciplinary team of specialists, covering broad range of


physics, biochemistry and electronics is required. The key


problem seems to be to provide the researchers an easy


access to the advanced and thus, expensive microengineering


technology. Successful attempts to solve this problem were


undertaken in leading countries. In Europe a pool of experts


in the broad field of microsystem technology and access to


technology is provided by EU supported EUROPRACTICE


initiative [27], where a full range of assistance required in all

ick. (b) Back side contact ISFET sensor.
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steps of product development is offered. Basing on this


experiences and in the frame of EUROPRACTICE such


opportunities emerge now in Poland as a result of creation of


a National Centre of Silicon Micro- and Nanotechnology.


The Centre is based on the existing technological potential of


the Institute of Electron Technology, including a 4 in. silicon


CMOS/MEMS technology R&D and pilot production line


facility installed in 1200 m2. Clean Rooms with cleanliness


class ranging from 10 up to 1000. This cooperation is


conceived as a bridge between university or research


institutes laboratories, where fascinating new ideas emerge


and industry, where the new inventions may be used to create


new products, giving a chance young entrepreneurs to shape


their professional future.
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Abstract


Ultrathin films of NafionR and Eastman-AQ 55R loaded with cytochrome c (cyt c) were obtained and transferred on indium tin oxide


(ITO) electrodes via the Langmuir–Blodgett (LB) technique. The pressure-area isotherms for mixed ionomer-protein films indicate that the


miscibility of cyt c in the interfacial layer is better for NafionR than for AQ 55. Interestingly, these composite films maintain the


electroactivity of cyt c without requiring the addition of promoters or mediators. Both for AQ 55-cyt c and Nafion-cyt c films, the half-wave


potential for the reversible reduction of ferricytochrome c corresponds to the value expected for the weakly adsorbed protein. The modified


electrodes show electrocatalytic reaction with ascorbate anion. Comparison with previous literature reports indicate that for Nafion the LB


coating procedure is unique in keeping the electroactivity of cyt c.


D 2004 Elsevier B.V. All rights reserved.
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1. Introduction


Langmuir–Blodgett (LB) techniques have attracted con-


siderable attention, thanks to their capability to build up


monolayers or multilayers ordered at a molecular level [1,2].


This is particularly interesting for tailoring surface proper-


ties and controlling electron transfer processes at the


electrode/solution interface [3].


Since 1970s, the use of ionomers such as NafionR, has
received great attention because of their peculiar properties


such as ion-exchange selectivity, good wetting properties,


self-organization in hydrophobic/hydrophilic domains,


chemical and biological inertness [4].


The capability of preconcentrating and determining trace


concentrations of electroactive species even at nanomolar


level has given rise to a new technique called ion-exchange


voltammetry [3,5,6]. Traditionally, the ion-exchange pre-

1567-5394/$ - see front matter D 2004 Elsevier B.V. All rights reserved.
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concentration capabilities of modified electrodes have been


exploited for the voltammetric determination of small


(inorganic and organic) ions. However, this approach can


be likewise employed for the immobilization into a


polymeric matrix of electroactive species which display


electrocatalytic properties [7] and ion-exchange interactions


can be applied for the immobilization of redox proteins [8].


In this respect, some papers were devoted to the use of


ionomers for ion-exchange immobilization of cytochrome c


(cyt c) [9,10]. Cyt c, in fact, plays a central role both for its


electrocatalytic capabilities and as a biological mediator able


to shuttle electrons from electrodes to a variety of proteins


such as cyt c oxidase [11], sulphite oxidase [12], some


hydrogenases [13] and others [14,15]. Fundamentals on the


electrochemistry and redox behavior of cyt c has been


recently reviewed by Fedurco [16].


At physiological pH values, cyt c is positively charged


(pI=9.2) and tends to interact electrostatically with neg-


atively charged species, like the redox proteins cited above.


Positive ionic charges of cyt c are also the basis for


electrostatic immobilization procedure in polyanions films.


It was shown that cyt c is incorporated by ion-exchange in

6 (2005) 29–34
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films of polyestersulfonated ionomers such as the Eastman


AQ 29 [10] and AQ 55 [9]. In a surprising contrast, attempts


to observe typical cyt c electroactivity signals in NafionR
films loaded with cyt c have yielded unsuccessful results


[17]. This was attributed to the heterogeneous nature of the


NafionR matrix and to the fact that the interactions between


recasted NafionR and cyt c develop in a unfavorable way


for electron transfer with the electrode surface [17]. It was


proposed that this might also be related to the strong


hydrophobic interactions between NafionR and the protein


[18]. Consequently, it would be interesting to find a way to


improve the control on such interactions.


Recently, we have shown that it was possible to engineer


at a molecular level ionomer films by resorting to Langmuir


monolayer formation techniques. Langmuir monolayer of


NafionR at the air–water interface were obtained using


electrolyte loaded subphases [19]. It was shown that


Langmuir ultrathin films of ionomers can be transferred


on electrodes surfaces by using Langmuir–Schaefer (LS)


[19,20] and Langmuir–Blodgett (LB) deposition techniques


[21]. These techniques can also be extended to other


ionomer polymers such as Eastman AQ 55 [21] and


polycationic Tosflex IESA 48 [3,21].


Although keeping the ion-exchange preconcentration


capability and permselectivity typical of ionomer films


recasted on electrode surfaces, mass and change transfer


processes relevant to electroactive species incorporated in


LS and LB films of ionomers are characterized by apparent


diffusion coefficient smaller than in bconventionalQ films


[20]. This is attributed to a denser film structure, with


multilayering of hydrophobic and hydrophilic domains as a


consequence of the 2D ordering of the interfacial film


during Langmuir compression in the trough [21].


The present work studies the possibility of obtaining


Langmuir films of polyanionic ionomers (namely AQ 55


and NafionR) premixed with cytochrome c, and the role of


the Langmuir–Blodgett deposition technique on the incor-


poration of cyt c and its voltammetric behavior.

2. Experimental


2.1. Materials


Horse heart cytochrome c (type VI, molecular weight


12,384) was purchased from Sigma and used without further


purification. Note that both on the basis of our experience


[9,22] and on previous reports [23,24], voltammetric


responses obtained on this kind of commercial preparation


do not differ significantly from those of purified samples.


All the chemicals were of reagent grade quality. Milli-Q


water was used throughout to prepare all the solutions.


Phosphate buffer solutions were prepared using suitable


amounts of NaH2PO4 and Na2HPO4.


NafionR 117 solution (5% w/v in a mixture of low


molecular weight alcohol) was purchased from Sigma-

Aldrich. AQ 55 pellets were kindly provided by Eastman-


Italia. A dispersed polymeric solution of AQ 55 was


prepared following the procedure of Brunetti and Ugo


[25]; briefly, 15 g of AQ 55 were mixed in 100 ml of water;


after vigorous and extended stirring at 45 8C a transparent


and colorless solution was obtained. The exact concen-


tration of the polymer in the dispersion was determined by


drying and weighing a known volume of this dispersion.


2.2. LB films


The ionomers polymeric Langmuir monolayers were


formed by using a Langmuir trough (Langmuir KSV


2000 trough, capacity 1.25 l; KSV Instruments, Finland)


interfaced with a PC and controlled by the software KSV


LB WIN 1.22 version. The surface pressure was


measured by the Wilhelmy plate method, with an


accuracy of 0.2 mN m�1.


A mixture of cyt c and AQ 55 was prepared by


dissolving 2 mg of cyt c in 0.03 M phosphate buffer (pH


7), 3 ml methanol and 30 Al AQ 55 15% (w/v) aqueous


dispersion. A mixture of NafionR and cyt c was prepared by


dissolving 1 mg of cyt c in 3 ml 0.03 M phosphate buffer


(pH 7.0), 3 ml methanol and 60 Al NafionR 5% w/v


solution. It was observed that the use of higher phosphate


concentration or changing the water/methanol percentage


from the above values caused the formation of a precipitate.


A total of 400 Al of Nafion-cyt c or AQ 55-cyt c


solutions was added to the subphase (0.1 M phosphate


buffer, 1.25 l) in the trough. An elapsed time of 15 min was


allowed before the compression of the floating film, which


was performed using 30 mm min�1 as barrier speed. The


films were transferred onto solid substrate, namely indium


tin oxide (ITO)-coated glass slides, at a deposition speed of


33 Am/s for the first layer (emersion) and at increased speed


(830 Am/s) for the following emersion steps (odd numbered


layers). A much higher speed (1670 mm/s) was used for


immersion steps (even numbered layers), since it was


observed that negative transfer ratios characterized these


steps (see Section 3.1). A delay of time of 15 min was


interposed between deposition of successive layers, during


which the film was gently dried with a soft flux of nitrogen


gas.


2.3. Electrochemical measurements


Electrochemical measurements were performed at room


temperature under nitrogen atmosphere, using a Potentiostat


CHI660B controlled via PC by its own software. In all


cases, a standard three-electrode cell configuration was


used. The working electrode was an ITO-coated glass plate


(Delta Technologies, USA) with Rs=8–12 V, on which LB


films were deposited. A platinum coil was used as the


counter-electrode and a Ag/AgCl (KCl saturated) as the


reference electrode. The working electrode area was kept


equal to 0.07 or 0.126 cm2 by using an insulating tape mask.
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3. Results and discussion


3.1. Deposition of Langmuir–Blodgett films of NafionR-cyt
c and AQ 55-cyt c


Fig. 1 shows the surface pressure (C) vs. trough area (A)


isotherms of cyt c, AQ 55 and AQ 55-cyt c obtained in


subphases containing phosphate buffer 0.1 M, pH 7.0. The


X-axis plots the trough area instead of the area per molecule


due to the fact that the exact solubility of the ionomers used


here in phosphate buffer are unknown. Moreover, since we


are dealing with a polymeric material, the area per molecule


parameter should be correctly substituted by an area per


monomeric unit value, which is a parameter of doubtful


usefulness and definition, particularly for polymers which


aggregate in domains, such as the studied ionomers [3]. The


isotherm of pure cyt c (curve a) is characterized by a rather


broad trend showing an increase in the C/A plot with a


collapse pressure of about 16 mN m�1. This trend and the


relatively low collapse pressure are typical of Langmuir


isotherms of proteins and appear similar, for instance, to the


isotherm recently reported in literature for cytochrome p450


[26].


The j/A isotherms of AQ 55 (Fig. 1, curve b) shows an


increase in the surface pressure when the area limited by the


barriers is decreased. The trend of the isotherm is rather flat,


typical for the compression of interfacial films of this


ionomer in subphases containing added electrolytes [21],


but steeper than the cyt c isotherm. The maximum surface


pressure is about 23 mN m�1, which is higher than the


maximum C value for cyt c, but lower than values obtained


for NafionR LB film [19,21]. The plot in Fig. 1 (curve b)


confirms that the addition of strong electrolytes (in this case,


phosphate buffer) to the subphase is a compulsory require-

Fig. 1. Surface pressure–trough area isotherm curves recorded using a


phosphate buffer 0.1 M (pH 7.0) subphase, at 22 8C, of: (a) cyt c, (b) AQ 55


and (c) AQ 55-cyt c; barrier speed 30 mm min�1.

ment for obtaining the formation of a stable ionomer layer at


the air–water interface [3,19]. In the absence of dissolved


salts the sulfonic groups of AQ 55 (and NafionR as well,


see below) repel each other hindering the formation of a


stable interfacial film. On the other hand, the presence of


dissolved cations minimizes these repulsive interactions,


thanks to the neutralization of the negative charges of the


sulfonic groups.


The isotherm relevant to the AQ 55-cyt c mixture is


shown in Fig. 1 (curve c). It is characterized by a maximum


surface pressure of 22 mN m�1, with a change of slope in


the 13–14 mN m�1 zone. Such a behaviour is typical of the


isotherms relevant to mixtures of different compounds


whose Langmuir films are characterized by different


collapse pressure and limited miscibility [27]. In any case,


a mixed interfacial film is formed in which positively


charged cyt c interacts electrostatically with the negatively


charged sulphonate groups of AQ 55.


Fig. 2 shows the j/A isotherms of NafionR (curve a)


and Nafion-cyt c (curve b). The isotherm of NafionR in


phosphate buffer subphase (curve a) is similar to the


isotherms obtained for this ionomer in different sodium


containing subphases, such as, e.g., NaCl [19]. The shape of


the isotherm relevant to the Nafion-cyt c mixture (curve b)


is very different from the cyt c isotherm (see Fig. 1, curve


b). It is characterized by an increase in surface pressure


steeper than the one observed for the AQ 55-cyt c case.


Moreover, the curve presents a less evident change in slope,


now at about 18 mN m�1, which suggests a better


miscibility of the redox protein in the NafionR interfacial


layer. The higher collapse pressure (almost 28 mN m�1) of


Nafion-cyt c with respect to AQ 55-cyt c indicates that LB


transfer of the mixed interfacial film, in this case, can be


performed at surface pressures higher, i.e., compression


level which corresponds to more condensed films. Inter-


actions between NafionR and cyt c in the interfacial film


appear stronger than in the AQ 55-cyt c case. This agrees


with the results reported in Ref. [18] for the case of solution


mixture of NafionR and the protein.


The transfer on solid substrates both of AQ 55-cyt c and


Nafion-cyt c interfacial films were performed by using the


LB deposition technique (vertical dipping) [2]. On the basis


of the relevant isotherms discussed above, the deposition


was performed using a constant surface pressure of 15 mN


m�1 for AQ 55-cyt c and 22 mN m�1 for Nafion-cyt c


layers.


An important parameter which allows one to evaluate the


transfer of the interfacial film to the substrate is the transfer


ratio (TR). It is defined as the decrease in the area occupied


by the monolayer on the trough surface divided by the


coated area of the substrate [27]. We examined this


parameter in detail for the transfer of Nafion-cyt c films.


Emersion steps were characterized by positive TR values,


while for immersion steps TR values were close to zero or


slightly negatives, which agrees with the hydrophilic nature


of the ITO substrate. In order to favour the transfer of the







Fig. 3. (a) Cyclic voltammograms recorded at 10 layers LB Nafion-cyt c


coated ITO in 10 mM phosphate buffer (pH 7.0), at different scan rates: 2,


5, 10, 20, 50, 100 mV s�1. (b) Dependence of the anodic peak current on


the scan rate.


Fig. 2. Surface pressure–trough area isotherm curves recorded using a


phosphate buffer 0.1 M (pH 7.0) subphase, at 22 8C, of: (a) Nafion and (b)


Nafion/cyt c; barrier speed 30 mm min�1.
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film, the deposition speed during the immersion steps was


kept high during emersion steps and slow for immersions


(see Experimental). The TR for the first immersion layer


was always the highest (up to 5), with other odd layers


giving TR values in the range (2.0–1.2). Note that, since we


were using asymmetric substrates (glass slides coated with


ITO on one side), the ideal value of the TR equal to unity is


improbable to obtain. In any case, the overall transfer of the


film was characterized by positive values, indicating the


successful transfer of the interfacial film on the substrate.


The observation of a slightly reddish thin film on the ITO


surface at the end of the process confirmed bvisuallyQ the
successful transfer of the mixed polymer layer.


3.2. Electrochemical characterization


Fig. 3 shows the cyclic voltammograms recorded at


different scan rates at an LB Nafion-cyt c-coated ITO


dipped in 10�2 M phosphate buffer pH 7.0. They are


characterized by cathodic peak with a peak potential of


�0.14 V at 5 mV s�1 and �0.18 V at 100 mV s�1. The


associated anodic process is characterized by peak potentials


of �0.09 V at 5 mV s�1 and �0.08 V at 100 mV s�1. The


process involved is expected to be the quasi-reversible


reduction of ferricytochrome c according to reaction (1).


[cyt c-Fe(III)]+e�f[cyt c-Fe(II)] (1)


The E1/2 value, calculated as E1/2=(Epa+Epc)/2 [28], is


indeed constant with the scan rate and equal to �120 mV.


This value is more negative than E1/2 of �45 and 80 mV


measured for cyt c at bare electrode in the presence [29] and


in the absence [30] of promoters, respectively, and of 50–80


mV obtained at electrodes modified with recasted film of


AQ 29 [10] and AQ 55 [9] loaded with cyt c. No signal was


observed for ITO dipped in LB films of cyt c alone. The

E1/2 value obtained for LB–Nafion-cyt c films is close to the


value of �165 mV reported in literature by Sagara et al. [31]


for the case of electrochemical reduction of cyt c slightly


adsorbed on gold surfaces. Sagara et al.’s data were obtained


by controlling cyt c adsorption via a competition with small


amounts of added 4–4Vbipyridyl, where the electrode surface
was covered by both 4–4Vbipyridyl and few cyt c molecules.


This situation appears quite similar to the one expected in


our case, where the electrode surface interacts with NafionR
molecules with interposed some cyt c molecules. As shown


in Fig. 3b, the cathodic peak currents increase linearly with


the scan rate indicating a thin-layer-like behavior, in the


range of scan rates explored here; halving the number of


layers from 10 to 5 reduces roughly to a half the peak


current recorded at a certain scan rate (not shown).


Very similar voltammetric patterns with comparable E1/2


values and peak current behavior were observed in the same


experimental conditions also using LB–AQ 55-cyt c-coated


ITO (not shown).


In the case of NafionR, it is worth noting that there had


been a previous attempt to incorporate cyt c in NafionR
coatings by premixing the protein with the ionomer and then


spreading the mixture on the electrode surface [17].


However, the coated electrode did not show any voltam-







Fig. 4. Differential pulse voltammetries recorded at 5 layers LB Nafion-cyt


c coated ITO in phosphate buffer 10 mM (pH 7.0) before (curve (a)) and


after the addition of ascorbate (Asc) 0.5 mM (b), 1.0 mM (c), 1.5 mM (c).


Experimental conditions: pulse height 50 mV, scan rate 5 mV s�1. Inset:


relevant calibration plot.
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metric signal. To explain such a behavior, it was proposed


that highly positively charged cyt c bind too tightly to


NafionR and hence cannot exchange electrons with the


electrode surface. We used the LB approach to overcome


this limitation. On one hand, the fact that the thickness of


the film is very low, in the range of 10 nm for 5 LB layers of


NafionR [19], can facilitate the electron transfer between the


heme group and the electrode surface. On the other hand, it


may be taken into account that in the Langmuir film the


hydrophilic regions both NafionR and cyt c are directed


towards the aqueous subphase. After transfer on the ITO


surface (hydrophilic), this ionic–hydrophilic regions should


be in contact with the electrode surface, thus allowing the


electron transfer. To the best of our knowledge, this is the


first example of electroactivity of Nafion-cyt c films, which


appears rather relevant in the application of the modified


electrodes for biosensing purposes.


Cyt c-mediated transformations can be exploited, in fact,


for biocatalytic processes which are of interest in the


biosensors field [11–15,32,33]. The possible application of


the LB technique to immobilize cyt c on the electrode


surface, thus keeping its typical electrocatalytic activity, is


preliminarily tested here, using differential pulse voltam-


metry (DPV) as the detection technique and ascorbate as the


substrate/analyte.


The electrocatalytic process examined is the known


oxidation of ascorbate catalyzed by ferrocytochrome c,


according to the reaction scheme [9]:


[CytC-Fe(II)]pY[CytC-Fe(III)]+e� (2)


[CytC-Fe(III)]+Asc�pY[CytC-Fe(II)]+P (3)


where Asc� is ascorbate and P represents the relevant


oxidation products. Reaction (3) between ascorbate and cyt


c is used for performing the chemical reduction of cyt c-


Fe(III) in homogeneous solutions (see, e.g., Prutz et al. [34],


for recent applications).


Fig. 4 (curve a) shows the DPV pattern recorded at an


ITO-coated with 5 LB layers of Nafion-cyt c in 10 mM


phosphate buffer pH 7.0, after poising the electrode potential


at�0.3 V for 60 s. This was done in order to perform the pre-


reduction of ferricytochrome c to ferrocytochrome c. In the


anodic scan, an oxidation peak is observed at about �0.14 V


(reaction (2)). This peak is more negative than the DPV


peak observed for cyt c dissolved in homogeneous solution


and recorded at gold nanoelectrodes ensemble [30]. This


shift confirms the weakly adsorbed state for cyt c at the


interface between LB–Nafion-cyt c film in the ITO surface.


Curves b–d in Fig. 4 show that the addition of ascorbate in


the mM concentration range causes an increase in peak


current, which is directly proportional to the ascorbate


concentration (see insert). Note that the direct oxidation of


ascorbate at a bare ITO in the same experimental conditions


gave an anodic peak at much more positive potential values,


namely at 0.420 V. These data confirm the occurrence of the

electrocatalytic processes (2)–(3) at the LB–Nafion-cyt c-


coated electrode.

4. Conclusions


The formation of LB films of ionomers recently


introduced to deposit ultrathin films on electrode surfaces


[3,19–22] proved to be suitable also for the preparation of


mixed coatings incorporating biocatalytic species such as


cyt c.


The small thickness of these films, together with the


capability of LB techniques to control the 2D order and


hydrophilic/hydrophobic interactions, showed to be useful


for obtaining electroactive biocatalytic films, overcoming


previous limitation encountered when using recasted ion-


omer films. This can lead to interesting prospects for further


developments in electrochemical biosensing and related


fields.
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Abstract


Two different fullerene film-modified electrodes were prepared and used for surface immobilization and electrochemical property


investigation of horse heart cytochrome c (cyt c). Both a pristine fullerene film and fullerene-palladium (C60-Pd) polymer film-modified


platinum, glassy carbon and indium–tin–oxide (ITO) electrodes were used. The immobilized cyt c was characterized by piezoelectric


microgravimetry at a quartz crystal microbalance (QCM), UV–visible absorption, and X-ray photoelectron spectroscopy (XPS), as well as


cyclic voltammetry (CV) techniques. The UV–visible spectral studies revealed a small blue shift of both the Soret and Q band of the heme


moiety of cyt c, immobilized on the C60-Pd polymer film-modified ITO electrode, as compared to the bands of cyt c in solution


suggesting that molecules of cyt c are densely packed onto the surface of the modified electrode. The CV studies revealed a quasi-


reversible electrode behavior of the heme moiety indicating the occurrence of kinetically hindered electron transfer. A good agreement was


found between the values of cyt c electrode surface coverage determined by piezoelectric microgravimetry and cyclic voltammetry. For


piezoelectric microgravimetry, these values ranged from 0.5�10�10 to 2.5�10�10 mol cm�2, depending upon the amount of cyt c present


in solution and the time allowed for immobilization, which compared with a value of 3.6F0.4�10�10 mol cm�2 determined by CV. The


possible mechanisms of cyt c immobilization on the C60 film and C60-Pd film-modified electrodes are also discussed.


D 2004 Elsevier B.V. All rights reserved.


Keywords: Fullerene-modified electrode; Cytochrome c; Surface immobilization; Chemically modified electrode; Quartz crystal microbalance; Piezoelectric


microgravimetry

1. Introduction


Fullerene and carbon nanotube modified electrodes have


recently been widely used for catalytic and sensor applica-


tions [1] as well as for photoelectrochemical investigations


[2]. Fullerenes and their derivatives are promising candi-


dates for these applications due to rich reductive electro-

1567-5394/$ - see front matter D 2004 Elsevier B.V. All rights reserved.


doi:10.1016/j.bioelechem.2004.03.013
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chemistry and the resulting electron accumulating properties


[3]. Several procedures for fullerene-based electrode mod-


ification have been developed, which include using a


fullerene solution of a volatile solvent for drop coating,


vapor deposition of fullerene films, electro-oxidative dep-


osition from solutions of fullerene anions, electrophoretic


deposition of nanoscopic fullerene clusters, electropolyme-


rization where the resulting fullerene entities are connected


either by polymer side chain, or via epoxide formation, or


by transition metals binding, as well as by self-assembling


monolayers using either thiol or silane derivatives. Appli-


cations of some of these electrodes featuring unique


properties have already been described in literature while


others are being explored [1,2].

6 (2005) 35–40
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In the present study, we report another application of the


fullerene film-modified electrodes, which consists of immo-


bilizing a redox-active protein on the modified electrode


surface. Such an immobilization is of current interest for


modeling charge transfer processes of redox-active proteins


since the physiological redox partners are replaced with an


electrode surface for the electron transfer. Protein immobi-


lization on the electrode surface is important for developing


a broad range of bioanalytical devices. In this regard,


different strategies have been reported for specific electrode


functionalization [4–7]. The redox-active protein employed


in the present study, cytochrome c (cyt c) from horse heart


[8], is a low-molecular weight (MW=12,400 D) redox-


active heme protein with a single polypeptide chain of 104


amino acid residues covalently attached to the heme moiety.


The shape of the cyt c molecule is roughly spherical with


diameter of ca. 3.4 nm, which implies that the maximum


surface coverage, i.e., that reached at hexagonal monolayer


packing, of adsorbed cyt c is Cmaxc1.7�10�11 mol cm�2.


In cyt c, there are 19 positively charged lysine residues and


two arginine nucleic base clustered on one side, while 12


aspartic or glutamic acid residues are clustered together on


the opposite side with an isoelectric point around pHc10.


Therefore, one side of cyt c bears positive charges while the


opposite side bears negative charges. In the literature,


several procedures have been described to immobilize cyt


c onto the electrode surface [9–14].


In the present work, we have utilized two different types


of the fullerene film-modified electrodes for surface


immobilization of cyt c. One involves an electrochemically


conditioned fullerene drop-coated film electrode [15–19]


and the other an electropolymerized fullerene cross-linked


with palladium acetate complex (C60-Pd) film electrode


[20–22]. While both types of surface-modified electrodes


are electrochemically active, as discussed below, the results


obtained for the latter were much better defined.

2. Experimental


2.1. Reagents


Fullerene, C60 (+99.95% purity), was procured from SES


Research (Houston, TX, USA). Tetra-n-butylammonium


hexafluorophosphate, (TBA)PF6, palladium acetate trimer,


acetonitrile (in a dsure-sealT bottle), toluene, 1,2-dichloro-


benzene, cyt c from horse heart, and all other reagents were


from Sigma-Aldrich Chemicals (Milwaukee, WI, USA).


Tetra-n-butylammonium perchlorate, (TBA)ClO4, was from


Fluka Chemicals (Buchs, Switzerland). All chemicals were


used as received.


2.2. Apparatus


The UV–visible spectroscopy measurements were car-


ried out with a Shimadzu model 1600 spectrophotometer.

The cyclic voltammetry (CV) experiments were per-


formed on an EG&G Model 263A potentiostat/galvanostat


using a typical three-electrode cell. An insulator-shrouded


1.2-mm diameter platinum disk or 3.0-mm diameter glassy


carbon disk of Bioanalytical Systems (West Lafayette, IN,


USA) or 9�30 mm indium–tin–oxide (ITO) glass slide of


Delta Technologies (Stillwater, MN, USA) were used as


working electrodes. A platinum wire and a 3 M NaCl Ag/


AgCl electrode served as the counter and reference electrode,


respectively. For deaeration, all the solutions were purged


with nitrogen gas prior to electrochemical measurements.


The CV experiments in aqueous solutions were performed


using the 0.03 M Na2HPO4, 0.009 M KH2PO4 phosphate


buffer acidified to pH=7.4 with a few drops of HCl.


The piezoelectric microgravimetry experiments were


performed on an electrochemical quartz crystal micro-


balance, EQCM 5510, of the Institute of Physical Chemistry


(Warsaw, Poland) [23,24] by using 5-MHz, 14-mm diameter


quartz crystal resonators with 5-mm diameter gold-over-


titanium film electrodes. The frequency changes were


measured with 1-Hz resolution.


Elemental composition of the cyt c films was analyzed


by the X-ray photoelectron spectroscopy (XPS) with an


ESCALAB-210 spectrometer of VG Scientific (East Grin-


stead, UK) using Al Ka (hm=1486.6 eV) X-ray radiation.

3. Results and discussion


The fullerene [15–19] and fullerene-palladium polymer


film [20–22] modified electrodes were prepared according


to the respective literature procedures, as follows.


The C60 film-modified electrodes were prepared by


consecutive evaporation of several 10-AL droplets of


dichloromethane solution of C60, repeatedly dispensed on


a glassy carbon or platinum working electrode surface.


Fast evaporation of dichloromethane, facilitated by heating


with a hot air gun, resulted in formation of fine micro-


crystalline C60 films. Then, multiscan CV curves for these


electrodes immersed in 0.1 M (TBA)PF6 in acetonitrile


were recorded in order to condition the fullerene films. In


effect, two major chemically reversible but electrochemi-


cally irreversible peaks of reduction and oxidation with


steady-state currents and potentials were observed (Fig. 1a)


in the potential range 0 to �1.2 V in accord with literature


observations [15–19]. A potential window of this electrode


extends between 0.4 and �0.6 V without occurrence of


any electrode reaction of the fullerene film (dashed curve


in Fig. 1a), thus making it suitable for probing electrode


reactions of different redox species immobilized on top of


the fullerene film. The electrodes prepared in this way


were used directly for immobilizing cyt c.


The C60-Pd polymer film-modified electrodes were


prepared by performing multiscan CV runs for a solution


of 0.35 mM C60 and 1.34 mM Pd-acetate trimer in 0.1 M


(TBA)ClO4, in 1,2-dichlorobenzene (Fig. 1b). The currents







Fig. 1. (a) Cyclic voltammograms for the pristine C60 film-modified glassy


carbon electrode in 0.1 M (TBA)PF6, in acetonitrile; potential scan rate 100


mV/s. (b) Multiscan cyclic voltammograms for a 0.35 mM C60, 1.34 mM


Pd-acetate trimer, and 0.1 M (TBA)ClO4, in 1,2-dichlorobenzene solution,


for the initial 20 CV scans; potential scan rate, m=50 mV/s.


Fig. 2. Frequency change with time for the C60-Pd polymer film-modified


5-MHz Au/Ti quartz crystal electrodes before and after addition of a


cytochrome c solution (indicated with an arrow) to reach its final


concentration of 2.3 AM (curve 1), 3.9 AM (curve 2), and 5.4 AM (curve 3)


in 0.05 M phosphate buffer (pH=7.4). The C60-Pd modified electrodes were


prepared by performing 10 CV scans of electropolymerization at 100 mV/s.
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of the CV peaks corresponding to the solution C60 electro-


reduction decreased with the appearance of new CV peaks


at more negative potentials corresponding to formation of


the C60-Pd polymer film on the electrode surface [20].


Thickness of this film was controlled with the number of


CV scans performed. Virtually the same results were


obtained for the inert metal (Pt disk or Au/Ti film-coated


quartz) electrodes as well as for GCE and ITO electrodes.


The modified electrodes were washed with the 1,2-


dichlorobenzene electrochemical solvent in order to remove


any unbound fullerene or palladium trimer and then


immediately used for the cyt c immobilization studies.


The immobilization of cyt c on the fullerene film-


modified electrodes was first examined by piezoelectric


microgravimetry because this technique provides direct


evidence of substance immobilization manifested by the


resonator mass increase. Fig. 2 shows time dependence of


the frequency change (Df ) at open circuit for the C60-Pd


polymer film-modified quartz crystal before and after


addition of cyt c at various concentrations in the buffer


solution, to the blank buffer solution while stirring with a


magnetic bar. Upon addition of cyt c, so that its final


concentration in solution was equal to 2.3, 3.9, and 5.4 AM,


Df decreased to reach plateaus after ca. 20, 25, and 30 min,


respectively. These plateaus were established at Df of �39,

�84, and �173 Hz, which corresponds to the resonator


mass increase, Dm, of 135, 291, and 600 ng, respectively, as


determined by using the Sauerbrey equation [25]. Hence,


the cyt c apparent surface coverage of the modified


electrode, C, was estimated as 5.5�10�11, 1.2�10�10, and


2.5�10�10 mol cm�2, respectively. In accordance with


results of the SEM imaging [22], these values indicate


remarkable surface roughness of the modified electrodes.


This roughness can be expressed by relative surface area,


Rsa=A3D/A2D, which, in the present case, exceeds 15, as


anticipated by comparing the estimated maximum surface


coverage and apparent surface coverage values.


Fig. 3 compares the UV–vis absorption spectrum of cyt c


immobilized onto a C60-Pd polymer film-modified ITO


electrode, after subtraction of the background absorption of


the C60-Pd polymer film itself. For the film spectral


measurement, the C60-Pd modified ITO electrode was first


soaked in a solution containing cyt c for about 10 min and


then rinsed several times with the buffer solution in order to


remove any unbound cyt c. In the optical spectrum of the


resulting modified electrode (curve 2 in Fig. 3), both a broad


Soret and Q band located at 407 and 520 nm, respectively,


were observed. These bands compare with the corresponding


bands at 409 and 530 nm, respectively, for cyt c dissolved in


the buffer solution (curve 1 in Fig. 3). The blue shift and the


broadness of the bands suggest that the cyt c molecules are


tightly packed on the ITO electrode surface. We also


attempted to characterize the immobilized cyt c by the


XPS technique. However, the signals corresponding to iron


and sulfur atoms of the heme moiety were very weak


apparently indicating that the heme entity was buried too


deep inside the polypeptide chain of cyt c. But the present


QCM and optical absorption spectral studies clearly prove


that cyt c is immobilized onto the surface of the C60-Pd


polymer film-modified electrode.


Fig. 4 compares CV behavior in phosphate buffer (pH =


7.4) of cyt c immobilized on the C60 drop-coated film GCE







Fig. 3. UV–vis absorption spectrum for 3.8�10�7 M cytochrome c in


phosphate buffer (pH=7.4)—curve 1, and for a cytochrome c film


immobilized on the ITO electrode modified with the C60-Pd polymer film


(after background subtraction)—curve 2.


Fig. 4. Cyclic voltammograms for (a) pristine C60 film-modified glassy


carbon electrode and (b) C60-Pd polymer film-modified glassy carbon


electrode (conditions as in Fig. 1b) in phosphate buffer (pH=7.4).


Background for bare (unmodified) glassy carbon electrodes—curves 1


and 1V; fullerene film-modified glassy carbon electrodes in 0.05 mM


cytochrome c—curves 2 and 2V; fullerene film-modified glassy carbon


electrodes in blank phosphate buffer solutions—curves 3 and 3V. Potential
scan rate, m=100 mV/s.
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(Fig. 4a) and that on the C60-Pd polymer film modified GCE


(Fig. 4b). Addition of cyt c to the solution resulted in the


appearance of a new cathodic peak at Epc=�400 mV vs. Ag/


AgCl. Upon the potential scan reversal, an anodic peak at


Epa=50 mV vs. Ag/AgCl was also observed for the C60-Pd


polymer film-modified electrode indicating the occurrence


of a chemically reversible but kinetically slow electron


transfer process. A plot of the cathodic or anodic peak


currents (ipc or ipa) vs. potential scan rate, m, for CV data like


that shown on curve 2Vin Fig. 4b yielded a straight line (not


shown) characteristic of a surface-confined redox couple.


However, a plot of log ipc vs. log m yielded a straight line


with a slope close to 0.8 (R2=0.97). This slightly smaller


slope value, as compared to the theoretically predicted value


of 1.0 for surface-confined redox couple [26], may suggest


the occurrence of competing semi-infinite diffusion con-


trolled cyt c electroreduction.


In another experiment, the C60-Pd polymer film-modified


GCE was equilibrated in the cyt c buffer solution for 5 min,


and then the electrode was removed, rinsed with distilled


water, and aCV curvewas recorded in a blank buffer solution.


As shown in curve 3V in Fig. 4b, the CV peaks were still


present, indicating stable surface immobilization of cyt c onto


the C60-Pd polymer film-modified electrode. By integrating


the current of the cathodic peak, we estimated appa-


rent surface coverage of the modified electrode, as


Cc3.6F0.4�10�10 mol cm�2. This C value agrees well


with that determined by piezoelectric microgravimetry from


curves in Fig. 2. The CV peaks vanished after three to four


potential cycles, most likely due to back diffusion of the


reduced cyt c from the electrode surface to bulk solution.


However, such experiments performed on pristine C60 film-


modified electrodes revealed no CV response of cyt c


reduction (curve 3 in Fig. 4a). These results indicate weaker


adsorption of cyt c on the pristine C60 film-modified electrode


than that on the C60-Pd polymer film-modified electrodes.


The effect of the C60-Pd polymer film thickness on CV


properties of the immobilized cyt c was also examined. For


this, the film thickness was controlled with the number of

CV cycles executed during the film growth. Accordingly,


the electrodes were modified by 5, 10, 15, and 20 cycles


under CV conditions defined in Fig. 1. It appeared that the


amount of immobilized cyt c increased with the increase of


the C60-Pd film thickness. That is, there was a gradual


increase in the peak current of the cyt c reduction with the


increase of the number of CV scans during the C60-Pd film


electrodeposition on the electrode surface. This effect might


be due to the increase of the C60-Pd film surface area during


electropolymerization.


The mechanism of the investigated processes is proposed


in Scheme 1 by way of example for cyt c immobilization


onto the C60-Pd polymer film-modified electrode. Conceiv-


ably, cyt c is immobilized by one or more of the following


routes. (i) The electron-deficient C60 molecules in the films


adsorbed on the electrodes may electrostatically bind to the


cyt c molecules at their electron-rich aspartic–glutamic acid


residue sites. (ii) It is known that the C60 films partially


retain their negative charges either during the electro-


chemical conditioning of the drop-coated film electrode or


during electropolymerization of the C60-Pd film, behaving







Scheme 1. Proposed mechanism of cytochrome c immobilization and electrochemical reduction by C60-Pd polymer film modified electrode.
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like electron accumulators [3,21,22]. As a result, the


negative charges stored in the film may electrostatically


bind, via ion pairing, positively charged parts of the cyt c


protein. Owing to a high positive and negative charge on cyt


c and C60, respectively, the former might strongly adsorb.


(iii) Surface morphology of the C60 or C60-Pd film may


affect immobilization of cyt c. From the SEM studies, it


follows that structure of the electropolymerized C60-Pd


polymer films is porous featuring irregular grains [22].


Similarly, structure of the drop-coated C60 film electrodes is


irregular and quasi-crystalline. Hence, cyt c molecules may


be trapped in these pores or quasi-crystalline domains.


In summary, we have demonstrated immobilization of a


redox-active protein, cyt c, onto two different fullerene film-


coated electrodes. The resulting cyt c modified electrodes


were characterized by piezoelectric microgravimetry, XPS,


UV–vis spectroscopy, and CV. Direct electron transfer


between the electrode and the immobilized cyt c was


observed. While the fullerene film thickness plays an


important role in the immobilization process, the experi-


ments performed suggest that the C60-Pd polymer film-


modified electrodes bind cyt c more effectively than the


pristine C60 drop-coated film-modified electrodes. A good


agreement between the values of cyt c electrode surface


coverage determined by piezoelectric microgravimetry and


cyclic voltammetry was obtained. More extensive studies


aiming at deeper understanding of the cyt c immobilization


and accompanying redox processes as well as at seeking


prospective bioanalytical applications of these novel modi-


fied electrodes for, e.g., mediating charge to cyt c oxidase,


are being currently pursued in our laboratories.
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Abstract


Cytochrome c is accumulated into a film of TiO2 nanoparticles and phytate by adsorption from an aqueous solution into the mesoporous


structure. Stable voltammetric responses and high concentrations of redox protein within the TiO2 phytate layer can be achieved. Two types


of electrode systems are reported with (i) the modified TiO2 phytate film between electrode and aqueous solution phase and (ii) the modified


TiO2 phytate film buried under a porous gold electrode (dporotrodeT).
The electrical conductivity of TiO2 phytate films is measured and compared in the dry and in the wet state. Although in the dry state


essentially insulating, the TiO2 phytate film turns into an electrical conductor (with approximately 4 V cm specific resistivity assuming ohmic


behaviour) when immersed in aqueous 0.1 M phosphate buffer solution at pH 7. The redox protein cytochrome c is therefore directly


connected to the electrode via diffusion and migration of electrons in the three dimensional mesoporous TiO2 phytate host structure. Electron


transfer from cytochrome c to TiO2 is proposed to be the rate-determining step for this conduction mechanism.


D 2004 Elsevier B.V. All rights reserved.
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1. Introduction


Mesoporous oxides in the form of thin films are


relatively stable in aqueous environments and are versatile


for a wide range of applications in sensors [1], as electro-


catalysts [2], and for modified electrodes [3]. Considerable


interest in TiO2 films exists predominantly due to their


application in hydrophilic coatings [4], in photovoltaic cells


[5], as photocatalysts [6], and as pigments [7]. There have


also been several previous reports on the immobilisation of


biological redox systems such as oligonucleotides and DNA


[8], heme proteins [9] or redox enzymes [10] in titanium


dioxide [11–13] and other metal oxide hosts such as


manganese dioxide [14] and tin dioxide [15]. By combining


a rigid host structure, prepared for example from metal


oxide nanoparticles of appropriate size, and a more fragile

1567-5394/$ - see front matter D 2004 Elsevier B.V. All rights reserved.
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biological system, novel functional composite materials can


be obtained [16]. In this report TiO2 is combined with


cytochrome c and it is shown that in addition to providing a


rigid host structure, metal oxides can also contribute to the


efficient transport of electrons.


The heme protein cytochrome c has been coupled


successfully to electrode surfaces by Hill et al. [17]. Over


the past two decades, this redox protein of 12 kD mass and


approximately 3.7 nm size [18] has often been considered as


a model system for biological electron transfer [19] and for


bioelectrocatalysis [20]. The most prominent feature of the


almost spherical cytochrome c structure is a strongly


positively charged lysine rich region on the outer shell of


the protein, which is responsible for docking to electron


donor and acceptor sites with complementary negative


surface charge [21]. A wide range of films with negative


surface functionalities, e.g. carboxylate functionalised sur-


faces [22], polysulfonates [23], polyphosphate (DNA)


modified surfaces [24], and dialysis membranes [25] have

6 (2005) 41–47
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been proposed for reversibly docking cytochrome c and


related heme proteins for applications in bioelectrochemistry


and in biosensing. A recent monograph summarises devel-


opments in this field [26].


We have shown that cytochrome c is strongly adsorbed


from aqueous solution into thin films of TiO2 nanoparticles


assembled with the help of phytic acid (see Scheme 1)


dbinderT molecules [27]. After immersion of the TiO2


phytate film coated onto tin-doped indium oxide (ITO)


electrode surfaces, high concentrations of the redox protein


in a stable and active state are immobilised. Increasing the


film thickness in a layer-by-layer manner increases the


amount of adsorbed redox active protein [27] and therefore


improves the electrochemical response. This three-dimen-


sional binding of the redox protein to the electrode surface


was rationalised by a transport process similar to diffusion


with either protein diffusion, electron hopping from site to


site within the mesoporous film, or both occurring simulta-


neously [27].


In this report it is shown that TiO2 phytate films, although


electrically insulating in the dry state, conduct electrons when


immersed in aqueous buffer solution. The resulting con-


ductivity within the film is sufficient to explain the three-


dimensional coupling of the redox protein cytochrome c to


the electrode surface without the need of protein diffusion. It


is also shown that the TiO2 phytate films may be deposited


onto plain non-conducting glass surfaces and then sputter-


coated with a porous gold layer. The resulting dburiedT
modified electrode (or dporotrodeT) is cheap, readily prepared
on a variety of substrates, electrochemically active similar to


conventional modified ITO electrodes, and allows cyto-


chrome c electrochemistry to be observed.

2. Experimental


2.1. Instrumentation


Electrochemical measurements were performed with a


Eco Chemie PGSTAT20 Autolab bipotentiostat system.


Conventional voltammetric experiments were conducted in


staircase voltammetry mode and with a platinum gauze


counter and saturated calomel reference electrode (SCE,


Radiometer). The working electrode was either a modified


glass microscope slide (13�75 mm, Fisher Scientific, UK)


or tin-doped indium oxide (ITO) coated glass (9m�60 mm,


resistivity 20 V 5�1) obtained from Image Optics Compo-


nents (Basildon, Essex). Prior to conducting experiments, all

solutions were purged with argon (BOC, UK). All experi-


ments were carried out at a temperature of 22F2 8C.
Film conductivity measurements in dry and wet state


were performed in a two- or four-electrode arrangement,


respectively, with a second working electrode controlled in


bipotentiostatic mode (vide infra). Scanning electron micro-


scopy images were obtained with a Leo 1530 Field


Emission Gun Scanning Electron Microscope system. Prior


to SEM imaging, the sample surface was scratched with a


scalpel blade.


2.2. Chemical reagents


Titania sol (anatase, ca. 6 nm diameter, 30–35% in


aqueous HNO3, pH 0–3) was obtained from Tayca, Osaka,


Japan and diluted 100-fold with deionised water.


[Ru(NH3)6]Cl3 (Johnson Matthey), Horse heart cytochrome


c (type VI, Sigma, molecular weight 12384 g mol�1),


HClO4 (60%), KCl, KH2PO4, K2HPO4, phytic acid dodec-


asodium salt hydrate [myo-inositol hexakis (dihydrogen


phosphate) dodecasodium salt], and 3-mercaptopropionic


acid (Aldrich) were obtained commercially. Demineralised


and filtered water was taken from an Elga water purification


system (Elga, High Wycombe, Bucks, UK) with a resistivity


of not less than 18 MV cm.


2.3. Electrode design


Films of TiO2 phytate were deposited following a layer-


by-layer dip coating strategy [28]. A clean glass or ITO


surface (washed with ethanol and water, dried, and 30 min


heat treated at 500 8C in air) is dipped into a colloidal


solution of TiO2 nanoparticles followed by rinsing. The


surface charge of the resulting nanoparticle deposit is


reversed by dipping into a solution of phytic acid (40 mM


in pH 3 aqueous solution) followed by rinsing. The process,


which is carried out by a robotic Nima dip coating carousel


(DSG-Carousel, Nima Technology, Coventry, UK), can be


repeated and results in a thickness increase of the TiO2


phytate deposit of approximately 30 nm per layer [27].


Oxide films formed in this way are stable in air and may be


stored under ambient conditions.


Gold coatings with 20 or 40 nm thickness were applied


by sputter-coating (Polaron E5150 SEM gold sputter coat-


ing unit). A typical electrode cross section is shown in Fig.


1A. The electrode surface was scratched with a scalpel blade


and the exposed oxide film between ITO substrate and gold


coating can clearly be seen. The gold coating appeared


porous (see Fig. 1B) even when 40 nm thick. The porous


nature of the gold coating is probably due to the topography


of the underlying oxide film.


2.4. Conductivity measurements


Conductivity measurements of thin TiO2 phytate films


were carried in dry and in wet state. Earlier measurements







Fig. 3. Cyclic voltammograms (scan rate 20 mV s�1) obtained with a


conductivity probe (glass slide coated with 30 layers TiO2 phytate with two


gold contacts) immersed in aqueous 0.1 M phosphate buffer solution at pH


7. (A) Only working electrode 1 is connected and the potential applied to


the electrode is scanned from 0.0 V vs. SCE to +0.2 V vs. SCE. (B, C)


Working electrode 1 with the potential applied to the electrode scanned


from 0.0 V vs. SCE to +0.2 V vs. SCE and working electrode 2 with the


potential held at 0.0 V vs. SCE. The experiment was conducted in


bipotentiostatic mode and currents (B) and (C) correspond to responses


observed at working electrode 1 and working electrode 2, respectively.


Fig. 1. FEGSEM images of (A) a 30 layer coating of TiO2 phytate on a


glass substrate sputter-coated with a film of 40 nm gold and (B) a porous 40


nm gold film on the mesoporous oxide film at higher magnification.
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employing conductingAFM techniques [29] clearly indicated


essentially insulating behaviour in the dry state. However,


based on the known semiconducting properties of TiO2 [30]


some degree of electrical conductivity was expected. In a

Fig. 2. Schematic drawing of the device used for conductivity measure-


ments in aqueous solution environments. Two gold contacts sputter coated


onto a 30-layer TiO2 phytate film on glass were employed as working


electrode 1 and working electrode 2 in a bipotentiostatic system.

recent literature report humidity dependent conductivity of


titania thin films was observed [31]. Also, in photovoltaic


cells transport of electrons in dye-modified mesoporous TiO2


films has been reported to follow a diffusion type mechanism


[32].


A conductivity probe was prepared by gold sputter


coating contacts onto the surface of the TiO2 phytate film to


give two symmetric electrodes (see Fig. 2A). The gap


between the two gold contacts was typically 2 mm and the


length of the probes on the oxide layer 12 mm. The


conductivity of the TiO2 phytate film (30 layers) in dry


state was determined via two probe measurement and


found to be extremely low consistent with earlier reports


[29]. However, a dramatic change occurred in aqueous


solution environments. Measurements in phosphate buffer


solution (0.1 M, pH 7) were conducted in bipotentiostatic


mode. The two gold contacts on the oxide film were


connected as working electrode 1 and working electrode 2,


and their potential was controlled versus a saturated


Calomel reference electrode and with a Pt gauze counter


electrode. In this experimental arrangement well-defined


potentials are applied at the two working electrodes.


Typical current responses detected at working electrodes


1 and 2 are shown in Fig. 3.

3. Results and discussion


3.1. The reduction of Ru(NH3)6
3+ at TiO2 phytate modified


electrodes and porotrodes


Ru(NH3)6
3+ is readily adsorbed and accumulated into


TiO2 phytate films. It has been shown recently that


characteristically enhanced and film thickness dependent


voltammetric responses for the one electron reduction
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(Eqs. (1) and (2)) are detected at modified ITO, gold [33],


or platinum electrodes [29].


RuðNH3Þ63þðaqÞ þ e� YRuðNH3Þ62þðaqÞ ð1Þ


RuðNH3Þ63þðadsÞ þ e� YRuðNH3Þ62þðaqÞ ð2Þ


Fig. 4A shows both the voltammogram obtained for the


reduction of 1 mM Ru(NH3)6
3+ in aqueous 0.1 M KCl at a


bare and at a modified ITO electrode. A reversible


reduction response consistent with the solution phase


process (Eq. (1)) occurs at Emid=�0.18 V vs. SCE. In the


presence of the TiO2 phytate film a new more pronounced


response is detected. Fig. 4A shows the voltammetric


response observed for a 15-layer TiO2 phytate modified


ITO electrode immersed first in 1 mM Ru(NH3)6
3+, then


rinsed and re-immersed into clean aqueous 0.1 M KCl. The


voltammetric response for the reduction of adsorbed


Ru(NH3)6
3+ (Eq. (2)) is detected at Emid=�0.32 V vs. SCE


(see Fig. 4A). The difference in peak currents, Ip
red and Ip


ox,


for this voltammetric response is due to the desorption of


Ru(NH3)6
2+ and loss into the solution phase.


The voltammetric characteristics are investigated next for


the dporotrodeT case, in which the TiO2 phytate film is


deposited onto a non-conducting glass substrate and then


sputter-coated with a porous but electrically conducting

Fig. 4. (A) Cyclic voltammograms (scan rate 100 mV s�1) for a bare ITO


electrode (area 7�7 mm) immersed in 1 mM [Ru(NH3)6]
3+ in 0.1 M KCl,


and for an ITO electrode (area 7�7 mm) coated with 15 layers TiO2


phytate. Prior to recording cyclic voltammograms in 0.1 M KCl, the coated


electrode was dipped into 1 mM [Ru(NH3)6]
3+ in 0.1 M KCl for one


minute, and rinsed with deionised water. (B) Cyclic voltammograms


(different scan rates as shown) for 15 layers TiO2 phytate film sputter-


coated with 40 nm gold (area 7�7 mm). The dporotrodeT was dipped into


aqueous 40 mM phytic acid solution (pH 3) and rinsed with deionised water


prior to recording cyclic voltammograms in aqueous 1 mM [Ru(NH3)6]
3+ in


0.1 M KCl.

gold film. In Fig. 4B typical voltammograms for the


reduction of 1 mM Ru(NH3)6
3+ in aqueous 0.1 M KCl are


shown. The capacitive background current is considerably


enhanced due to the porous nature of the gold coating. It can


be seen that two distinct voltammetric responses at


Emid=�0.18 V vs. SCE and at Emid=�0.32 V vs. SCE are


observed. From the difference in scan rate dependence of


the two signals it can be concluded that the first reduction is


consistent with a solution phase redox system (Eq. (1); the


peak current is proportional to the square root of scan rate)


and the second reduction is consistent with an immobilised


redox system (Eq. (2); the peak current is proportional


directly to the scan rate). The reduction response for the


immobilised redox couple scales approximately linear with


film thickness up to at least 15-layer deposits.


3.2. The reduction of cytochrome c at TiO2 phytate modified


electrodes and porotrodes


Cytochrome c is readily accumulated and immobilised


in TiO2 phytate films [27]. It has been shown that high


concentrations of the redox protein and stable electrode


characteristics can be achieved. Fig. 5A shows a typical


voltammetric response for the reduction of 50 AM
cytochrome c in aqueous 0.1 M phosphate buffer solution


at a ITO electrode modified with 10 layers of TiO2 phytate


(ca. 300 nm thickness). A well-defined reduction response


with Emid=0.01 V vs. SCE is detected. The peak current of


Ip=1.14 AA is orders of magnitude higher than that


expected for a diffusion controlled reduction response


(Ip
red=21 nA, based on the Randles-Sevcik expression [34]


and a diffusion coefficient of cytochrome c in water,


Dcytc,solution=(6F2)�10�11 m2 s�1 [35]). Therefore this


reduction process is dominated by cytochrome c immobi-


lised in the TiO2 phytate film (Eq. (3)).


Fe(III)Cyt c(ads) + e� Y Fe(II)Cyt c (ads). (3)


The permanent immobilisation of cytochrome c is


confirmed when the electrode is removed from the solution,


rinsed with water, and re-immersed in clean electrolyte


solution (aqueous 0.1 M phosphate buffer, pH 7). The


reduction response for the cytochrome c remains stable [27].


The voltammetric response for the reduction of cytochrome


c has been shown to scale linearly with film thickness (at


sufficiently low scan rates) and with the concentration of


cytochrome c in solution during the adsorption step [27].


The peak currents shown in Fig. 5A increase approximately


linearly with scan rate for 2, 5, and 10 mV s�1 and therefore


are indicative of complete electrolysis of a thin film of


material. From the charge under the voltammetric response


the concentration of cytochrome c in the film, 1.4 mM, can


be estimated (assuming a 300-nm thickness). However for


thicker film deposits (and for higher scan rates) diffusion


control is observed [27]. The approximate diffusion


coefficient for the transport within the film Dcytc, membrane=







Fig. 6. Plot of the scan rate versus the membrane thickness (see Eq. (4)).


The dotted line indicates the transition from complete electrolysis (zone E)


to diffusion control (zone D) and has been drawn assuming a diffusion


coefficient of Dcytc,membrane=2�10�14 m2s�1 and T=298 K.


Fig. 5. (A) Cyclic voltammograms (different scan rates as shown) for an


ITO electrode (area 9�9 mm) coated with 10 layers TiO2 phytate and


immersed in 0.05 mM cytochrome c in aqueous 0.1 M phosphate buffer


solution (pH 7). (B) Cyclic voltammograms (different scan rates as shown)


for a 2-mm diameter gold electrode coated with a monolayer of


mercaptopropionic acid and with 10 layers TiO2 phytate and immersed in


0.05 mM cytochrome c in aqueous 0.1 M phosphate buffer solution (pH 7).


(C) Cyclic voltammograms (different scan rates as shown) for a 60-layer


TiO2 phytate film sputter-coated with a 20 nm Au film (area 7�7 mm).


Prior to immersion of the porotrode in 0.2 mM cytochrome c in aqueous 0.1


M phosphate buffer (pH 7) for 10 min, the porotrode was dipped in 3-


mercaptopropionic acid in aqueous 0.1 M phosphate buffer solution (pH 7)


rinsed with water, then dipped into aqueous 40 mM phytic acid solution


(pH 3) and rinsed with water. Cyclic voltammograms were recorded in


clean aqueous 0.1 M phosphate buffer solution at pH 7 containing no


cytochrome c.
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2�10�14 m2 s�1 [27] was reported and based on this, the scan


rate for the transition from dthin filmT behaviour to diffusion


characteristics can be predicted (Eq. (4)).


v ¼ DRT


d2F
c0:005V s�1 ð4Þ


In this equation the scan rate v for the transition is


obtained from the diffusion coefficient, D, the gas constant,


R, the temperature, T, the film thickness, d, and the Faraday


constant, F. Thus, diffusion controlled voltammetric


responses are expected for film thicker than 300 nm and


for scan rates higher than approximately 50 mV s�1. Fig. 6


shows a diagram indicating the characteristic zones for

complete electrolysis (zone E) and for diffusion control


(zone D).


For the cytochrome c redox process, gold electrodes


coated with 3-mercaptopropionic acid and modified with


TiO2 phytate films exhibit essentially the same voltam-


metric characteristics when compared to those observed at


ITO electrodes. The 3-mercaptopropionic acid binder


provides a stable bond between gold surface and the


membrane and prevents protein from denaturing and


blocking the electrode surface. Fig. 5B shows typical


voltammograms obtained with a 10-layer deposit of TiO2


phytate at a 2-mm diameter gold disc electrode immersed


in 50 AM cytochrome c in 0.1 M phosphate buffer


solution at pH 7.


Also in the dporotrodeT geometry (the TiO2 phytate film


is located between a non-conducting glass substrate and a


porous gold coating, see Fig. 1), voltammetric responses


for the reduction of cytochrome c are detected. The


porosity of the sputter-coated gold layer causes a consid-


erable capacitive back ground current (see Fig. 5C) but the


reduction and re-oxidation of cytochrome c with Emid=0.0


V vs. SCE are clearly detected. For the voltammograms


shown in Fig. 5C a 60-layer TiO2 phytate film coated with


a 20-nm gold film was employed. The electrode was pre-


treated by (i) coating the gold with 3-mercaptopropionic


acid (to avoid irreversible adsorption of protein onto the


gold surface), (ii) dipping into phytic acid (to re-equilibrate


the composition and pH of the membrane), and (iii) by 10-


min immersion of the electrode in 0.05–0.2 mM cyto-


chrome c in aqueous 0.1 M phosphate buffer at pH 7.


After rinsing and transfer of the electrode into clean buffer


solution without cytochrome c, voltammograms at differ-


ent scan rates were recorded. Experiments with different


cytochrome c concentrations revealed an approximately


linear dependence of the peak current on the amount of


immobilised protein. Experiments with different thick-


nesses of the TiO2 phytate film revealed that the reduction


response for cytochrome c does not increase beyond a film


of approximately 20–30 layers at a scan rate of 50 mV


s�1. This observation is consistent with diffusion control as


predicted in Fig. 6.
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3.3. The diffusion–conduction mechanism for redox pro-


cesses at TiO2 phytate modified electrodes and porotrodes


It is interesting to further investigate and discuss the


diffusion process within wet TiO2 phytate membranes in


the absence and in the presence of cytochrome c.


Diffusion of the immobilised protein appears not very


likely and especially at high concentrations of cyto-


chrome c the electron hopping process should dominate.


The effective diffusion coefficient for this process has


been previously estimated as Dcytc,membrane=2�10�14 m2


s�1 [27]. An estimate for the apparent diffusion coefficient


for the electrons can be obtained from conductivity


measurements.


Fig. 3 shows voltammetric data obtained for a 30 layer


TiO2 phytate film (ca. 900 nm thickness, 2 mm width, 12


mm length). The background voltammograms obtained for


both gold electrodes independently are identical and


consistent with capacitive charging (see Fig. 3A). When


gold electrode 2 is held at 0.0 V vs. SCE and the potential


applied to gold electrode 1 is scanned from 0.0 to +0.2 V


vs. SCE, a symmetric ohmic current response is observed


(see Fig. 3B and C, respectively). From this current


response and from the known thickness and dimensions of


the film the specific resistivity of the TiO2 phytate in


aqueous 0.1 M phosphate buffer at pH 7 can be estimated


as 4 V cm. This value plausible but is low compared to


literature values for pure TiO2 nanoparticle films [36].


However, the materials studied and conditions were


different.


The apparent diffusion coefficient for electrons, De, in


the TiO2 phytate membrane immersed in aqueous phosphate


buffer at pH 7 can be estimated from the mobility, ue, the


Faraday constant, F, the gas constant, R, and the temper-


ature, T (Eq. (5)) or from the measured specific resistivity,


q=4 V cm (see Experimental), the electron charge, e, and


the concentration of charge carriers, n (here assumed to be


one per particle).


De ¼
RT


F
ue ¼


RT


F


1


qen
: ð5Þ


The order of magnitude estimate obtained for the electron


diffusion coefficient is De=10
�6 m2 s�1 (which seems


reasonable when compared with literature reports [37]) and


therefore significantly faster compared to the observed


transport of electrons in the presence of cytochrome c,


Dcytc, membrane=2�10�14 m2 s�1 [27]. It can be concluded


that cytochrome c acts as trapping state in the TiO2 host and


the electron transfer from cytochrome c to TiO2 is rate


limiting. The experiment shown in Fig. 3 was repeated after


immersion of the conductivity probe into a solution of 0.2


mM cytochrome c in aqueous 0.1 M phosphate buffer at pH


7. In the presence of cytochrome c adsorbed into the TiO2


phytate membrane the conductivity drops by approximately


one order of magnitude. This result supports the hypothesis


of cytochrome c and TiO2 acting as trapping state and

conduit, respectively. Further work will be required to


quantify and exploit this conductivity effect.

4. Conclusions


Two geometries for modified electrodes (surface modified


and substrate modified) have been employed for the


electrochemistry of an immobilised redox protein, cyto-


chrome c. A mesoporous structure formed via layer-by-layer


deposition, TiO2 phytate, has been employed for the


accumulation and immobilisation process. The specific


resistivity of the mesoporous TiO2 phytate film has been


determined in aqueous phosphate buffer solution at pH 7 and


the transport mechanism identified as predominantly elec-


tronic. Additional contributions to the observed currents


from protein diffusion or from direct inter-protein electron


hopping are possible. Factors governing this electronic


conduction process are under further investigation. When


compared to other fully electrically conducting or to fully


insulating host materials, mesoporous TiO2 phytate offers


considerable advantages, one of which is the known


biocompatibility of titania. It appears likely that for the


immobilisation and redox cycling of sensitive biological


systems similar to cytochrome c, mesoporous TiO2 phytate


is beneficial as a host and as electronic conduit.
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Abstract


Integrated circuits (ICs) can be protected from the environment with the encapsulating polymer layer. Protection properties of such a


polymer barrier-layer depend strongly from the structure of thin region where polymer stays in direct contact with the IC surface. One of the


interesting questions is how thick should this interphase film be to assure good environmental protection to the IC conductor lines, preventing


from their corrosion and failure. In order to answer this question a set of electronic testers with Al conductor lines were modified with 1, 20,


50 multilayers of stearic acid molecules deposited in the Langmuir–Blodgett (LB) transfer method. Next, the electronic testers were subjected


to the highly accelerated aging conditions (100% relative humidity (RH), 100 8C) for a period of up to 800 h and conductor lines resistivity


changes were monitored. Electronic testers modified with 20 multilayers of stearic acid were better protected from the accelerated aging


conditions than the testers modified with 1 monolayer or 50 multilayers. Obtained results suggest that the thickness of the interphase region


separating IC surface and polymeric film should be in the range of 10 nm.


D 2004 Elsevier B.V. All rights reserved.


Keywords: Encapsulation; IC protection; Interphase region; LB film; Passivation layer

1. Introduction


Electronic integrated circuits (ICs) can be protected


from the environment with encapsulating polymeric layer.


Encapsulating polymer had to fulfill several conditions—


electrical and mechanical. Electrical properties like high


resistivity, low content of ionic impurities and low


dielectric constant value will be not discussed here.


However, the mechanical properties, closely related with


the polymer barrier protection like good adhesion to the


substrate, low water uptake value, low permeability of


water vapors and rheological properties, are closely


related with the thickness of encapsulating polymer film.


Thicker film does not always mean better environmental


protection, its easier delamination, separation and loss of

1567-5394/$ - see front matter D 2004 Elsevier B.V. All rights reserved.
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protection barrier properties can rather be expected.


Similarly to the phenomena observed in the paint


industry, coating applications, sensor film layer, composite


materials, protection properties and good adhesion are


closely related with the thin interphase layer separating


two adhering materials (IC and encapsulating polymer).


How thick should this layer be? Sometimes it is claimed


that for good environmental protection, several mono-


layers or even one coupling monolayer thick film are


enough to assure good adhesion and proper barrier


properties [1–5]. Construction of thin film on the


electrode surface, which can assure both environmental


protection and proper electrical properties is an important


question not only for the IC encapsulation but also for the


sensors construction. How thick should the sensor active


layer be? A too-thin layer can be easily delaminated or


mechanically removed form the sensor’s surface. A too-


thick active layer can show unacceptable long delay in


the electrochemical response or can be too insensitive to


the variations of studied species concentration. One can

6 (2005) 49–53







Table 1


The electrochemical parameters of cyclic voltammogram of free and modified MB in 0.1 M phosphate buffer solution (pH 7.0) at scan rate of 35 mV/s


Epc (V) Epa (V) E8V(V) (vs. Ag/AgCl) DE (V) C (mol cm�2)


In solutiona


MB �0.219 �0.191 �0.205 0.028 –


MB+DNA �0.226 �0.191 �0.209 0.035 –


In membraneb


DNA–MB/PAA/AuE �0.248 �0.212 �0.230 0.036 2.78�10�10


HRP/DNA–MB/PAA/AuE �0.247 �0.204 �0.226 0.043 2.10�10�10


a In this case, 0.1 mM methylene blue, 0.2 mg/ml DNA and 0.2 mg/ml HRP were used.
b The membrane prepared by using 2 mg/ml DNA, 0.2 mM methylene blue, 1 mg/ml HRP and 1 mg/ml PAA.
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also expect that better environment protection means also


better chemical (or electrochemical) stability. In this


paper, we have decided to test how thick should be the


thin film deposited in the Langmuir–Blodgett (LB)


transfer method to protect Al conductor lines from the


corrosion developed during the accelerated aging con-


ditions (Table 1).

Fig. 1. Electronic tester bTester 5 PW ITEQ made on

2. Experimental


Electronic testers bTester 5 PW ITEQ mimicking real


Integrated Circuits (Fig. 1) were mounted in standard DIP-


40 package.


Each tester had several triple-track testers, each one with


three meandering Al conductor lines (structures: TT3, TT7,

6260�6260 Am Si chip with Al metallization.







Fig. 3. Thickness of LBT-deposited stearic acid monolayers onto Si wafer.
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TT9; line width, 4 Am; spacing between lines, 4 Am;


conductor line resistivity about 5700 V; structures: TT1,


TT4, TT5, TT6, TT8; line width, 10 Am; spacing between


lines, 10 Am; conductor line resistivity about 1750 V;


structure: TT2, line width, 25 Am; spacing between lines, 25


Am; conductor line resistivity about 470 V). Testers were


UV/ozone-cleaned and next, LBT-coated, respectively with


1, 10, 20 and 50 monolayers of stearic acid (Lauda Film


Balance, model FW 2, Z transfer mode) [6]. In the same LB


conditions, Si wafers were also coated respectively with 1, 5,


10, 20, 30 and 50 stearic acid monolayers. These wafers were


used for characterization of LB-deposited multilayers—


water contact angle measurements (sessile drop) and thick-


ness measurements (ellipsometry method).


Electronic testers with deposited 1, 10, 20 and 50 stearic


acid monolayers were subjected to the electrical measure-


ments. We have measured resistivity of triple-track testers,


impedance and number of bliveQ structures before modifica-


tion, after modification and after around 50, 150, 350, 450,


650 and 850 h of accelerated aging conditions (Pressure


Cooker Test, 100% relative humidity (RH); 85 or 100 8C).
Special lab stand and software procedure was developed for


these data collection [7].

3. Results and discussion


Fig. 2 presents contact angle values measured for LB-


deposited stearic acid monolayers onto Si wafers. Fig. 3


presents results of thickness measurements of the same LB


modified Si wafers.


These results show much lower values both for the water


wettability and monolayer thickness than the literature data


[6,8] and suggest poor transfer ratio or poor quality of


deposited multilayers. Nevertheless, they indicate that some


thin films are formed on the Si wafers and we have assumed


that roughly the same films were deposited onto Al triple-


track testers. In this part of our research, we were more


interested whether any changes can be observed in the


protection properties of thin films than in the real values of

Fig. 2. Water contact angle values for LBT-modified Si wafers.

these films. The numerical values of obtained especially


thickness measurements are treated only as a rough


estimation of thin film modifying Al triple-track testers. It


is well known that electronic structures can be modified by


deposition of monolayer film by chemisorption (self-


assembly method). However, we can obtain in this manner


only a single-molecule thick film. To obtain multilayer films


by self-assembly requires chemical modification of terminal


group in the already chemisorbed monolayer, so self-


assembly process can be repeated. There are several


methods to obtain multilayer films by repeated chemisorp-


tion steps (oxidation of terminal vinyl group, hydrolysis of


terminal ester group, sorption of polyelectrolytes) [9].


However, we have decided not to use these methods


because preparation method could be harmful to the testers’


Al bonds and wirings or obtained films (polyelectrolytes)


would not be insulators. This is why we have decided to use


LB-deposited films although we were aware of the poor


quality of obtained films. Next, the LB-modified testers


were subjected to the accelerated aging conditions. There


were six testers bTester 5 PW ITEQ with each modifica-


tion—it means there were six testers without modification


(blank ones): six testers with 1 monolayer, six testers with


10 monolayers, six testers with 20 monolayers and six


testers with 50 monolayers. Unfortunately, the first set of six


testers (with 10 monolayers) had poor quality DIP-40


holders for keeping them in the PCT conditions and this


set of testers was destroyed during the first 24 h of aging.


After replacement of DIP-40 holders, the aging procedure


was completed with unmodified testers (blank) and for


testers modified with respectively 1, 20 and 50 monolayers.


Up to the first 348 h of aging testers were kept in the PCT


conditions with lower temperature (100% RH, 85 8C). In
order to accelerate corrosion changes for the next hours up


to 850 h, testers were kept in the harsher conditions (100%


RH, 100 8C). Resistivity values of unmodified testers were


assumed as reference values. The following figures present


resistivity changes (in percentage (%)) of LB-modified


testers in reference to the unmodified testers before PCT


treatment. We were comparing data collected for triple-track


testers TT2 (conductor line width of 25 Am and 25 Am
spacing between lines); TT5 and TT6 (respectively, 10 and


10 Am) and in two cases, TT3 (respectively, 4 and 4 Am).


Data collected for TT3 tester modified with LB-deposited 1


monolayer were too much scattered. Figs. 4–6 present







Fig. 4. Relative changes of resistivity for different PW ITE 5 tester


structures covered with 1 monolayer of stearic acid in LBT process, during


the Pressure Cooker Test (858C/100% RH/348 h, next 1008C/100% RH).


Fig. 6. Relative changes of resistivity for different PW ITE 5 tester


structures covered with 50 monolayers of stearic acid in LBT process,


during the Pressure Cooker Test (858C/100% RH/348 h, next 1008C/
100% RH).
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results of the average resistivity changes observed for the


testers listed above modified with 1, 20 and 50 monolayers


during accelerated aging.


In Figs. 4–6, the resistivity changes of Al conductor lines


during accelerated aging show the same bbath curveQ pattern.
Relatively small resistivity changes up to the 650 h of aging


are followed by the rapid increase in conductor lines


resistivity. It is well known that the Al surface during


oxidation is passivated with well-adhering layer of alumina


oxide. This passivation layer is very effective in delaying the


oxidation process and even unmodified testers show stable


(plateau region) resistivity increase up to over 500 h of aging


(unpresented data). However, for the unmodified testers, this


plateau region reaches around 60% of the resistivity increase.


It means that unmodified Al testers subjected to the


accelerated aging conditions are very stable and baliveQ but
at the expense of high-resistivity increase of conductor lines.


Al conductor lines in unmodified testers are quickly


surrounded with dense, stable passivating layer, which


bconsumesQ (oxidizes) huge part of conducting wires, and


therefore, strong increase in their resistivity is observed. For


testers modified with 1 monolayer (Fig. 4), this plateau

Fig. 5. Relative changes of resistivity for different PW ITE 5 tester


structures covered with 20 monolayers of stearic acid in LBT process,


during the Pressure Cooker Test (858C/100% RH/348 h, next 1008C/
100% RH).

region reaches only around 10% of the resistivity increase.


For testers modified with 20 monolayers (Fig. 5), this plateau


region is around 0% of the resistivity increase, and for testers


modified with 50 monolayers (Fig. 6), this plateau region is


around 2–10% of the resistivity increase. These results


indicate that LB-deposited stearic acid monolayers have


influence on the properties of Al oxidation process. Probably


this influence of LB-deposited monolayers can be attributed


to the bsealingQ of the porous alumina oxide-passivating


layer, making it less permeable to corroding water and


oxygen molecules. Moreover, thinner, bsealedQ oxide layer is
required to form satisfactory passivating film well-protecting


Al wires from their further oxidation. Thin film composed of


20 stearic acid monolayers is more effective in the corrosion


protection of Al conductor lines than 1- or 50-monolayer-


thick film. Similar conclusions can be drawn from the


impedance measurements [7]. From Fig. 3, it can be


concluded that 20-monolayer LB film is about 10-nm thick.


Thin film of that thickness seems to be the most efficient


passivating film for the corrosion protection of Al conductor


lines. We have to keep in mind that in these experiments, we


had used for metal passivation thin stearic acid film with two


features. First one, we had only LB-deposited film, without


chemical bonds between Al and deposited film. Secondly,


quality of this film was poor. These two facts may suggest


that for better organized monolayer films with stronger


interaction with conductor surface (for example a self-


assembly deposited monolayers), one may expect that even


thinner films may yield good corrosion protection for the IC


surfaces.

4. Conclusions


LB-deposited thin films composed of 1–50 stearic acid


monolayers have impact on the corrosion protection of Al
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conductor lines in the IC testers. The strongest effect was


presented by the thin film with the thickness of about 10 nm,


which corresponds to the 20-monolayer-thick film. This


results indicate that organized thin films with the thickness


between 1.5 and 23 nm show proper balance between


adhesion to the substrate and cohesion within the film,


yielding good corrosion protection for metal conductor lines.
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Abstract


Direct electrochemistry of heme multicofactor-containing enzymes, e.g., microbial theophylline oxidase (ThOx) and d-fructose


dehydrogenase (FDH) from Gluconobacter industrius was studied on alkanethiol-modified gold electrodes and was compared with that of


some previously studied complex heme enzymes, specifically, cellobiose dehydrogenase (CDH) and sulphite oxidase (SOx). The formal


redox potentials for enzymes in direct electronic communication varied for ThOx from �112 to �101 mV (vs. Ag|AgCl), at pH 7.0, and for


FDH from �158 to �89 mV, at pH 5.0 and pH 4.0, respectively, on differently charged alkanethiol layers. Direct and mediated by


cytochrome c electrochemistry of FDH correlated with the existence of two active centres in the protein structure, i.e., the heme and the


pyrroloquinoline quinone (PQQ) prosthetic groups. The effect of the alkanethiols of different polarity and charge on the surface properties of


the gold electrodes necessary for adsorption and orientation of ThOx, FDH, CDH and SOx, favourable for the efficient electrode–enzyme


electron transfer reaction, is discussed.


D 2004 Elsevier B.V. All rights reserved.
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1. Introduction


One of the intriguing phenomena known for the last few


decades is bioelectrocatalysis, with the particular case of


direct electron transfer (DET) between an electrode material


and redox active proteins or protein clusters. The very first


reports on DET with a redox active protein were published


already in 1977 when Eddowes and Hill [1] and Yeh and


Kuwana [2] independently showed that cytochrome c (cyt


c) on bipyridyl-modified gold and tin-doped indium oxide


electrodes, respectively, showed virtually reversible electro-


chemistry, as revealed by cyclic voltammetry (CV). After


that, DET was established for peroxidases [3–5], laccases

1567-5394/$ - see front matter D 2004 Elsevier B.V. All rights reserved.


doi:10.1016/j.bioelechem.2004.04.004
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[6], ferredoxins [7,8], thus contributing essentially to the


understanding ET mechanisms in these systems. Later, DET


reactions of complex, multicofactor-containing enzymes and


whole cell complexes were probed [7–15]. In parallel to a


successful DET-based bioelectrocatalytic function of com-


plex redox enzymes, DET for a number of enzymes at


electrodes was shown to depend crucially on the belectrode
environmentQ. Thus, it was not attained or accompanied by a


loss of enzymatic activity due to enzyme denaturation at the


electrode surfaces, by nonspecific and unstable binding to


the electrode, by random surface orientation or by impeded


internal ET between the multiple redox sites present in the


enzyme, in addition to the electrode–enzyme DET reaction.


Mimicking the biological environment of enzymes by the


modified electrodes is then of particular interest to achieve


DET between the electrode and the enzyme; knowledge of


the redox potentials for the redox active sites present in the


enzyme contributes essentially to the evaluation of the


enzyme function and mechanism [10,11,15]. To provide a

6 (2005) 55–63
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specific microenvironment at the electrode surface, self-


assembled monolayers (SAMs) of synthetic terminally


functionalised alkanethiols can be used [16–18]. The ability


to manipulate the properties of the interface via the


chemistry of the SAMs of alkanethiols attached onto the


gold electrode surface is unique and unprecedented; these


interfaces can be considered as ideal physiological mem-


brane–mimetic systems for studies of the bioelectrochemical


function of complex membrane and intermembrane redox


enzymes [10,11,15,18,19]. Therewith, the electrostatic and


hydrophilic/hydrophobic interactions between the enzyme


and the modified electrode surface can be easily controlled


by a proper choice of alkanethiols bearing head groups of


different charge and polarity. As a result, a successful


simulation of the molecular surfaces of the biological


partners of the enzyme by the SAM of alkanethiols may


be achieved, which in turn provides the necessary amount/


orientation of the enzyme molecules for DET reaction with


the electrode, as well as a conformation appropriate for its


efficient bioelectrocatalytic function.


In this work, the DET reactions of the heme complex–


cofactor-containing enzymes, specifically, microbial theo-


phylline oxidase (ThOx) and d-fructose dehydrogenase


(FDH) from Gluconobacter industrius, were studied on


alkanethiol-modified gold electrodes to reveal the conditions


for the DET reaction between the electrode and the heme


active site of these enzymes, which may provide a


bioelectrocatalytic function of the enzymes.


ThOx is a complex redox metalloenzyme involved in the


metabolic oxidation of theophylline to form 1,3-dimethyluric


acid. It requires no oxygen in its catalytic action. The


reduced enzyme can then in turn be reoxidized by its natural


redox partner cyt c. Microbial ThOx was isolated by GDS


Technology, in 1988 [20,21]; however, no detailed kinetic


characterization of ThOx, as well as no data on the crystal


structure of ThOx and the number/nature of redox sites/


domains present in the molecule, are still available. As a


consequence, ET reactions of ThOx have not yet been


studied, and just a few works on the electrochemistry of


ThOx were focused on the development of ThOx biosensors


for theophylline, based on spectrophotometrical [20–22] and


electrochemical detection of theophylline oxidation cata-


lysed by ThOx in the presence of cyt c [23] and some


ferrocene mediators [24].


Membrane-bound FDH refers to the pyrroloquinoline


quinone (PQQ)-dependent dehydrogenases, which transfer


electrons from substrates such as fructose to electron


acceptors other than oxygen [25,26]. This multicofactor-


containing enzyme is able to selectively oxidise d-fructose


to 5-keto-d-fructose which is accompanied by the reduc-


tion of its PQQ-cofactor to PQQH2 [27,28]. The natural


electron acceptors of FDH are believed to be cyt c or


ubiquinones [29]. However, both artificial 1e�- and 2e�/


H+-acceptors can be used as electron acceptors as well


[28,30]. When purified from the membranes of G.


industrius, FDH consists of three tightly bound units of

67 kDa (the PQQ-domain), 51 kDa (cyt c-type domain)


and 20 kDa (peptide of unknown function, presumably


banchoringQ the enzyme to the membrane) [28]. The


integrity of the enzyme drastically depends upon the


bconservationQ of the membrane environment, i.e., the


presence of detergents and other stabilisers. Due to its


biotechnological importance, FDH was studied a lot for


biosensor development ([31–34], and references therein),


and there are only a few works on the kinetics of the


catalysis [30]. The structural characteristics of the enzyme


are still not available.


Both enzymes can communicate directly with the


electrode surface [9,35,36]. However, despite the pro-


nounced DET-based bioelectrocatalysis with FDH on carbon


paste electrodes, no direct electrochemistry of the heme


domain or the PQQ-domain of FDH was observed [9]. The


achieved DET reactions of FDH adsorbed under controlled


potential (0.5 V) on bare Pt and Au were correlated with the


redox activity of its PQQ-cofactor [the reported values for


the formal redox potentials of FDH were 80 mV (Ag|AgCl)


at pH 4.5], but not with a redox transformation of the heme


[35]. ThOx demonstrated similar DET-based bioelectrocata-


lytic activity on graphite, but no DET signal from the redox


active sites of ThOx in the absence of the substrate was


shown [36]. Spectroelectrochemical titration of ThOx in an


aldrithiol-modified gold capillary electrode enabled deter-


mination of at least two redox active centres present in


ThOx; however, sluggish electrochemistry of ThOx resulted


in dispersion of the titration data, which deteriorated the


significance of the obtained results [36]. To the best of our


knowledge, no direct voltammetric data are still available on


the redox transformations of the hemes in these two


enzymes.

2. Experimental


2.1. Chemicals and materials


The kit containing stabilised dissolved microbial theo-


phylline oxidase (the activity of 14 U/ml, ThOx) was


obtained from STANBIO Laboratory (Boerne, TX, USA,


Cat. No 2422) and was used as received. d-Fructose


dehydrogenase (d-fructose:[acceptor]5-oxidoreductase; EC


1.1.99.11, FDH) from G. industrius was obtained as a


lyophilised powder additionally containing salts and stabi-


lizing agents (detergent, antioxidant and sugars) to prevent


enzyme inactivation (Sigma, Cat. No F51520; the specific


activity of 471 U/mg of protein) and was used without


further purification. Removal of detergent facilitated the


aggregation of FDH and caused its inactivation [28].


Cytochrome c from horse heart, theophylline and d(�)


fructose were from Sigma (St. Louis, MO, USA) and were


used as received. The buffer components were from Merck


(Darmstadt, Germany). 2-Mercaptoethanol (98%, MC2–


OH), cysteamine (MC2–NH2) and 6-hydroxy-1-hexanethiol







Fig. 1. Absorption spectra of ThOx, (1) totally reduced state upon addition


of a saturated solution of theophylline and (2) totally oxidised state upon


addition of 0.5 mM ferricyanide.
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(97%, MC6–OH) were from Sigma-Aldrich (UK). 6-Amino-


1-hexanthiol (MC6–NH2) was from Dojindo Laboratories


(Japan). 18.2 MV Millipore water was used throughout


the work.


2.2. Electrode modification with alkanethiols


Thiol films were prepared by 8 h adsorption from 5 mM


solutions of alkanethiols in absolute ethanol. For mixed


SAM, 5 mM MCx–OH and 5 mM MCx–NH2 in proportion


3:1 v/v were used if not stated otherwise. Modified electrode


surfaces were rinsed thoroughly with water to remove


weakly adsorbed molecule.


2.3. Instrumental procedure


All measurements were performed at ambient temper-


ature: 22F1 8C. Spectroscopic measurements were done


using an UVIKON 930 spectrophotometer (Kontron


Instruments, NorthStar Scientific, Leeds, UK). Cyclic


voltammetry (CV) and differential pulse voltammetry


(DPV) experiments were done in anaerobic solutions using


a potentiostat AUTOLAB PGSTAT 30 (Eco Chemie,


Netherlands) equipped with GPES 4.9 software. An


Ag|AgCl (KClsat) was the reference and a Pt plate was


the auxiliary electrode. For voltammetry, gold disk electro-


des (CHI, USA, A=0.031 cm2) were abraded on emery


paper, successively mechanically polished to a mirror


luster in an alumna slurry, and further electrochemically


polished by cycling in 0.1 M H2SO4 between �0.3 and 1.7


V. Modification of these electrodes with alkanethiol layers


was done as described above. After modification, a Teflon


cap was put on the top part of the electrode, thus forming


a 5-Al volume well-like microcell, with the bottom


representing the electrode surface [15]. Then, a 5-Al
droplet of an enzyme stock solution was dropped into


the micro-cell, and a dialysis membrane was pressed onto


the electrode Teflon cap and fitted tight to the cap surface


with a rubber O-ring. In such a manner, the modified


electrodes were kept for 30 min in working buffer


solutions under a nitrogen flux. Further experiments were


done both with the enzymes entrapped under the mem-


brane and without it. CV and DPV measurements with


ThOx were performed in deaerated 0.01 M phosphate


buffer solution, containing 0.15 M NaCl and 0.1 mM


EDTA (PBS), pH 7.0, and with FDH in 0.1 M citrate–


phosphate buffer system containing 0.1% Triton X-100


(citrate-PBS), in the pH range from 4.0 to 6.0.

3. Results and discussion


Both ThOx and FDH share one and the same property:


they have a heme domain in their molecular structures.


Spectral studies demonstrated that the absorption features of


the heme dominate in the UV/vis spectra of ThOx (Fig. 1),

similarly to those observed with other heme-containing


complex enzymes, such as FDH (cyt c-type heme domain)


[28,30], cellobiose dehydrogenase (CDH, cyt b-type heme


domain) [37,38] or sulphite oxidase (SOx, cyt b5-type heme


domain) [39–42]. The reaction of ThOx with an excess of


theophylline results in spectral changes characteristic of the


heme, from the oxidized state to the fully reduced one (Fig.


1, curve 1). Furthermore, ThOx is able to communicate with


cyt c acting as a natural electron acceptor and completing


the biocatalytic cycle [21,23], or with other electron


acceptors such as ferricyanide. This reaction results in the


full oxidation of the heme of ThOx which can be followed


from the heme spectral changes as well (Fig. 1, curve 2).


Similar spectral variations characteristic for the heme are


shown for FDH upon interaction with fructose and


ferricyanide [30].


To determine the redox potentials for the heme redox


sites of ThOx and FDH, a direct electron exchange between


the electrode and the enzymes should be established. No


direct electrochemistry of the heme domains of these two


enzymes or DET-based bioelectrocatalysis with ThOx or


FDH was attained with bare gold electrodes in the present


work. It is reasonable to suggest that communications of


ThOx and FDH with their biological electron acceptors


should occur through their heme domains, while the


substrate redox conversion takes place in another domain.


In this case, the heme domain serves as a bbuilt-in mediatorQ
[9], wiring the electrons between the electron accepting site


and the enzyme biological redox partner [30,38–40,43].


Studies with heme-containing complex enzymes have


demonstrated that their physiological electron acceptor,


specifically, cyt c, can be replaced directly by the electrode


modified with SAMs of properly chosen, terminally


functionalised alkanethiols [4,11,15,18,45]. The same meth-







Fig. 2. CVs of ThOx on a gold electrode modified with a mixture of MC2–


OH/MC2–NH2; scan rates, (1) 10, (2) 20, (3) 30, (4) 50, (5) 100 and (6) 200


mV s�1; pH 7.0. Inset: Amperometric response to 1.68�10�6 M


theophylline at 150 mV. Vertical lines reflect additions of first 0.03�10�6


M and further stepwise addition of 0.33�10�6 M of theophylline.
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odology was used in our studies of the redox properties of


ThOx and FDH to provide the surface properties of the


electrode appropriate for DET between the electrode and the


heme domain of the enzymes.


CV of ThOx at electrodes modified with MC2–OH,


cysteamine and mixed MC2–OH/cysteamine layers revealed


a strong dependence of the electrochemistry of ThOx on the


nature of the alkanethiol head groups. In fact, only on the


mixed SAMs of MC2–OH and cysteamine that a pro-


nounced direct electrochemistry of ThOx was observed. In


the absence of the substrate, a single pair of redox peaks


with a mean value for the redox potential of �101 mV, at


pH 7.0, was registered (Fig. 2, Table 1). The intensity of the


peak currents depended linearly on the potential scan rate


[46], thus designating the surface electrochemistry of ThOx


on the studied layers. The integration of the peaks gave a


surface coverage of the enzyme, C, close to 1.7 pmol cm�2


of the electrochemically active enzyme, assuming a 1e�

Table 1


Direct electron transfer characteristics of some heme multicofactor-containing enz


Enzyme Electrode modification E0
/, mV,


(AgjAgC
CDH Phanerochaete


chrysosporium


Cysteamine or


MC3–COOH


�28; �4


pH 3.1,


pH 5.1 [


CDH Humicola insolens Cysteamine �78, pH


SOx chicken liver Cysteamine, MC2–OH �119, p


FDH Gluconobacter industrius MC2–OH �89F1,


FDH Gluconobacter industrius Cysteamine �142.5F
Microbial ThOx MC2–OH �112F2


Microbial ThOx MC2–OH/MC2–NH2 �101F2

transfer process. No redox activity of ThOx was detected on


cysteamine layers, and a significantly decreased amount of


the adsorbed enzyme as well as a negative shift in the redox


potential values were registered on MC2–OH SAMs (Table


1). Thus, a slightly polar/positive character of the hydroxyl-


terminated or mixed hydroxyl-/amine-terminated alkane-


thiols provided adsorption/orientation of ThOx, which is


favourable for DET between the modified gold electrode


and ThOx, similarly to the data obtained previously with


another heme-containing complex enzyme, SOx [15].


On both alkanethiol layers, (–OH)- and mixed (–OH)/


(–NH2)-substituted, ThOx was bioelectrocatalytically


active due to the achieved DET reaction (Fig. 1, inset).


With ThOx, the conversion of theophylline should occur


at the active centre other than the heme, and the heme just


wires electrons to the external electron acceptor, as


supported by spectral studies. Thus, bioelectrocatalytic


activity of ThOx allows us to assume the heme domain of


ThOx as being in DET contact with the modified


electrode. The obtained values for the redox potentials


of the heme in ThOx are expected to correspond to the


biological values because similar experimental conditions


provided close values of the redox potentials of the heme


in SOx determined both by direct electrochemistry and by


titration with mediators (Table 1).


With FDH, a positively charged cysteamine SAM was


required for electrostatic binding of the enzyme to the


electrode surface to achieve pronounced DET (Fig. 3).


Experiments were performed both with FDH entrapped


under the membrane and upon its stripping, with FDH


physically adsorbed onto the electrode surface. In both


cases, a pair of well-defined peaks was observed in DPVs


(Fig. 3a). However, the height of the anodic peak was, in


average, 1.5 times higher than that of the cathodic one; as


well as the peak potential for the reduction process was 9–


15 mV more positive than that for the anodic process,


similarly to the DPV data of Khan et al. [35], obtained with


bare gold electrodes. Upon membrane stripping, the


amount of FDH oxidised in DET did not principally


change, contrary to the amount of the re-reduced enzyme,


which further decreased and constituted around 50% of the


oxidised species. On further scanning, the DPV peaks

ymes


electrode DET


l)


C, pmol cm�2 E0
/, mV, redox titration


(AgjAgCl)
2 and �81 at


4.2 and 5.6; �42,


29,37]


�44, pH 6.0 [36]


5.0 [38] Not determined


H 7.4 [15] �113, pH 7.0 [33]


pH 4.0 5.7F0.51 Not determined


4, pH 5.0 4.04F0.34 Not determined


, pH 7.0 0.05F0.03 Not determined


, pH 7.0 1.65F0.12 Not determined







Fig. 3. DPV of FDH on a gold electrode modified with cysteamine;


modulation amplitude, 25 mV; modulation time, (1) 50, (2) 70 and (3) 100


ms; step potential, 2 mV; effective scan rate, 10 mV s�1; pH 5.0. Inset:


CVs; scan rate, 30 mV s�1; solid line, FDH itself; dotted line, on addition of


3 mM fructose. All the rest conditions as in the main figure.
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successively degraded. It is known that FDH is stable in its


fully reduced state, [PQQH2–Fe
2+]: the stabilised state that


is present in the commercial samples. FDH is stable at pH


4.5–6.0; the stability of purified FDH being much


enhanced by the presence of detergent in the enzyme


solution [28]. FDH is readily oxidised, producing the


following states [PQQH2–Fe
3+] (oxidation of the heme by


external electron acceptor) and [PQQ–Fe2+] (oxidation of


the reduced PQQ-cofactor, directly or due to internal ET).


All these forms can be reversibly converted into each other


during the catalytic cycle; however, the formation of the


fully oxidised state [PQQ–Fe3+] leads to a bdead-endQ of


biocatalysis, when the totally oxidised enzyme is irrever-


sibly inactivated [30]. The shift of the overall DET reaction


in the oxidative direction, as well as the binverseQ differ-


ence of the peak potentials in DPV, may be interpreted

within the terms of a proceeding internal ET reaction.


Then, during the oxidation process, the heme is oxidised


and bwiresQ oxidation equivalents further to the PQQ-


cofactor, which is in the reduced form in the used


commercial sample. This process implies a stepwise


transfer of 2e�. Upon the reverse re-reduction process,


the internal ET may be impeded, and in this case, only the


oxidised heme is readily reduced, which is just a 1e�


transfer reaction, which roughly corresponds to a twofold


decrease in the peak currents. Therewith, the internal ET


can contribute to the re-reduction process as well. The


formal redox potential estimated as a mean value of the


potential of the redox peaks, both from CV and DPV, was


close to �143 mV, at pH 5.0, whereas the potential for the


PQQ-cofactor redox transformations was shown to be 80


mV at pH 4.5 [35,47]. This allowed us to consider that it


was the heme of FDH that in the initial turn underwent the


DET reaction at the cysteamine-modified gold electrodes.


The surface concentration of adsorbed FDH, calculated


from the anodic peaks in the DPVs assuming a 1e�


reaction [15], was around 4 pmol cm�2, and decreased


twofold if a 2e� transfer was assumed. Upon addition of


fructose, FDH, adsorbed on the cysteamine SAM, was


bioelectrocatalytically active due to DET between the


electrode and the heme domain of the enzyme; however,


the efficiency of catalysis was sufficiently low (Fig. 3b)


compared to the amount of the electrochemically active


enzyme.


The data obtained with FDH on the cysteamine-modified


electrodes correlate well with those previously reported for


the heme domain of flavocytochrome CDH, for which direct


redox activity was achieved with positively charged amine-


and carboxyl-terminated alkanethiols in acidic solutions


(Table 1) [37,44,45]. The similarity between the heme redox


potentials obtained from direct electrochemistry of CDH


and that from its redox titration (Table 1) suggests that the


redox potential for the heme active site in FDH estimated


from voltammograms can be considered as adequate to that


in the naturally existing state of FDH.


On the (–OH)-terminated alkanethiol SAM, FDH,


entrapped under the membrane, was oxidised in the first


scan. However, no re-reduction of the enzyme and no


pronounced DET signals were observed on the following


potential scans (Fig. 4). Upon addition of fructose, its


catalytic oxidation was observed starting from �120 mV, at


pH 5.0 (Fig. 4, curve 3). bSolutionQ electrochemistry of


FDH was supposed in this case. Variation of the buffer


solution pH provided a variation of the surface charge of


FDH (pI of 4.55 [48]). That resulted at pH 4.0 in a


pronounced direct electrochemistry of FDH on the (–OH)-


terminated SAM (Fig. 4, curve 4), but not in DET-based


bioelectrocatalysis when the substrate was added. The


obtained discrepancy between the redox potentials of FDH


on the cysteamine and MC2–OH SAMs may be due both to


the variation in the pH and the different orientations of the


enzyme at the electrode surface, which correlated with the







Table 2


Direct ET characteristics of FDH from Gluconobacter industrius on


differently modified gold electrodes


Modifying


alkanethiols


Redox potential


E0
/, mV, DET


pH Start potential for


DET-based catalysis


of fructose oxidation


MC2–NH2 �142.5F4 5.0 �80 mV


MC2–NH2/


MC2–OH


�116F2 5.0 �80 mV


MC2–OH �89F1 4.0 �120 mV


MC6–NH2 �158F5 5.0 �80 mV


MC6–NH2/


MC6–OH


�111.5F4 5.0 �80 mV


MC6–OH Not detectable 4.0 �110 mV


Fig. 4. DPVof 0.02 mg ml�1 FDH on a gold electrode modified with MC2–


OH; modulation amplitude, 10 mV; modulation time, 70 ms; step potential,


2 mV; effective scan rate, 10 mV s�1. (1–3) pH 5.0 and (4) 4.0. (1) First


successive anodic and reverse cathodic scans, (2) second anodic scan and


(3) third anodic scan upon addition of 3 mM fructose.
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absence of catalytic activity of FDH on the latter layer, at


pH 4.0. In the latter case, the solution pH is likely to affect


not only the SAM-FDH interactions but also the value of the


redox potential: these effects being difficult to separate. The


redox behaviour of FDH on the mixed (MC2–OH)/(MC2–


NH2) SAM was similar to that on MC2–OH, except that


weakly developed broad peaks due to DET in the absence of


the substrate were detected at pH 5.0 (Table 2). The peak


potential values were between the values obtained on pure


(–OH)- and (–NH2)-terminated layers and corresponded to


some bintermediateQ state of adsorption. A similar depend-


ence of the heme redox potentials on the nature of the


alkanethiol head groups was observed with alkanethiols of


longer chain length, i.e., containing six methylene groups


(Table 2).


Electron transfer reactions of FDH were studied in the


presence of its physiological electron acceptor cyt c as well.


To avoid both the adsorption and inactivation of cyt c at the


electrode surface, a sufficiently long-chained MC6–OH was


used [15,19,49]. As followed from the previously discussed


experiments with MC2–OH, FDH was also expected not to


be adsorbed on this SAM at pH higher than 5.0. The neutral


(–OH)-head group of the alkanethiol and high ionic strength


of the buffer solutions enabled observation of the bsolutionQ
electrochemistry of cyt c (linear square-root scan rate


dependence of the peak currents [46]), which provided the


possibility for free interactions between FDH and cyt c in

the solution. CVs, measured at pH 7.0 (maximal catalytic


response compared to pH 5.0 and 6.0) in solutions


containing both cyt c and FDH, exhibited some scan-rate-


dependent peculiarities. At low scan rates, the typical cyt c-


mediated bioelectrocatalysis of fructose oxidation was


observed starting from the potentials of the cyt c redox


transformations (Fig. 5a). With increasing the scan rate, a


second additional oxidation process appeared at more


positive potentials, specifically, starting from 80 mV (Fig


5b–c). Therewith, less of cyt c became involved in the


catalytic process, as can be followed from the relation


between the anodic and cathodic peaks for the cyt c redox


transformation.


Two types of reactions of FDH with ferricyanide are


known from homogeneous kinetics: a bfastQ one, at low


concentrations of the electron acceptor, and a bslowQ one, at
high concentrations [30]. The specificity of interactions


between the external electron acceptor and the two redox-


active domains of FDH predetermines both reactions. In the


bfastQ reaction, the electron acceptor reacts directly with


PQQH2; and the observed catalysis was shown not to


involve a redox conversion of the heme [30]. The bslowQ
catalysis involves interactions of the electron acceptor with


the heme-domain of FDH, and the overall catalytic process


implies an internal ET from PQQH2 to the heme of FDH,


and further to ferricyanide (or another electron acceptor).


Although FDH catalysis with cyt c has never been studied


in detail, the first analysis of the CVs in Fig. 5 allowed


suggesting the same catalytic scheme for a cyt c-assisted


catalytic function of FDH. At high scan rates, the catalytic


route may be preconditioned first of all by the interactions


of cyt c with the PQQ-domain of FDH; while at low scan


rates, catalysis occurs via the commonly known cyt c–


heme–PQQ-pathway. Recently, a coupling of cytochromes


with a PQQ-domain of another PQQ-dependent enzyme,


glucose dehydrogenase, was shown to provide its efficient


bioelectrocatalytic function as well [50,51]. It is interesting


that in the absence of cyt c, catalysis of fructose oxidation


by FDH in solution, at scan rates higher than 5 mV s�1,


started at potentials close to that of the heme of FDH;


however, an essential enhancement of the catalytic function







Fig. 5. CVs of cyt c (6 mg ml�1) and FDH (0.02 mg ml�1) on (MC6–OH)-modified gold electrodes (dotted lines) upon addition of 3 mM fructose (solid lines),


pH 7.0. Scan rate, (a) 2, (b) 20, (c) 30 and (d) 50 mV s�1. Integration of the anodic branches of the voltammograms (solid lines) gives (a) 32.9, (b) 5.3, (c) 4.6


and (d) 3.5 AC.
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is observed at potentials of PQQ-redox transformations, i.e.,


more positive than 70 mV (Fig. 6). These are the first results


which suggest an extremely interesting bioelectrocatalytic


scheme for the function of FDH, and further work is in


progress.


To summarise, some parallels can be followed between the


pH optimum for the biological catalytic activity of the studied


enzymes and the properties of the modifying layers. The


lower the pH optimum, a more acidic SAM is necessary to


provide electrostatic interactions between the electrode and


the enzyme, which would favour the DET reaction between


the electrode surface and the heme domain of the enzyme. For


enzymes with pH optima around pH 7.0–7.4, DET-based

Fig. 6. CVs of 0.02 mg ml�1 FDH on (MC6–OH)-modified gold electrodes (1–3)


(2) second and (3) third scans.

bioelectrocatalysis on bprotonatedQ cysteamine layers is


impeded. No DET was observed with ThOx on cysteamine


SAMs, which may result in further efficient bioelectrocata-


lytic function of the enzyme. For the previously studied SOx


on cysteamine layers [15], clear DET was shown, but the


desired orientation of SOx on this SAM was not provided,


which enabled DET-based bioelectrocatalysis [15].


Concerning the enzymes with acidic pH optima, e.g., FDH


and CDH (Table 1), pronounced redox chemistry was


observed from both of them, first of all on the positively


charged SAM of cysteamine, providing the DET-based


bioelectrocatalytic activity of the enzymes at acidic pHs as


well.

upon addition of 3 mM fructose (4), pH 4.0; scan rate, 50 mV s�1. (1) First,
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4. Conclusions


Complex cofactor-containing enzymes and enzyme com-


plexes embedded in biological membranes play an important


role in the living cell. However, membrane-bound enzymes


need a hydrophobic reaction environment for their catalytic


activity and stability. This impedes electrochemical research


of their function, and special approaches should be used for


their studies. For this purpose, modification of the electrode


surface by a properly charged amine- or hydroxyl-terminated


alkanethiol SAM enables to achieve both adsorption and


orientation of ThOx and FDH favourable for DET between


the electrode and the heme active sites of the enzymes, thus


enabling the determination of the redox potentials of the


hemes and providing DET-bioelectrocatalytic function of the


enzymes. The physiological pH optimum for the catalytic


function of the enzymes seems to predetermine to some


extent the surface charge of the modifying layer required for


an efficient DET reaction.
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Abstract


An efficient method for characterizing wetting properties of heterogeneous surfaces produced by sequential adsorption of polyelectrolytes


was developed. Three types of polyelectrolytes were used: polyallylamine hydrochloride (PAH), polyethyleneimine (PEI), both of a cationic


type, and polysodium 4-styrenesulfonate (PSS), of an anionic type. Multilayer films were prepared by dlayer-by-layerT (LbL) deposition
technique. Natural ruby mica, glass, titanium foil and silicon wafers were used as the support material for PE films. Wetting of polyelectrolyte


films was determined experimentally by contact angle measurements, using technique of direct image analysis of shape of sessile drops.


Periodic oscillations in contact angle values were observed for multilayers terminated by polycation and polyanion, respectively, and the


variations in contact angle values strongly depended on the conditions of adsorption and multilayer treatment after deposition. Therefore, the


influence of ionic strength of polyelectrolyte solution used for deposition on wetting of multilayer films was considered and also the effect of


conditioning in different environments was investigated. It is usually assumed that film properties and stability strongly depend on the first


layer which is used to anchor a multilayer at the surface of support material. To investigate influence of the first layer, PAH/PSS films were


compared with more complex ones having PEI as the first layer with a sequence of PSS/PAH deposited on top of it.


D 2004 Elsevier B.V. All rights reserved.
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1. Introduction


The sequential adsorption of oppositely charged poly-


electrolytes by layer-by-layer (LbL) deposition technique is


an efficient method for obtaining multilayer thin films. It has


progressed significantly since Decher and Hong [1] dem-


onstrated the basic principle of buildup of multilayer


materials using alternating adsorption of PE. The technique


allows controlling structure and the total film thickness on a


molecular level [2]. Due to its versatility, such self-


assembled polyelectrolyte multilayers have a great applica-


tion potential. Possibility of the combination of different


polyelectrolytes opens a wide range of different areas, where

1567-5394/$ - see front matter D 2004 Elsevier B.V. All rights reserved.
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such materials can be used [3]. They can be applied as


separation membranes for gases or dissolved species or for


modification of surface properties, which has a special


meaning in biomaterial area [4]. This technique can be


efficiently used in the field of chemical and biochemical


sensing [5–7]. Coating of colloidal particles and formation


of hollow shell structures are of importance in case of


encapsulation applications, e.g. in drug carrier systems or


microreactors.


It is often assumed that the properties of polyelectrolyte


multilayer films are independent of the underlying substrate.


However, there should exist a minimal number of layers


above which the properties of the system are governed to the


greatest extent by the choice of polycation/polyanion pair.


Type of polyelectrolyte used for deposition of the first layer


plays an important role when stability of multilayer is


concerned. The structure of the multilayer films is also


strongly dependent on the deposition conditions and the

6 (2005) 65–70
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most frequently used control parameters are ionic strength


and pH of the solution. Also, the long time exposure to the


conditions different than that encountered during deposition


usually leads to change of polyelectrolyte multilayer


structure.


The aim of our investigation was to determine the


influence of the type of substrate, deposition conditions and


pH of the conditioning solution on the wetting properties of


the consecutive layers of PAH/PSS multilayer films and to


compare obtained results of such structures with wettability


of films having PEI as the first layer.

Fig. 2. Scheme of alternating adsorption cycle: (1) initial negatively charged


substrate; (2) polycation solution; (3) first adsorbed layer with weakly


bounded chains; (4, 8) rinsing solutions; (5) first irreversibly adsorbed


layer; (6) polyanion solution; (7) two-layer film with weakly bounded


chains; (9) two-layer film after rinsing.

2. Experimental


Three types of polyelectrolytes were used in our studies


(shown in Fig. 1): polyallylamine hydrochloride (PAH),


polyethyleneimine (PEI), both of a cationic type, and


polysodium 4-styrenesulfonate (PSS), of an anionic type.


PAH and PSS having molecular weight of about 70,000 were


purchased from Aldrich, PEI of average molecular weight


750,000—from Sigma, NaCl (99.5%) was obtained from


Fluka, HCl—from P.O.Ch Gliwice, and NaOH—from


Aldrich. Aqueous solutions of polyelectrolytes were pre-


pared using four times distilled water. Adsorption of


polyelectrolytes was performed from NaCl solutions of


various concentrations (from 0.001 to 1.5 mol/l), with


constant amount of polyelectrolyte (0.5 g/l). As a support


material, natural ruby mica (from Dean Transted, England),


glass (microscope slides), silicon wafers (generous gift of


Prof. L. Lapcik, Thomas Bata University, Zlin) and titanium


foil (from Good Fellow, England) were used. Mica was


freshly cleaved before each multilayer formation process,


glass was cleaned with chromic acid and washed with two


times distilled water, titanium and silicon wafers were


degreased with acetone and rinsed with ethyl alcohol and


with water. Polyelectrolyte adsorption and contact angle


measurements were carried out in temperature 295 K.


Deposition lasted 30 min for every single step and rinsing


between adsorption steps, about 1 min. After deposition of


each PSS layer, the sample was rinsed with double-distilled


water. Since PAH is a weak polyelectrolyte and its structure


strongly depends on pH value (pK for PAH is around 7.5)


[8,9], the deposited PAH layers were rinsed with HCl


solution with pH value adjusted to pH value of PAH solution.


Polyelectrolyte multilayer formation by dLbLT technique
is presented schematically in Fig. 2. It is carried out as

Fig. 1. Structural formulas of polyions applied in our studies.

follows: substrate with negatively charged surface is


immersed into a polycation solution. Electrostatic interac-


tions are the predominant driving force for deposition of the


polyelectrolyte layer. Then the sample is rinsed with rinsing


solution to remove weakly bounded polycation molecules in


order to avoid their reaction with oppositely charged


polyanions, which are deposited during the next adsorption


step. Then the procedure is repeated until the required


number of layers is obtained and rinsing is required after


every single deposition step. In case of positively charged


substrate, the sequence of adsorbed polyelectrolytes is


reversed. Assembly of consecutive (oppositely charged)


layer is possible due to charge reversal on a surface of the


previous layer. Charge overcompensation can be observed


by f potential measurements [10].


An efficient method for characterizing wetting properties


of heterogeneous surfaces produced by sequential adsorp-


tion of polyelectrolytes was developed. The contact angle of


a liquid drop on the substrate covered with polyelectrolyte


multilayers was determined experimentally using technique


of direct image analysis of shape of sessile drops. The


experimental setup is schematically shown in Fig. 3a. Dried


polyelectrolyte film deposited on support material (3) was


placed in the thermostated chamber (2) of regulated


humidity to prevent drop evaporation during the measure-







Fig. 4. Effect of electrolyte concentration in PE solution used for deposition.


Fig. 3. (a) Experimental setup for direct image analyzing technique of


sessile drop: (1) light source; (2) thermostated chamber; (3) substrate with


polyelectrolyte film; (4) CCD video camera; (5) computer. (b) Image of


water drop on the first PEI layer.


M. Kolasińska, P. Warszyński / Bioelectrochemistry 66 (2005) 65–70 67

ments. Droplets were created at the tip of the capillary of the


quartz-glass stalagmometer by a precision gastight syringe


and carefully placed on the polyelectrolyte multilayer


surface. Volume of droplets was constant and it was equal


to about 16 Al.
The video image of sessile drop was transmitted from


CCD video camera (4) to the digital video processor (5),


which performed the frame grabbing and digitization of the


image. Then the solution of Young–Laplace equation was


fitted to the digitized profile of the drop. Contact angle


values are obtained by differentiation of this equation in the


three-phase contact points. The example of a picture of


water drop on PEI layer is presented in Fig. 3b. The mean


value of contact angle measured on this layer was 578.

Fig. 5. Effect of support material.

3. Results and discussions


Periodic oscillations in contact angle values were


observed for multilayers terminated by polyelectrolytes


studied, PAH layers being more hydrophobic than PSS


layers. However, the amplitude of contact angle variations


was strongly dependent on electrolyte concentration of the


polyelectrolyte solution used for deposition (see Fig. 4) and


was the smallest for low ionic strength, suggesting


significant inter-penetration of oppositely charged polyelec-


trolyte layers during their deposition. Surface of multilayers


formed in 0.15 M NaCl seems to be more homogeneous


than adsorbed from solutions of other salt concentrations,


because the experimental scatter of contact angle values


measured on a surface of given layer was the lowest. It was


also found that generally PAH layers were more heteroge-


neous, regardless of the electrolyte concentration in the


deposition solution.


When the effect of support material on polyelectrolyte


adsorption was investigated, in all experiments with differ-


ent substrates, the multilayers were adsorbed from 0.15 M


NaCl polyelectrolyte solutions. The biggest differences


among films formed at various substrates can be observed

for first few layers, as it is shown in Fig. 5. For glass and


unpolished silicon wafers, the influence of substrate is the


strongest because irregular oscillations of contact angle


values measured on consecutive layers were observed.


Moreover, great scatter of the contact angle values measured


at a given layer was noticed. This is in contrast to


polyelectrolyte films on mica and titanium foil where much


more uniform oscillations and lower scatter were observed.


This effect can be due to inhomogeneity of glass and silicon


substrates. Starting from the sixth layer, i.e. from third layer


of PAH/PSS pair deposited, the wetting seems to become


independent of the substrate.


Multilayer properties after conditioning in different


environments were then investigated. Water (natural


pHc6) and NaCl, HCl, NaOH solutions with concentration


10�3 mol/l were chosen to compare the influence of pH


value of conditioning solutions, the last three having the


same ionic strength of solutions. Effect of pH is particularly


important in case of PAH, which is a weak polyelectrolyte


so its degree of dissociation strongly depends on pH value.


Duration of the conditioning process was the same for all







Fig. 6. PAH/PSS films conditioned in water (time of conditioning: about


48 h).
Fig. 8. PAH/PSS films conditioned in HCl solution (pH=3, time of


conditioning: about 48 h).
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experiments (48 h). Effect of drop composition was also


checked and wetting by water, HCl, NaOH solutions drops


with the same concentration as for conditioning solutions


were investigated. All PE films were formed on mica by


deposition from 0.15 M NaCl solutions. The results are


presented in Figs. 6–9.


Wettability of multilayers after conditioning in water is


comparable to that of polyelectrolyte films without con-


ditioning and there are no significant differences between


contact angle values of drops with various composition


especially at PSS layers (see Fig. 6).


In case of films conditioned in NaCl solution, such


treatment makes multilayer surface more hydrophilic (see


Fig. 7) with smaller oscillations in contact angle values


measured on consecutive layers than as it was for multi-


layers after conditioning in water. One can assume that


small ions interact with polyelectrolytes resulting in


reconformation of the layers. Similarly as for water


conditioned film, practically there is no dependence of the


wettability of multilayers on drop composition.

Fig. 7. PAH/PSS films conditioned in 10�3 M NaCl (time of conditioning:


about 48 h).

The effect of pH of conditioning solution was inves-


tigated by measuring wetting properties of multilayers after


keeping them for 48 h in 10�3 M HCl solution (pH=3) or in


10�3 M NaOH solution (pH=11) (see Figs. 8 and 9). The


oscillations of the contact angle observed on the consecutive


layers after the acidic treatment of the multilayer were


similar as in NaCl solution of the same ionic strength (10�3


M). It can be expected that at respective pH values of the


solutions used for conditioning (pH=3 and pH about 6) PAH


is similarly charged and when the reconformation process is


electrostatically driven, similar structure of the multilayer


should be obtained. The hypothesis of reconformation of the


multilayer, stronger when PAH is the topmost layer, is


supported by the observation of gradual decrease of its zeta


potential [11].


The entirely different picture can be observed when the


multilayer films are conditioned in basic environment. In


this case, practically no oscillations of the contact angles


between consecutive layers can be observed. The films are


much more hydrophilic than without conditioning. It

Fig. 9. PAH/PSS films conditioned in NaOH solution (pH=11, time of


conditioning: about 48 h).







Fig. 10. PE films with PEI as the first layer in comparison with PAH/PSS


films.


Fig. 12. PE films with PEI as the first layer conditioned in 10�3 M NaCl


solution (time of conditioning: about 48 h).
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suggests either the partial removal of the film (however, it is


not supported by f potential measurements performed on so


treated PAH/PSS films [11]), or some major structural


changes within the film together with OH� incorporation. It


should be mentioned that in these conditions PAH is weakly


charged. The composition of the drops had again practically


no influence on wetting of multilayers.


We also investigated the influence of another polycation


used as the first layer. PEI was chosen because of its ability


to strongly anchor at the substrate surface. The oscillations


in contact angle values measured on consecutive layers were


smaller than in case of films consisting of PAH and PSS


only, which is shown in Fig. 10. It means that usage of PEI


as the first layer makes composition of films more uniform.


Starting from the second layer, practically no differences are


observed in comparison with wetting properties of PAH/PSS


films, as far as PSS layers are concerned. PAH-terminated


multilayers are more hydrophilic than previously. Taking


into account the fact that the contact angle values for first


PEI layer are lower than for first PAH layer, it looks like a

Fig. 11. PE films with PEI as the first layer conditioned in water (time of


conditioning: about 48 h).

high molecular weight PEI influences cationic layers by


competing with PAH and this influence can be seen even in


the most distant layer of PAH. Surfaces of particular


multilayers seemed to be more homogenous because smaller


scatter in contact angle values, measured on a given layer,


was observed.


Effect of conditioning of multilayers containing PEI was


investigated in the same way as for PAH/PSS films. All films


were formed on mica, deposited from 0.15 M NaCl solutions


of PE. The results are presented in Figs. 11–14. For films


conditioning in water (Fig. 11), similar trends as for non-


conditioned films are observed. Wetting of PSS layers is the


same as for simple PAH/PSS films and PAH layers seem to


be more hydrophobic becoming comparable with these


layers in PAH/PSS films.


In case of conditioning in 10�3 M NaCl solution, the


situation is reversed as it is demonstrated in Fig. 12. After


conditioning PAH layers in the PEI(PSS/PAH) multilayers


are more hydrophobic than the same layers in PAH/PSS


films. Since the contact angle on these layers reaches one

Fig. 13. PE films with PEI as the first layer conditioned in 10�3 M HCl


solution (time of conditioning: about 48 h).







Fig. 14. PE films with PEI as the first layer conditioned in 10�3 M NaOH


solution (time of conditioning: about 48 h).
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observed at the first PAH layer deposited on mica, the effect


can be explained as a preferential exposure of PAH after


conditioning.


After acidic conditioning, the PEI(PSS/PAH) multilayers


are slightly more hydrophobic than so treated PAH/PSS


films with bigger differences for anionic layers. The acid-


treated PEI containing multilayers are much more uniform


than untreated ones. When films after NaOH solution


treatment are considered, different results were obtained


for multilayers containing PEI than for the simpler


structures, built up only with PAH and PSS (see Fig. 14).


The multilayers having PEI as the first layer are much more


hydrophobic than PAH/PSS only films and slightly more


hydrophobic than analogous, PEI(PSS/PAH) ones, without


conditioning. In contrast to PAH/PSS films, there are


distinct differences between contact angle values obtained


for consecutive layers.

4. Conclusions


An efficient method for characterizing wettability of


heterogeneous surfaces produced by dlayer-by-layerT
adsorption of polyelectrolytes was developed. The contact


angle of substrates covered by polyelectrolyte multilayers


was determined experimentally using direct image analysis


of shape of sessile drops. It was found that wetting


properties of polyelectrolyte multilayers obtained by dLbLT
deposition technique strongly depended on deposition


conditions. It was determined that for polyelectrolytes


studied, the optimum ionic strength to obtain multilayers


with congruent wetting properties and terminated with PE of


a given sign corresponded to 0.15 M NaCl solution.

Studying wetting properties of PAH/PSS on mica, glass,


silicon wafer and titanium foil, it was found that starting


from the sixth layer, i.e. from third layer of PAH/PSS pair


deposited, the wetting seemed to become independent of the


substrate. The post treatment with different conditioning


solutions significantly influenced wetting of PE multilayers.


The phenomenon was explained in terms of changes in film


structure. The nature of these changes depends on the pH of


the conditioning solution. Since PAH is weak electrolyte,


whose degree of dissociation is pH-dependent, one can


argue that the changes of the film structure occurring during


multilayer conditioning are electrically driven. Nature of the


structural changes is modified when highly molecular


weight PEI is used as a first anchoring layer of PAH/PSS


multilayer films.
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Abstract


We report on the formation of a gold oxide layer and the reaction of this oxide with an acid chloride to form a stable, relatively complete


monolayer bound through an ester-like bond to the gold oxide surface. We have used cyclic voltammetry, FTIR and optical ellipsometry to


characterize this novel monolayer structure. The exposed functional groups of this monolayer can participate in subsequent surface reactions,


opening the door to the use of oxide-based surface attachment chemistry on metallic substrates. This chemistry will allow for the formation of


films tailored to contain both hydrophobic and hydrophilic regions, stacked at predetermined distances from the substrate that may serve as


biomembrane mimetic assemblies.


D 2004 Elsevier B.V. All rights reserved.


Keywords: Self-assembly; Metal oxide; Acid chloride adlayer

1. Introduction


Alkanethiol/gold self-assembled monolayers (SAMs)


have assumed substantial technological importance as


interfacial materials since they were first discovered in the


mid-1980s [1–3]. These materials have proven to be an


archetypal system for gaining fundamental insight into


monomolecular interfaces and, from an applied perspective,


alkanethiol/gold SAMs have found use in controlling


phenomena such as wetting [4], adhesion [5] and metal


deposition [6] in the fabrication of all-organic electronic


circuits and the design of arrays of nanometer- and


micrometer-sized structures of polymeric materials on


surfaces [7–9]. Despite these very useful properties,


alkanethiol/gold SAMs are limited in two respects; the


chemical functionality available to create more complex


layered structures using gold/sulfur attachment chemistry,

1567-5394/$ - see front matter D 2004 Elsevier B.V. All rights reserved.
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and the modest driving forces for the formation of the gold/


thiol system [10,11].


To overcome these limitations, there has been extensive


research into the formation of stable and well-controlled


multilayer species on a variety of metal oxide and semi-


conductor surfaces. Over the past decade, a number of


systems, including fatty acids, phosphonates and amines on


oxides and organosilicon derivatives on silicon, silica and


metal oxide electrodes, such as SnO2, TiO2, RuO2 and ITO,


have been investigated [3,5,6,12–17]. Similar chemistry,


utilizing organosilicon compounds has been used extensively


for modification of metallic substrates, mainly Pt, which were


previously oxidized electrochemically or chemically [17].


In all of these cases, the chemistry applicable to metals


has limited to silanization of oxidized metallic surfaces and


this has kept a variety of interfacial structures from being


applied to electrochemically active surfaces. If the rich


knowledge base in oxide chemistry could be applied directly


to electrochemically active surfaces, many novel device and


sensor structures could be accessed.


While the formation of a gold oxide layer on electrode


surfaces is well established, the long-term stability and

6 (2005) 71–77
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reactivity of the resulting surface have yet to be examined.


Previous work has demonstrated the formation of alkane-


thiol monolayers on oxidized gold [18–21], and for such


systems, the existing oxide is sometimes viewed as an


impediment to the organization and stability of alkanethiol


SAMs.


We report on an efficient route to the covalent attachment


of a relatively well-organized, stable monolayer to an


oxidized gold surface through an ester-like bond by reaction


of the metal oxide with an acid chloride. This type of


surface modification technique is well established in the


literature of carbon surfaces [14], yet to our knowledge has


not been employed for metallic substrates. We use the


electrochemically generated gold oxide film as a reactive


substrate and demonstrate a monomolecular interfacial layer


possessing a significant degree of organization as shown by


ellipsometry, FTIR spectroscopy and electrochemistry.


Initial indications are that the adlayer is bound to the gold


oxide surface at least as strongly as alkanethiol monolayers


of comparable length1 and that this reaction appears to


stabilize the underlying gold oxide. By virtue of the robust


nature of the covalent surface attachment, complex inter-


facial structures will likely be easier to access synthetically.


The chemistry we report allows for the formation of films


tailored to contain both hydrophobic and hydrophilic


regions, stacked at predetermined distances from the


substrate, as was shown in our previous work [22,23].


Moreover, our chemistry involves neither sulfur nor silicon


atoms as means of covalent attachment to the electroactive


substrate, relying solely on oxygen and carbon forming


ester-like bonds. These are structures that are difficult to


access using alkanethiol and other methodologies, but one


that will likely prove important in a variety of areas, ranging


from the creation of biomimetic membrane systems


compatible with the present-day microelectronic sensing


and transduction devices to novel interfacial materials for


chemical separations and micropatterning applications


[14,24,25].


Most integral membrane proteins (e.g., ion channels and/


or pumps) considered for biocatalytic or sensoric purposes


require a combined hydrophobic–hydrophilic environment


to retain their native structure and functions. Additionally,


by virtue of the same requirements, such molecules should


be decoupled from the surface of metal to avoid denaturing.


Therefore, there is a great need for stable molecular matrices


that functionalize electrode surface providing a biomimetic,


natural environment for immobilization of biomaterial under


nondenaturing conditions and in well-defined orientation.


The interfacial structures we report here provide the


chemical functionalities available to create more complex


layered structures that can be built to accommodate

1 For the comparison to be made accurately, we consider that the


attractive interchain interactions, which are important for alkanethiol


SAMs, may also be important to the adlayer organization for the monolayer


we report here.

biomolecules of various hydrophobic/hydrophilic require-


ments, a feature difficult to achieve with metal/alkanethiol


chemistry.

2. Experimental


2.1. Chemicals


All chemicals used were of the highest quality available


commercially: gold, gold-covered silicon, chromic acid


(VWR Scientific Products), sulfuric acid (CCI, ACS/


Reagent grade), sodium sulfate (Spectrum Quality Prod-


ucts), ferrocenemethanol (Aldrich, 97%), adipoyl chloride


(Aldrich), 4-methylmorpholine (Aldrich, 99%), dry acetoni-


trile (Aldrich), chloroform (Aldrich, 99.8%), ethyl acetate


(Spectrum Quality Products, Inc, ACS/Reagent grade).


Deionized water was available in-house.


2.2. Electrochemistry


Electrochemical measurements were made with a PC-


controlled Model 650A Electrochemical Workstation (CH


Instruments, USA), using a small-volume three-electrode


cell with a Pt wire as counter electrode. All potentials are


quoted vs. a Ag/AgCl/1M KClaq reference electrode.


2.3. IR and IRRAS spectroscopy


For monolayer self-assembly on gold-plated silicon


slides, infrared reflection–absorption spectra (IRRAS) were


acquired with 4 cm�1 resolution using a Nicolet Magna 750


FTIR spectrometer. The external reflectance sample mount


was set to an incidence angle of 808 with respect to the


substrate normal. Transmission IR spectra were collected


with 4 cm�1 spectral resolution in a Nicolet Magna 550


FTIR spectrometer.


2.4. Optical ellipsometry


Ellipsometric thickness measurements of adlayers


formed on the electrochemically oxidized gold surface were


made with a Rudolph Auto-EL II optical null ellipsometer,


operating at 632.8 nm. Rudolph DAFIBM software was


used for data collection and processing.


2.5. Preparation of gold substrates and oxide layer


formation


Gold substrates for electrochemical measurements (Au,


99.99%, 0.5 mm diameter wire with tip melted to form a


gold-ball electrode; electrochemical area 0.16 cm2 (deter-


mined by cyclic voltammetry using the kinetically reversible


K4Fe(CN)6/K3Fe(CN)6 redox probe [11]) were cleaned by


annealing in a reductive flame, then polarized cyclically


(scan rate 0.1 V/s) in the �0.3 to 1.5 V potential range in 0.5
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M H2SO4 (aq) solution. The electrodes were then cycled


with the same rate in 0.5 M Na2SO4 (aq) solution in the


potential window of �0.4 to 1.2 V. Once reproducible


voltammograms were obtained (Fig. 1), the potential cycle


was stopped at 1.2 V for 60 s and, under potential control,


the electrodes were removed from the cell, washed with


distilled water and dried with a stream of nitrogen. These


reproducible cyclic voltammograms were also used to


evaluate the brealQ electrode area from the reduction of


gold oxide by the method of Hoogvliet et al. [26] and the


conversion factor of 0.48 mC/cm2 [27]. Using this


information, we can estimate a roughness factor of


1.1F0.03 for our gold-ball electrodes [26,35]. For estima-


tion of electrochemically generated gold oxide thickness and


electrode coverage by the adipoyl chloride adlayer, we


relied solely on the experimentally determined electro-


chemical electrode area, without using a surface roughness


factor. In our opinion, the formation of a thicker oxide layer,


after stopping the potential at 1.2 V for 60 s, changes the


roughness factor of such treated gold surface.


Planar gold substrates were made from silicon wafers,


A=2 cm2, with evaporated gold (1000 2) deposited on a

Fig. 1. Cyclic voltammogram of bare gold, first cycle (thin solid line), bare go


reaction of the oxide layer with adipoyl chloride (thick solid line) in aqueous 0.5


all cases: 0.1 V/s.

chromium adhesion layer. The gold-coated substrates were


cleaned by immersion in hot chromic acid (95 8C, 30 s) and


rinsed with distilled water. The clean substrates were


transferred to the electrochemical cell and polarized cycli-


cally in 0.5 M Na2SO4 (aq), the same as was done with the


gold-ball electrodes. Polarization in acidic media between


�0.3 and 1.5 V was omitted to avoid dissolution of the


chromium layer and delamination of the gold layer. This


procedure resulted in a stable open circuit potential for both


types of the substrate of ca. 0.76 V, characteristic of the


formation of a hydrated oxide layer on gold.

3. Results and discussion


The focus of this work is on a novel strategy of molecular


self-assembly which allows a variety of surfaces, ranging


from metals to semiconductors and oxides, to be treated


using the same layer growth chemistry. We report on the


electrochemical growth and characterization of the inter-


faces using cyclic voltammetry, FTIR spectroscopy and


optical ellipsometry.

ld following 60 s at 1.2V to form the oxide layer (dotted line) and after


M Na2SO4 solution. Inset: enlarged view of CV for adlayer. Scan rate for







Scheme 1. Adipoyl adlayer formation and attachment of ferrocenemethanol


to adlayer terminal acid chloride group.


Fig. 2. Cyclic voltammogram of iron ferrocene-modified surface in 0.1 M


HClO4 aq, 100 mV/s scan rate. Inset: Dependence of peak current on scan


rate.
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As is well established in the literature, the electro-


chemistry of gold in aqueous media involves double layer


charging/discharging phenomena, a preoxidation region,


monolayer gold oxide (or hydroxide) formation and after


going to more positive potentials, bulk oxide formation [28–


30]. Gold anodic oxidation yields a Au(III) hydroxide


surface layer consisting of 2.5 to 3 molecular layers of


hydrated Au(OH)3 [31–33]. There is extensive literature


evidence for the relative stability of the gold oxide layer,


which can be formed in various potential windows,


depending on pH and solution composition [26,34,35].


The electrochemical formation of the oxide (or hydroxide)


of gold is typically performed in acidic media and the


equilibrium potential of this reaction is 1.28 V vs. SHE [33].


In this work, we kept the potential polarization window


in the range of the formation of a monolayer of oxidized


gold, without producing bulk gold oxide. However, the


charge resulting from a 60-s polarization of the electrode at


1.2 V to produce the Au(OH)3 (s) that was determined by


integration of the gold oxide cathodic peak (Fig. 1, dotted


trace) at ca. 0.26 V (vs. Ag, AgCl|1 M KClaq) yielded a


value approximately twice that for the anodic peak observed


under continuous cycling conditions. We infer from these


data that the oxide layer we form is more than one layer


thick, consisting of hydrated Au(OH)3, a result consistent


with the literature on anodic oxidation [31–33] and XPS


data [19,20,28,36]. We cannot be more quantitative,


however, because the thickness change in the layer is likely


accompanied by a change in the surface roughness factor.


We reacted the oxide layer with adipoyl chloride in dry


acetonitrile, using 4-methylmorpholine as a Lewis base


(50:1:1) under nitrogen for ~12 h. The reacted substrates


were removed and rinsed with ethyl acetate. Cyclic


voltammetry of the gold ball electrode after reaction of the


surface oxide with adipoyl chloride (Fig. 1 inset) reveals a

substantial change compared to that seen for bare gold under


the same experimental conditions. These data indicate the


formation of an adlayer on the gold oxide surface. It is


important to note that the CV curve, shown in the inset of


Fig. 1, remains stable in continuous cycling, showing that


regardless of inherent instability of gold oxide, the presence


of the adipoyl chloride adlayer stabilizes the underlying,


electrochemically generated gold oxide.


Gold-plated silicon slides were then dried under a stream


of nitrogen and used for IRRAS measurements. Ellipso-


metric data averaged over 40 measurements on eight


individual samples yielded a film thickness of 8.5F1.5 2,
consistent with the addition of a single layer of adipoyl


chloride. To characterize the resulting adlayer packing


density, the acid chloride terminal functionality was reacted


with ferrocenemethanol (Scheme 1). Gold ball electrodes


were exposed to 10 ml 0.5 mM ferrocenemethanol in dry


acetonitrile with 0.1 ml 4-methylmorpholine under nitrogen


for ~36 h.


The cyclic voltammetry of the ferrocene/ferrocenium


redox centers was then followed to evaluate the surface


coverage of the gold substrates (Fig. 2). The insert shows


the voltammetric peak current dependence of the scan rate,


which is linear over the potential scan rate range studied


here, indicating that the redox couple is surface-bound.







Fig. 3. (a) FTIR spectrum of gold oxide adlayer on a metallic gold substrate.


(b) FTIR spectrum of an adipoyl chloride monolayer bound to gold oxide.


(c) FTIR spectrum of bulk adipoyl chloride.
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Integration of the surface charge (the electrochemical area of


electrode was used, which is likely more appropriate than


geometric estimations based on the sphere radius


[37,40,43]) of ferrocene oxidation (or reduction of the


ferrocenium species yields a surface coverage of 1.5�10�10


mol cm�2, somewhat lower than that expected for mono-


layer coverage (4�10�10 mol cm�2) [38–41] and ca. five


times smaller than the density reported for an alkanethiol


monolayer (7.7�10�10 mol cm�2) [42]. There are other


literature reports, however, which indicate a lower surface


loading [43], so our findings are well within the expected


range of coverage. We believe that only a fraction of the


adipoyl chloride molecules bound to the gold oxide surface


react with ferrocenemethanol, either for steric reasons or


because the two COCl terminations of the same adipoyl


chloride molecule may bind with the surface. Moreover, we


cannot exclude that only part of the surface hydrous oxide


reacted with adipoyl chloride. Therefore, the electrochem-


ical surface coverage may represent a lower limit for the


amount of adipoyl chloride on the gold oxide surface.


Similar or even smaller coverage reported in our earlier


work on gold and on ITO [23,44] enabled us to form hybrid


bilayers with an external leaflet made out of phospholipids,


proving the feasibility of such systems in biomimetics.


Further studies are under way to determine other factors that


can affect the adlayer density and organization. Our focus in


these studies will be on the influence of surface roughness


and the structure of the adlayer constituents.


The spectroscopic data (Fig. 3) confirm the formation of


an adlayer on the oxidized gold surface. These spectra


reveal a significant difference between bulk adipoyl


chloride and the same moiety bound to a gold oxide


surface. The acid chloride CjO peak seen in the bulk at


1793 cm�1 disappears coincident with the appearance of


an ester CjO resonance at 1740 cm�1 for the adlayer


[45,46]. In addition, the appearance of a small peak at


1814 cm�1 may be indicative of a terminal acid chloride


functionality [46]. The bands in the 1400–1500 cm�1


region of the adlayer spectrum (Fig. 3b) are associated


with the symmetric and asymmetric stretches of a terminal


carboxylate functionality. Their intensity increases in time


under ambient conditions (spectrum not shown). These


findings indicate a gradual hydrolysis of the terminal acid


chloride moiety subsequent to adlayer formation, and this


is not a surprising result, since—as stated before—the


spectroscopic data were taken under ambient conditions.


The IR spectrum also contains C–O–Au ester-like stretches


in 1167 cm�1 and at 1260 cm�1. The correspondence of


these bands with those of an ester suggests that the Au–O


bond is of substantially the same strength as a normal ester


CUO bond [45] We note the presence of a broad band in


the 2000–2100 cm�1 region in the adlayer spectrum (Fig.


3a). This band and the sharp peak in the region of 3700


cm�1 are seen in all adlayer spectra and there are relatively


few functionalities that are characterized by resonances at


this energy. The 2000–2100 cm�1 band may be due to the

presence of surface-bound OH functionalities on the


oxidized gold substrate, interconnected via hydrogen bonds


or non-stoichiometric water associated with them. The


band around 3700 cm�1 can be related to similar


functionalities with no hydrogen bonds between them.


Further investigation will be required to assign these bands


unambiguously.

4. Conclusions


We present a new means of self-assembly that opens up


possibilities for the modification of variety of surfaces,


including metal, oxide and semiconductor surfaces. This


approach expands the range of chemical reactions and thus


molecular structure available for surface functionalization.


Our experimental data show that we can bond a monolayer


of an acid chloride to an electrochemically oxidized gold


surface through the ester-like linkage. Monolayer surface


coverage, estimated with the use of ferrocene redox centers


bound covalently to the monolayer, is at least 1.5�10�10


mol cm�2. We are using this surface attachment chemistry


to investigate the lifetime and dynamics of fluorophores
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bound within layered structures on ITO, quartz and gold


surfaces [22,23]. Our initial work shows that, despite the


well-known inherent instability of gold oxide, the electro-


chemical window of stability for the film in oxygen-


containing aqueous media is limited cathodically by


hydrogen peroxide formation at gold (ca. �0.2 V) and


can easily be extended to �0.4 V in deaerated solution


(Fig. 1 inset). The stabilizing effect we observe for the


AuUO bond is likely due to the formation of ester


functionalities from the gold oxygen species at the


interface, as well as possible interactions between neigh-


boring ester carbonyl functionalities. The anodic scan of


the adlayer (Fig. 1 inset) is apparently limited by the


electrochemical oxidation of gold generating more oxide,


which changes the structure of the interface. However,


simultaneous oxidative desorption of the adipoyl chloride


monolayer cannot be excluded. Further studies involving


adlayer molecules with longer aliphatic chains will be


required to improve the insulating behavior of these oxide-


bound films and evaluate the extent of their organization.


One substantial opportunity for this family of films lies in


their use as matrices capable of incorporating biomimetic


sensing elements or biocatalysts in systems that are


electronically and mechanically compatible with present


sensor technology [14,22–24]. The interfacial bonding


motif we report here is characterized by a hydrophilic


region close to the electrode surface. Both the gold oxide


involved in the formation of the ester-like bond to the


adlayer and the adlayer moiety can be tailored with respect


to their structure and thickness using appropriate chem-


istry. The presence of the reactive acid chloride terminal


functionality provides an efficient and robust means for


binding a variety of species, such as bimolecular mem-


branes, to the substrate. Such a structural motif would


potentially be superior to hybrid alkanethiol/lipid films


owing to the strength of the covalent bond to the interface.
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Abstract


We develop a concept of fabrication of the multilayer network films on electrodes by exploring the ability of a Keggin-type


polyoxometallate, phosphododecamolybdate (PMo12O40
3�), to form stable anionic monolayers (templates) on carbon and metals including


platinum. By repeated alternate treatments in the solution of PMo12O40
3� (or in the colloidal suspension of polyoxometallate-protected Pt-


nanoparticles) and in the solution of monomer (e.g. anilinium) cations, the amount of the material can be increased systematically (layer-by-


layer) to form stable three-dimensional assemblies on electrode (e.g. glassy carbon) surfaces. In the resulting hybrid (organic–inorganic)


films, the layers of negatively charged polyoxometallate, or polyoxometallate-protected (stabilized) Pt-nanoparticles, are linked or


electrostatically attracted by ultra-thin layers of such positively charged conducting polymers as polyaniline (PANI), polypyrrole (PPy) or


poly(3,4-ethylenedioxythiophene), PEDOT. Consequently, the attractive physicochemical properties of polymers and reactivity of


polyoxometallate or noble metal particles are combined. The films are functionalized and show electrocatalytic properties towards reduction


of nitrite, bromate, hydrogen peroxide or oxygen. They are of importance to the chemical and biochemical sensing as well as to the


biochemical and medical applications.


D 2004 Elsevier B.V. All rights reserved.


Keywords: Phosphomolybdate; Self-assembled monolayer; Ultra-thin conducting polymers; Stabilized platinum nanoparticles; Layer-by-layer films; Oxygen


reduction; Nitrite and bromate reduction

1. Introduction


During recent years, there has been growing activity in


the area of fabrication and characterization of monomolec-


ular (monolayer) and multilayered organized assemblies at


solid surfaces that produce functionalized interfaces with


well-defined composition, structure, thickness and catalytic


reactivity [1]. In this context, a substantial impetus is given


to investigations of alkanothiols and their derivatives, which


can be successfully employed to obtain dense robust


monolayer coverages on gold [1–4]. The self-assembly of

1567-5394/$ - see front matter D 2004 Elsevier B.V. All rights reserved.


doi:10.1016/j.bioelechem.2004.06.005
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ordered organic molecular arrays formed spontaneously as


monolayers on solid surfaces or the sequential adsorption of


oppositely charged polyelectrolytes are of particular interest


to the advanced materials preparation [2–4]. Attractiveness


of the self-assembly includes the possibility of controlled


formation of any number of layers of different composition


on a large variety of substrates. For example, the formation


of ultra-thin films and ordered or derivatized assemblies of


conjugated polymers [3–9] shall be mentioned. Also,


synthesis of nanoparticles and their organization into two-


dimensional arrays and three-dimensional networks have


prompted the increased interest due to potential applications


in many areas including molecular and nanoelectronics [1],


sensors [1,10], catalysis and electrocatalysis [11–16]. The

6 (2005) 79–87
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important issues are means of fabrication, assembly, average


size diameter and distribution, as well as electronic proper-


ties and reactivity of such nanosized materials [17–20].


Monolayers of alkanothiolates are capable of passivating


gold nanoparticles and producing alkanothiolate monolayer


protected clusters of gold. An important function of


alkanothiolates is to separate the metal (Au) clusters to


prevent their agglomeration (i.e. degradation or aging). Self-


organization of such clusters into the network films of metal


nanoparticles [16–25] is feasible. Such films combine bulk


and molecular properties within a nanometer scale material


that is expected to yield novel and promising size-dependent


electronic, optical and chemical properties.


An important possibility arises from the adsorption or


chemisorption of inorganic monolayers (templates) that


permits formation of two-dimensional arrays and three-


dimensional (layer-by-layer) domains on electrodes [26–


41]. Among rigid inorganic templates, polyoxometallates


[31–34,36–40] are particularly attractive because of their


ability to adsorb irreversibly on solid surfaces. In particular,


heteropolyacids of molybdenum and tungsten are charac-


terized by reversible stepwise multi-electron-transfer reac-


tions of importance to electrocatalysis, electrochromism,


molecular electronics and sensing. We address here the


formation of bilayer and multilayer films composed alter-


natively from monolayers of phosphododecamolybdate


(PMo12) Keggin type anions and conducting polymer,


mostly polyaniline (PANI) but also polypyrrole (PPy) and


poly(3,4-ethylenedioxythiophene) (PEDOT). PANI is com-


monly studied due to its well-defined redox properties, good


protonic conductivity, in addition to high electronic con-


ductivity, and chemical stability in acid media [42–46]. PPy


is often considered for many applications because it is stable


and conductive in the broad range of media that include


neutral and acid solutions [47]. PEDOT has recently been


recognized as exceptionally stable and conductive (in its


doped state) organic polymer [48,49]. The layer-by-layer


procedure involves polymerization of surface confined


monomer ions that have been electrostatically attracted to


a negatively charged monolayer of heteropolymolybdate on


glassy carbon. The polymerization step is completed


electrochemically upon medium transfer to acid electrolyte.


By repeated and alternate treatments in the appropriate


solutions, the amount of material on the electrode surface


can be increased in a controlled manner. The fact that formal


potentials of PMo12 redox processes lie in the potential


range where polymer interlayers are conductive produces a


system capable of fast charge propagation.


We also explore here the ability of polyoxometallate


(phosphomolybdate) to undergo adsorption and form


monolayers on metal (Pt) nanoparticles (ca. 7 nm). Nano-


particles of platinum and its alloys are characterized by high


surface area to volume ratios and exhibit promising


electrocatalytic properties towards fuels, namely the reduc-


tion of oxygen and the oxidation of hydrogen or methanol.


However, catalytic reactivity of alkanothiol-protected Pt

[50], Au/Pt alloy [51], or alkyl isocyanide-derivatized [52]


and mercaptoaniline-functionalized [53] platinum nano-


particles is rather limited. Much more promising for


electrocatalysis are colloidal platinum nanoparticles pre-


pared within the environment of mixed metal oxide nano-


structures [54]. Introduction of polymer matrices [55,56]


tends to improve such physical properties as dispersion, size


and morphology of metal particles. Therefore, we fabricate


polyoxometallate covered (protected) particles and link


them together by ultra-thin conducting polymer (polyani-


line) bridges. The growth, surface morphology and electro-


chemical properties of our three-dimensional network films


are examined using cyclic voltammetry, potential step


techniques, FTIR spectroscopy and STM. The films produce


interfaces with specific electrocatalytic properties towards


reduction of nitrite, bromate, hydrogen peroxide, and


oxygen.

2. Experimental


Phosphododecamolybdic acid, H3PMo12O40, aniline,


pyrrole were obtained from Fluka. 3,4-Dioxyetylenethio-


phene (EDOT) monomer was kindly donated by Bayer.


Platinum black clusters (surface area, 20 m2 g�1) were


obtained from Johnson and Matthew. All other chemicals


were reagent grade purity, and they were used as


received. Solutions were prepared using doubly distilled


and subsequently deionized (Millipore Milli-Q) water.


Ultra high purity argon gas was used to deaerate


investigated solutions. Experiments were carried out at


room temperature (20F2 8C).
Electrochemical measurements were done with CH


Instruments (Austin, USA) Model 750 workstation. A


standard three-electrode cell was used for the preparation


of films and for other electrochemical measurements. The


working electrode was a glassy carbon disk (3 mm,


diameter) supplied by Bioanalytical Systems (West Lafay-


ette, IN, USA), and the counter electrode was made from Pt


wire. Before modification, glassy carbon was subjected to


polishing (on a cloth) with successively finer grade aqueous


alumina slurries (grain size, 5–0.5 Am). All potentials were


expressed versus the saturated (KCl) Ag/AgCl electrode.


Preparation of multilayer films of PMo12 and PANI was


achieved via the alternate immersion scheme described by


us earlier [9]. First, the glassy carbon surface was modified


with a self-assembled PMo12 monolayer (adsorbate) by


dipping it for 10 min in an aqueous solution of 2 mmol


dm�3 H3PMo12O40. Anilinium (monomer) ions were


introduced into PMo12 monolayer by exposing the PMo12-


modified electrode to a 0.07 mol dm�3 solution of aniline in


0.5 mol dm�3 H2SO4 for 5 min. PANI was electropoly-


merized by potential cycling (at 50 mV s�1) from �0.1 to


0.85 V in 0.5 mol dm�3 H2SO4. Ultra-thin PANI layers were


formed during positive potential cycles [9]. After each


treatment, the electrode was thoroughly rinsed with water.







Fig. 1. Cyclic voltammetric responses of (a) glassy carbon electrode


modified with PMo12 monolayer, and (b–d) after processing through one to


four cycles of alternate treatments in 2 mmol dm�3 PMo12 and 0.07 mol


dm�3 aniline (0.5 mol dm�3 H2SO4). Electrolyte, 0.5 mol dm�3 H2SO4.


Scan rate, 50 mV s�1.
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Fabrication of polypyrrole (PPy) and PEDOT containing


films was achieved in a similar manner except that the


monomer solution contained 0.1 mol dm�3 pyrrole and 0.1


cm3 EDOT in 10 cm3 H2O. The potential range for


electropolymerization of PEDOT was from �0.1 to 1.0 V.


Film loadings, expressed as PMo12 surface coverages (in


mol cm�2), were estimated (upon consideration of the


extrapolated baseline) from charges under the system’s


reduction voltammetric peak recorded at ca 0.2 V at a slow


scan rate, 5 mV s�1.


Polyoxometallate-protected platinum nanoparticles were


produced as follows. A suspension of a known amount (0.33


g) of Pt black was formed in 2 mmol dm�3 aqueous PMo12
solution (10 cm3). The suspension was sonicated for 2 h, left


overnight and then centrifuged three to four times until color


remained indefinitely yellow (i.e. PMo12 was in the oxidized


form and did not interact with Pt any more). As a rule, each


supernatant solution was removed and replaced with a fresh


PMo12 solution. Finally, the centrifuging procedure was


done with water. It can be expected that, even following


centrifuging procedure, protons dissociating from the


adsorbed heterpolyacid molecules exist as counter-ions in


water (supernatant). The resulting Pt-PMo12 colloidal


suspension was stable for at least a month.


The network films containing Pt nanoparticles were


assembled as mentioned above for the layer-by-layer


generation of PMo12 and ultra-thin PANI layers except that


instead of a simple PMo12 solution, the PMo12 colloidal


suspension of Pt nanoparticles was used. The glassy carbon


electrode was serially exposed to Pt-PMo12 solution, each


time for 30 min, and rinsed with water. By performing


additional alternate immersions in the respective solutions,


the thicker network film containing Pt nanoparticles can be


produced.


Scanning tunneling microscopy (STM) images were


obtained ex-situ (in air) using EasyScan Nanosurf (Switzer-


land) instrument. The tips of Pt/Ir (90/10) wires of 0.25 mm


diameter were formed mechanically, and they were used as


probes. The scanning was achieved in the constant-current


mode at positive sample bias of 50–100 mV and tunneling


current of 1–2 nA.


Infrared spectra were measured with Shimadzu 8400


FTIR spectrometer. The Infrared Reflectance Absorption


Spectra (IRRAS) were recorded using a Specular Reflec-


tance Accessory Model 500 produced by Spectra Tech. The


beam incidence angle was equal to 808 with respect to the


surface normal. Typically 500 scans were averaged for a


single reflectance spectrum.

3. Results and discussion


Fig. 1 illustrates the layer-by-layer growth of a multilayer


hybrid film consisting of PMo12 and PANI. An increase of


voltammetric peak currents occurs following alternate


treatments in PMo12 and monomer solutions (the latter step

is coupled with interfacial electropolymerization of PANI)


as described in Experimental. The initial cyclic voltammo-


gram (Fig. 1, Curve a) shows a typical response (in an


anilinium-free H2SO4) of a glassy carbon electrode modified


with a monolayer of PMo12. The charges under two


reduction peaks appearing at potentials ca. 0.32 and 0.18


V (Fig. 1, Curve a) are approximately equal. Also the


respective ratios of oxidation-to-reduction peak currents are


close to unity. The third set of peaks, though still well-


defined, is somewhat less reversible. In view of the literature


reports [31–34], the above redox reactions shall be


interpreted in terms of three consecutive two-electron


processes that can be described as follows:


PMoVI12O
3�
40 þ ne�þ nHþ()HnPMoVnMoVI12�nO


3�
40 ð1Þ


where n is equal to 2, 4 or 6.


Judging from the charge under the second cathodic peak


at 0.18 V (Fig. 1, Curve a), the surface coverage of PMo12 is


on the level 2�10�10 mol cm�2 that is, as we discussed


earlier [9], equivalent to approximately a monolayer of


PMo12. The detailed description of PMo12 monolayer


chemisorbed on glassy carbon was a subject of our separate


work [9]. Each additional voltammogram (Curve b, c or d in


Fig. 1) corresponds to the film response upon formation of a


superadded PMo12/PANI bilayer. It seems plausible to


attribute the most positive set of peaks appearing in the


multilayer film at about 0.43 V (Fig. 1, Curve d) to the


electroactivity of PANI, namely to the redox behavior of its


partially oxidized form emeraldine [42–44]. As in the case


of a PMo12 monolayer (Fig. 1, Curve a), the cathodic peak


that appears at about 0.32 V in Curves b–d (Fig. 1) must be


related to the first (most positive) two-electron reduction of


PMo12. The fact that this peak is larger than the peak at ca.


0.18 V (Fig. 1, Curve d) originates from the overlapping of


the second two-electron reduction of PMo12 with the PANI


reaction, namely reduction of emeraldine to leucoemeral-







Fig. 3. Double potential step chronoculometric plot for PMo12-PANI film


deposited on glassy carbon. An initial potential step was from 0.6 to 0.25 V


(Fig. 1). Electrolyte, 0.5 mol dm�3 H2SO4.


K. Karnicka et al. / Bioelectrochemistry 66 (2005) 79–8782

dine [9]. It is likely that, due to good mediation capabilities


of PMo12, the redox behavior of ultra-thin PANI interlayers


is more redox facile when compared to the typical behavior


of conventional PANI film [42–44]. The reversible behavior


of ultra-thin PANI film was also observed when it was


fabricated on the organic self-assembled alkanothiolate


monolayer [5].


The presence of PMo12 within the composite film is also


evident from the ex-situ FTIR (Fig. 2) examination (by


reflectance) of the glassy carbon electrode surface modified


with a thin hybrid film of PMo12/PANI (Curve a). To


confirm the presence of PMo12, comparison is made to the


spectrum characteristic of PMo12 in KBr (Curve b).


Although the IR transmittance and reflectance spectra are


different when it comes to the comparison of the band


intensities, the comparison of band positions (to describe the


interactions between PMo12 and PANI) is feasible. Despite


some overlap from PANI bands in the region from 800 to


1100 cm�1, it is reasonable to expect that bands at 1062,


959 and 887 and 813 cm�1 (Curve a) originate from PMo12.


Since they are somewhat distorted and shifted in compar-


ison to the data of PMo12 in KBr (namely to bands in Fig.


2b at 1064, 961, 869 and 787 cm�1 characteristic of P–O,


MoMO(terminal), Mo–O(corner sh)–Mo and Mo–O(edge


sh)–Mo stretching vibrations [39,57], respectively), strong

Fig. 2. FTIR spectra of (A) multilayer PMo12-PANI hybrid film on glassy


carbon (by reflectance) and (B) phosphododecamolybdic acid in KBr.

interaction between heteropolyanion and polymer backbone


can be postulated. The spectrum (Curve a) shows also bands


in the region 1100–1600 cm�1 corresponding to the


polymer (PANI) matrix in its emeraldine form [39].


To get some insight into dynamics of charge transport,


we also performed a series of chronoculometric (potential


step) experiments in which effective (apparent) diffusion


coefficients (Deff’s) were estimated by usual means, i.e.


from the slopes of dependencies of charge (Q) versus


square root of time (t1/2) and using integrated Cottrell


equation [58,59]:


Q=t1=2 ¼ 2nFp1=2r2D
1=2
eff Co ð2Þ


where r stands for the electrode (disk) radius and other


parameters have usual significance. As it comes from the


chronoculometric plot (Fig. 3) for the hybrid PMo12/PANI


film (as for Fig. 1d), the linear portion of the plot is well-


defined, and determination of the Q/t1/2 slope is feasible.


The concentration of PMo12 redox (Co) centers was


estimated to be on the level 0.6–0.8 mol dm�3 upon


consideration of such parameters as the PMo12 loadings of a


series of the hybrid films of different thicknesses (deter-


mined from profilometry). Despite some uncertainty in the


estimation of Co, it is reasonable to expect Deff to be on the


level 1–2 10�8 cm2 s�1 for the first most positive PMo12
redox reaction in the hybrid film. Certainly, the fast


dynamics of charge transport in our composite system is


facilitated not only by the high self-exchange rate between


PMo12 redox centers but also by the fact that the PMo12
redox process lies in the potential range where polyaniline is


conductive.


The concept of fabrication of hybrid films in a controlled


manner using the layer-by-layer approach is not only limited


to the PMo12/PANI multilayer system. Fig. 4 illustrates the


growth of films by alternate immersions in the solutions of


PMo12 and (A) pyrrole or (B) EDOT monomers. Con-







Fig. 4. Cyclic voltammograms of hybrid (A) PMo12-PPy and (B) PMo12-


PEDOT films recorded after processing through alternate treatments in


PMo12 and 0.5 mol dm�3 H2SO4 solutions of (A) pyrrole or (B) EDOT (as


described in Experimental). Electrolyte, 0.5 mol dm�3 H2SO4. Scan rate, 50


mV s�1.


Fig. 5. Electrocatalytic reduction of (A) nitrite and (B) bromate at the glassy


carbon electrode modified with PMo12-PANI film. Curves (a) illustrate


voltammograms recorded in the electrolyte, 0.5 mol dm�3 H2SO4, only.


Curves (b) and (c) stand for responses in the presence of 10 and 20 mmol


dm�3 nitrite (A) or bromate (B), respectively. Inset illustrates (a) the


voltammetric resposne of the glassy carbon substrate in the supporting


electrolyte, and (b) the reduction of nitrite (10 mmol dm�3) at bare glassy


carbon. Scan rate, 50 mV s�1.
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sequently, the following multilayer films, PMo12/PPy (Fig.


4A) and PMo12/PEDOT (Fig. 4B), have been produced. The


cyclic voltammograms shown in Fig. 4 correspond to the


film responses (recorded in H2SO4 supporting electrolyte)


during the growth of respective films, namely following


formation (superposition) of additional PMo12/PPy (A) or


PMo12/PEDOT (B) bilayers. The electrochemical responses


of both PMo12/PPy and PMo12/PEDOT multilayer films are


well-defined and reversible. In both cases, a conducting


polymer can serve as a robust, conductive, matrix for such


polynuclear mixed-valence inorganic system as PMo12. The


composite materials have been stabilized due to the


existence of electrostatic attraction between anionic PMo12
units and positively charged conducting polymer (oxidized)


[60]. For PMo12/PEDOT, the effective diffusion coefficients


were found on the level 4�10�8 cm2 s�1. The systems are


of potential importance to the fabrication of composite


(hybrid) films that are capable of effective accumulation and


propagation of charge in redox capacitors [61]. Further


research is along this line.


We also demonstrate that PMo12/PANI hybrid films


exhibit electrocatalytic properties towards reduction of

such important analytes as nitrite and bromate (Fig. 5).


We explore here the ability of the partially reduced


polyoxometallates (heteropolyblues) and metal oxides


(bronzes) of molybdenum and tungsten to catalyze the


reduction of nitrite, bromate and related electrochemically


inert anions [34,62–64]. Curves a in Fig. 5A and 5B


stand for the responses of a hybrid PMo12/PANI film in


supporting electrolyte (H2SO4) only. Curves b and c have


been recorded in the presence of nitrite (Fig. 5A) and


bromate (Fig. 5B) at two different concentrations. It is


noteworthy that the glassy carbon substrate barely shows


any electrocatalytic reactivity towards reduction of nitrite


(Inset to Fig. 5A) or bromate [62]. The data of Fig. 5 are


consistent with the increasing electrocatalytic reactivity of


PMo12 redox centers with the degree of their reduction.


Although the system is not optimum here, at least in


terms of the choice of conducting polymer matrix, the


research seems to be of importance to the development of


electrocatalytic (e.g. amperometric) sensors for inert


inorganic anions.


Recently, we have demonstrated that PMo12 undergoes


strong chemisorption on platinum electrodes as well


[65,66]. We have also found that PMo12 undergoes


similar adsorption at monolayer level on nanosized Pt


(platinum black). The procedure of stabilizing of Pt


nanoparticles by modification with monolayers of PMo12







Fig. 7. STM examination of PMo12-protected Pt nanoparticles self-


assembled on glassy carbon. The images are taken at two different scales,


larger (A) and smaller (B).
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anions involves conditioning of the Pt clusters in PMo12
solution, centrifuging and rinsing aiming at the formation


of a colloidal suspension of nanosized platinum in water.


An important issue is the existence of electrostatic


repulsive interactions between the negatively charged


PMo12 monolayers on the Pt surfaces: they prevent


agglomeration and permit formation of stable colloidal


solutions of thus stabilized Pt nanoparticles. Fig. 6


(Curve a) shows a cyclic voltammetric response (recorded


in argon-saturated 0.5 mol dm�3 H2SO4) of a glassy


carbon electrode modified with an ultra-thin of PMo12-


protected Pt nanoparticles. The spontaneous deposition of


such Pt particles on glassy carbon was achieved by


simple dipping of the electrode substrate in the PMo12-


stabilized suspension. The voltammetric pattern of Fig. 6,


Curve a exhibits both the peaks characteristic of PMo12
(from 0.1 to 0.45 V) and the proton discharge current


that is due to the presence of catalytic Pt at potentials


more negative than �0.15 V. In order to get information


about dispersion of the platinum nanodeposits on glassy


carbon, we have examined the electrode surface by STM


(Fig. 7). The uniformly and densely dispersed light spots


shall be attributed to the nanostructured platinum. Careful


examination of the STM data implies that platinum


particles are typically on the level 7–10 nm. Finally, as


it comes from the cyclic voltammogram recorded in air


saturated H2SO4 solution (Fig. 6, Curve b), the glassy


carbon electrode modified with PMo12-stabilized Pt


nanoparticles exhibited electrocatalytic activity towards


oxygen reduction. PMo12 may activate Pt in a manner


analogous to tungsten oxides [67].


The growth of the multilayer network film consisting of


Pt-PMo12 and PANI is evident from the increase of


voltammetric peak currents (Fig. 8) recorded in the


electrolyte following alternate immersions in Pt-PMo12
colloidal suspension and the anilinium solution (the latter

Fig. 6. Voltammetric behavior of glassy carbon electrode modified with a


monolayer of PMo12-protected Pt nanoparticles in 0.5 mol dm�3 H2SO4


saturated with (a) argon, and (b) air. Scan rate, 50 mV s�1.


Fig. 8. Cyclic voltammetric responses of a network hybrid PMo12-Pt/PANI


film (on glassy carbon) recorded after processing through (a) one, (b) two,


(c) three, and (d) four cycles of alternate treatments in the solutions of


PMo12-protected Pt and 0.07 mol dm�3 aniline in 0.5 mol dm�3 H2SO4.


Electrolyte, 0.5 mol dm�3 H2SO4. Scan rate, 50 mV s�1.
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step was combined with the interfacial electropolymeriza-


tion of PANI [9]). Apparently PMo12 (that is chemisorbed


on Pt particles) is rigid and retains its anionic character


that permits electrostatic attraction of positively charged


PANI.


We monitored the reactivity of platinum nanocenters


dispersed within network film towards reduction of


dioxygen by recording voltammetric responses (Fig. 9) in


0.5 mol dm�3 H2SO4 solutions saturated with air (Curve


b) and oxygen (Curve c). The results are consistent with


the view that the PANI-linked PMo12-protected Pt nano-


particles catalyzed reduction of oxygen in a manner


analogous to metallic Pt. On the other hand, the


voltammetric peaks for oxygen reduction appeared in


Fig. 9 (Curves b and c) at somewhat less positive


potentials in comparison to the data of Fig. 6 (Curve b)


describing the reduction of oxygen at the glassy carbon


electrode modified with a monolayer of PMo12-stabilized


Pt nanoparticles. Our preliminary rotating disk measure-


ments indicate that, while the oxygen reduction was a


diffusion-controlled process (at least up to 4900 rpm) in


case of the system of Fig. 6 (Curve b), the interfacial


electron-transfer kinetic control became apparent upon


introduction of polymer layers. Further research is in


progress along this line.


Although conducting polymers are known to be


attractive matrices for dispersed platinum [68–70], the


voltammetric peak potential at which oxygen was reduced


in Fig. 9 (Curves b and c) is less positive when


compared to the system’s behavior under the analogous


conditions but at platinized tungsten oxide [62]. It is


reasonable to expect that this unfavorable potential shift,


that is mentioned above, has resulted from the interfacial


electropolymerization of inhibiting aniline monomer on


the surface of PMo12-stabilized Pt nanoparticles. No


inhibition (negative potential shift for oxygen reduction)


is observed [66] when nanoparticles are immobilized into

Fig. 9. Electrocatalytic reduction of oxygen at the network hybrid network


hybrid PMo12-Pt/PANI film of Fig. 8. Voltammetric responses were


recorded in 0.5 mol dm�3 H2SO4 saturated with (a) argon, (b) air, and


(c) dioxygen. Other parameters as for Fig. 6.

the PANI film that has already been assembled in the


polymerized form.

4. Conclusions


PMo12 undergoes strong spontaneous chemisorption on


solid surfaces (e.g. glassy carbon, Pt). As yet we do not have


direct proof for the true self-assembly process but our


microgravimetric data, and the preliminary STM results of


others [76], are consistent with the formation of a dense,


robust, monolayer-type ultra-thin film of ordered hetero-


polymolybdate nanostructures. We also demonstrate the


usefulness of the layer-by-layer approach to the fabrication


of hybrid films composed of the heteropolyanion (e.g.


PMo12) monolayers and ultra-thin layers of conducting


polymers (e.g. PANI). Although a concept of the preparation


of composite films of polyoxometallates and conducting


polymers is not new [71–75], our approach is based on


electropolymerization of surface-confined monomer ions that


are electrostatically attached and chemically attracted to a


negatively charged self-assembled polyoxometallate


(PMo12) monolayer. The fact that PANI interlayers are


electronically/ionically conducting in the potential range


where the PMo12 layers are electroactive implies good


electrical contact in the vertical dimension in the case of


multilayer films. The latter property combined with reactivity


of polyoxometallate redox centers could be of importance to


the development of effective electrocatalytic systems.


An important issue is the feasibility of stabilization of


platinum nanoparticles by protecting them through chem-


isorption of polyoxometallate (PMo12) monolayers on their


surfaces. The particles produce self-assembled layers on


electrode surfaces, and they can be linked by via ultra-thin


polymer (PANI) layers to form network films with highly


reactive platinum centers (e.g. towards reduction of oxygen).


The approach seems to provide a novel concept of assembling


conducting polymers, polyoxometallates and metal nano-


particles into the network electrocatalytic structures.


Following examination of the literature and having in


mind potential biochemical and medical applications, the


highly functionalized nanostructured architectures entrap-


ping Keggin-type polyoxometallates can effectively be used


as constrained environments for the encapsulation of guest


molecules (e.g. using the protein coats of viruses as hosts)


[77] with potential applications in drug delivery and catalysis,


for the assembling of biosensors (e.g. for glucose [78]),


specific interaction with nucleic acids [79] or bilayer lipid


membranes [80], polyoxometallate-mediated inactivation of


DNA polymerases [81], catalytic oxidation of NADH [82], as


well as anticancer and antiviral systems [83,84].
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Abstract


We report on the covalent attachment of pyrene to quartz and indium-doped tin oxide (ITO) surfaces, and its characterization by steady-


state and time-resolved emission spectroscopy. We estimate the chromophore surface coverage on the basis of their electrochemical oxidation


mechanism in acidic solution. Electrochemical oxidation of immobilized pyrene results in the formation of radical cations, which are


converted into hydroxypyrene and, after a second oxidation step, are transformed into isomeric forms of dihydroxypyrene/pyrenedione redox


couples. Our findings demonstrate that surface-bound pyrene can be used as a spectral probe in environments that are isolated from oxidizing


conditions and agents.


D 2004 Elsevier B.V. All rights reserved.
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1. Introduction


Supported lipid bilayer mimics have been investigated


extensively because of their ability to function in a


biomimetic manner. Interest in these systems has ranged


from their use in understanding basic physical properties of


lipid bilayers to supporting transmembrane proteins in their


active forms. This family of molecular interfaces has also


been the focus of recent attention owing to their potential


utility in the construction of biosensors [1–7]. Lipid bilayer


films represent a relatively well-controlled environment, but


the interrogation of these systems has proven to be


challenging. Optical spectroscopies of chromophores


imbedded in bilayer films have been used to gain


molecular-scale insight into the dynamics and average


environments contained within these structures [8,9]. Our
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interest here lies in the characterization of an optical probe


molecule, especially with regard to its stability and


propensity for oxidative degradation.


Pyrene is a chromophore that has been used extensively


to probe intermolecular interactions in bulk solutions and


selected other environments [10]. The motivation for using


pyrene as a probe is that its optical response is anomalously


sensitive to local environment polarity, a result of strong


vibronic coupling between the S1 and S2 electronic states.


We have devised an experimental means to covalently


immobilize pyrene on solid substrates such as quartz and


indium-doped tin oxide (ITO). Using this immobilization


technique, we are poised to use pyrene for the character-


ization of hybrid bilayer assemblies. In this report, we


characterize surface-bound pyrene spectroscopically and


electrochemically. Our data show that surface-bound pyrene


readily forms an electroactive hydroquinone/quinone redox


couple, and we are able to determine surface coverage by


measurement of the charge exchanged during the electro-


chemical cycling between dihydroxypyrene and pyrene-


dione. These electrochemical experiments demonstrate that


pyrene can undergo stepwise oxidation and that its use as an

6 (2005) 89–94
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interfacial probe is limited under conditions of oxidizing


agents being present.

2. Experimental


2.1. Chemicals


All chemicals used in this work were of the highest


quality commercially available: 1-aminopyrene (Aldrich,


N98%), adipoyl chloride (Aldrich, 98%), 4-methylmorpho-


line (Aldrich, 99%), 1-hydroxypyrene (Aldrich, 98%), 1,6-


pyrenedione (Aldrich), sodium borohydride (Aldrich, 98%),


acetonitrile (Aldrich, anhydrous, 99.8%), ethyl acetate


(Spectrum Chemical, ACS grade), sulfuric acid (Aldrich,


99.999%), hexane (Aldrich, 95+%), 1-pentanol (Aldrich,


99+%). Aqueous solutions were prepared from water


distilled in-house.


2.2. Steady-state emission spectroscopy


Emission and excitation spectra were recorded with a


JY-Spex Fluorolog 3 spectrometer using a 3-nm band-pass


for excitation and a 3-nm band-pass for emission


collection.


2.3. Time-resolved emission measurements


The time-correlated single-photon counting (TCSPC)


system used to acquire time-resolved spectroscopic data


has been described elsewhere [11] and we present a brief


overview of the system here. The second harmonic of the


output of a mode-locked CW Nd:YAG laser (Coherent


Antares 76-S) is used to pump a cavity-dumped dye laser


(Coherent 702-2) operated at 560 nm using Pyromethine


567 laser dye (Exciton Chemical). The output of the dye


laser was typically 100-mW average power at a 1-MHz


repetition rate with ~5-ps pulses. A fraction of each pulse


is used as a temporal reference beam with the remaining


light being frequency doubled using a Type II KDP


crystal to provide a 280-nm light for chromophore


excitation. The system is operated in reverse time mode


to ensure the operation of the counting electronics in a


linear regime, and is characterized by an instrument


response function that is typically 35-ps fwhm. The


instrument is controlled using National Instruments Lab-


VIEWR v. 7.0 software.


2.4. Electrochemical measurements


Electrochemical measurements were conducted with a


PC-controlled Electrochemical Workstation (CH Instru-


ments Model 650A), using a small volume three-


electrode cell with Pt wire as the counter electrode. All


potentials are quoted versus Ag/AgCl/1 M KClaq
reference electrode.

2.5. Substrate preparation


Quartz slides (NSG Precision Cells, P/N 10040 UV fused


silica windows–non-fluorescent) and gold electrodes (Au,


99.99%; 0.2 cm2) were cleaned by immersion in piranha


solution (3:1 v/v ratio of concentrated sulfuric acid and


hydrogen peroxide) for ca. 20 min. Indium-doped tin oxide


(ITO) films (Bayview Optics, Dover-Foxcroft, ME) depos-


ited on the same quartz slides were used for spectroscopic


measurements and ITO films on glass substrates (Delta


Technologies) were used for electrochemical measurements.


2.6. Bonding 1-aminopyrene to quartz and ITO


Quartz and ITO substrates were reacted with adipoyl


chloride (0.3 ml) in dry acetonitrile (10 ml), using 4-


methylmorpholine (0.3 ml) as a Lewis base, under reduced


pressure for 1 h. The reacted substrates were removed from


the reaction vessel, rinsed with dry acetonitrile and ethyl


acetate, dried under a stream of nitrogen and the terminal


acid chloride functionalities were reacted with 1-amino-


pyrene by exposure to a 30-mM solution of the compound


in dry acetonitrile for 1 h. The substrates were then removed


from the reaction vessel, washed with dry acetonitrile and


ethyl acetate, and dried under a stream of nitrogen.


2.7. Preparation of thin films 1-hydroxypyrene and 1,6-


pyrenedione on gold


1-Hydroxypyrene and 1,6-pyrenedione thin films on gold


were prepared by immersing the substrates into an


acetonitrile solution of the compound (50 mM), followed


by removal from the solution and drying under ambient


conditions. The modified electrodes were then characterized


electrochemically in aqueous solution.


2.8. Preparation of 1,6-dihydroxypyrene


1,6-Dihydroxypyrene was prepared by reduction of 2 ml


10�4 M 1,6-pyrenedione in 1-pentanol with 2 ml of


saturated sodium borohydride in 1-pentanol. The yield for


this reaction was quantitative.


2.9. Preparation of N-(1-pyrenyl)-acetamide


1-Aminopyrene (0.5 g) was reacted with excess acetic


anhydride (20 ml) in dry acetonitrile (20 ml) for ca. 20 h,


resulting in the precipitation of N-(1-pyrenyl)-acetamide.


The product was collected in 95% yield by filtration.

3. Results and discussion


The goal of this work is to characterize surface-bound


pyrene chromophores. 1-Aminopyrene was attached cova-


lently to silica and indium-doped tin oxide (ITO) surfaces







Fig. 1. (a) Excitation and emission spectra of aminopyrene attached to an


adipoyl chloride adlayer on ITO and (b) quartz. (c) Solution phase spectra


of N-(1-pyrenyl)-acetamide in hexane.
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by an established immobilization procedure using adipoyl


chloride as a molecular tether [9]. Pyrene is a well-known


fluorescent probe that has been used widely to study local


polarity in the solution phase. The spectral response of


surface-bound pyrene is also useful for characterizing


mono- and multilayer structures [12,13].


We show in Fig. 1a the excitation and emission spectra


of amidopyrene bound covalently to an ITO-coated


substrate. The excitation spectrum reveals an intense band


at ca. 350 nm and a weak band at 285 nm. Comparison of


this spectrum to the solution phase excitation spectrum of


N-(1-pyrenyl)-acetamide (Fig. 1c) shows that the intensity


ratio of the bands at 350 and 285 nm is different for the two


systems. The weakness of the 285 nm band in Fig. 1a may


be due to optical absorption by ITO in the UV, although the


exact mechanism of attenuation of this band remains to be


understood fully. The intensity ratio of pyrene immobilized


on quartz (Fig. 1b) is close to that of solution phase N-(1-


pyrenyl)-acetamide. This observation underscores the fact


that the intensity of the excitation bands for immobilized


species depends on the optical characteristics of the


substrate.


The emission spectra of surface-bound and solution


phase pyrene reveal some interesting differences (Fig. 1a


and b). For both solution and surface-bound chromophores,


there is an intense emission response with vibronic features


at 385 and 405 nm, the broad band at 475 nm seen for


solution phase N-(1-pyrenyl)-acetamide in hexane is absent


for the surface-bound species. We assign the 475-nm band


to excimers. The lack of excimer formation for the surface-


bound pyrene can be explained in a number of ways. The


most obvious explanation is that the chromophore surface


loading density is too low for excimer formation to proceed.


It is also possible, but less likely, that the surface attachment


places steric limits on the alignment of the chromophores


which would serve to preclude the formation of excimers.


We can use electrochemistry to help resolve which of these


possibilities is more likely (vide infra).


Further differences in the behavior of the immobilized


and solution phase chromophores are elucidated by time-


resolved emission spectroscopy. We show in Fig. 2 the


emission transients for N-(1-pyrenyl)-acetamide in hexane


and the same chromophore bound to silica, with the silica


substrate immersed in hexane. For the solution phase


chromophore, the emission signal decays very slowly, over


multiple nanoseconds, while the surface-bound pyrene


decays much more rapidly, with lifetime(s) under 1 ns.


The molecular structure of the two chromophores is


essentially identical and the remarkable difference in life-


times must be the direct result of their local environments.


Substrate-induced quenching cannot account for these data


because the substrate is a dielectric material. One possible


explanation for these findings is that there is an anomalous


concentration effect for O2 and/or H2O at the silica substrate


relative to that found in liquid phase hexane. Alternatively,


we can suggest that oxygen quenching of the pyrene singlet

excited state on a solid surface is more effective than in the


bulk solution. We also note that the surface-bound


chromophore exhibits a non-exponential decay, character-


istic of either multiple emitting species, efficient collisional







Fig. 2. (a) Fluorescence intensity decay at 405 nm for N-(1-pyrenyl)-


acetamide in hexane (280-nm excitation), (b) the same data for amino-


pyrene bound covalently to ITO, with the sample immersed in hexane.
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quenching or Ffrster excitation transport [13]. It is clear that


further experimentation will be required to distinguish


between these several possibilities.


The steady-state and time-resolved experiments show


that the surface-bound pyrene is amenable to optical


detection, indicating their utility as probes of structure and


dynamics in thin films systems. These spectroscopic


measurements do not, however, address quantitatively the


areal concentration of these chromophores on the surface.


Electrochemical methods are much better suited to a


quantitative examination of surface loading density. We


attached pyrene to the surface of ITO and examined its


voltammetric behavior (Fig. 3). The cyclic voltammetry data


for the pyrene-coated ITO electrode in sulfuric acid solution


shows that, in the first scan, there is an irreversible oxidation


peak with maximum at ca. 1.05 V (labeled as I). We assign

Fig. 3. Cyclic voltammograms of 1-amidopyrene adipate bound to ITO in


aqueous 0.5 M H2SO4. Sweep rate 0.1 V/s.

this signal to the oxidation of pyrene to form a radical


cation. In the subsequent scans, this signal rapidly


decreases, suggesting the oxidized pyrene reacts to form


another species. During the first scan, after reversing the


electrode polarization, we observe a new redox signal; three


pairs of peaks at 0.6 V (II), 0.35 V (III) and 0.2 V (IV). The


peaks labeled II gradually decrease in subsequent scans,


suggesting they are intermediate species. At the same time,


peak(s) III increase during scanning and peak IV remains


constant. Peaks III and IV are associated with the final


products of pyrene oxidation.


We have used emission spectroscopy to identify these


products. Fig. 4a shows the emission spectrum of a


chromophore adlayer on ITO following electrochemical


oxidation in sulfuric acid solution. While the broad


emission band centered around 400 nm is present, similar


to that seen for bound pyrene, the vibronic structure in this


spectral region has changed. New bands appear at 372, 382,


393 and 404 nm. Based on literature data on the oxidative


degradation of pyrene, dihydroxy and dione derivatives are


the most likely final products [14–17]. We show in Fig. 4b


and c the solution phase spectra of 1,6-dihydroxypyrene


and 1,6-pyrenedione, respectively. 1,6-Dihydroxypyrene


exhibits vibronic bands at 372, 385 and 392 nm, in


agreement with the spectrum seen for our electrochemical


oxidation products of surface-bound pyrene. The differ-


ences in the band intensities may result from the details of


the chromophore surface bonding, in analogy to the spectral


differences seen for solution phase and surface-bound


pyrene (Fig. 1a and b). The spectrum of 1,6-pyrenedione


reveals a strong band at 404 nm, matching a spectral feature


of the pyrene oxidation product. The electrochemical

Fig. 4. (a) Emission spectra of electrochemical oxidation products of


amidopyrenehexanoate bound to ITO; (b) 1,6-pyrenedione in 1-pentanol;


(c) 1,6-dihydroxypyrene in 1-pentanol.
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oxidation of pyrene results in its transformation to the


dihydroxypyrene/pyrenedione redox couple. We show in


Fig. 5a the cyclic voltammogram of 1,6-pyrenedione


physisorbed on a gold electrode. The reduction peak for


dihydroxypyrene is seen at 0.27 V, and the corresponding


oxidation peak at 0.33 V. This voltammetric behavior is


very similar to the redox peaks III seen for the oxidation of


surface-bound pyrene (Fig. 4). A slight shift in the formal


potential may be associated with the amide substitution of


the pyrene ring system. Our findings indicate that the


electrochemical signals III are associated with the 1,6-


dihydroxy/1,6-pyrenedione redox couple on the ITO sur-


face. Moriconi et al. [18] have reported the formal potential


of 1,8-dihydroxypyrene/1,8-pyrenedione to be shifted 100


mV cathodically with respect to that of the corresponding


1,6 isomers. The signals labeled as IV in Fig. 3 are most


likely associated with 1,8-dihydroxypyrene/1,8-pyrenedione


redox couple. The origin of the redox pair II remains


unassigned. We show in Fig. 5b the cyclic voltammogram


of 1-hydroxypyrene, characterized by an irreversible oxi-


dation peak at ca. 0.7 V which decreases in sequential scans


in correspondence with the appearance of a new redox pair


at ca. 0.3 V. The similarity of the redox pair at 0.3 V to 1,6-


dihydroxypyrene/1,6-pyrenedione couple is evident (Fig.


5a). Because the formal potential of the species II is


relatively close to the potential associated with the


oxidation of 1-hydroxypyrene, it is most probable that the


peak II in Fig. 3 is associated with the monohydroxy


derivative(s) of surface-bound pyrene.


From these data, the surface oxidation chemistry of


surface-bound pyrene emerges. The electrochemical oxida-


tion of pyrene results in the formation of radical cations


which react with water to form a monohydroxy derivative.


This monohydroxy derivative can undergo further oxidation


to yield a mixture of isomeric forms of the 1,6- and 1,8-

Fig. 5. Cyclic voltammograms of thin layers of (a) 1,6-pyrenedione and (b)


1-hydroxypyrene physisorbed on gold, taken in aqueous 0.5 M H2SO4.

dihydroxypyrene/pyrenedione redox couples (the 1,6- and


1,8-notation used here does not follow IUPAC nomencla-


ture, and is employed to make the comparison between the


non-substituted and substituted compounds more clear; in


fact the position 1 in the pyrene molecule is already


occupied by the amido group used for linking so the


systematic names of the compounds are different).


Based on the information we have gained, we can


estimate the surface chromophore concentration based on


the amount of charge consumed by pyrene oxidation (peak


I) or the charge exchanged during the dihydroxy/dione


reaction (peaks III and IV). Owing to the stability of the


dihydroxy/dione redox couple, it is simpler and more


accurate to use this system for quantitation. We integrate


the charge under the voltammetric peaks for a steady-state


curve (after all hydroxypyrene has been oxidized to


dihydroxypyrene(s)), and assuming two-electron reaction,


we calculate the surface concentration C from Eq. (1)


C ¼ QIII ;IV= 2Fð Þ ¼ 5:3� 10�11 mol=cm2 ð1Þ


where QIII,IV corresponds the integrated charge under


voltammetric peaks labeled III and IV, F—Faraday


constant.


The calculated surface concentration yields an area of


312 22 per molecule. This value suggests that the molecules


are not tightly packed on the surface and explains why we


do not observe excimer emission from the surface-bound


chromophores (Fig. 1b). This relatively low surface cover-


age operates to our advantage here. The surface-bound


chromophores do not change the properties of the substrate


surface significantly but their presence is detectable by


emission spectroscopy. The high detectability of the surface-


bound chromophores allows their ready use as a probe of


the formation process of complex thin film structures


without causing undue perturbation.

4. Conclusions


We have shown that pyrene can be covalently bound to


ITO and quartz surfaces. The pyrene chromophore is useful


for probing local environments within molecular films. The


reactivity of pyrene under oxidative conditions indicates


that, while this chromophore is of great utility in probing


molecular-scale phenomena, it should be used in environ-


ments that are free of oxidizing species. With this caveat in


mind, it will be possible to use such tethered chromophores


for signal transduction in a variety of chemical and biological


sensors, and we are active in investigating this issue.
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Abstract


In laboratory conditions, the ionic equilibriums between a solution and a cation-active layer of epiphytic lichens Hypogymnia physodes


immersed in the solution were examined. It was found that such equilibriums, due to exchange of mobile cations: H, Na, K, Ca, and Mg, are


established in natural conditions between a lichen and atmospheric water.


D 2004 Elsevier B.V. All rights reserved.
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1. Introduction


Studies regarding possibilities of lichens use as


bioindicators concern with, among others, relations


between atmospheric composition and anatomic and


morphologic changes of lichens. They have been widely


developed since the 1970s, when Hawksworth and Rose


prepared a 10-grade lichen scale for the area of England


and Wales. Such measurements indicate an approximate


level of atmosphere pollution with sulphur dioxide [1],


which is the main cause of acid precipitation. This


research method, currently referred to as the floristic


method, supplemented by anatomic-morphologic, physio-


logic and analytic-chemical studies, is still applied and


popularised (among others, Refs. [2–12]), also in Poland


(e.g. Refs. [13–20]).


In natural conditions, the equilibrium is established


between cations in atmospheric water, which come from


substrate (bark) and air, and cations in the cation-active


layer of lichens (Fig. 1). This influence is used for


assessing environment pollution with heavy metals (e.g.


Refs. [21–28]).

1567-5394/$ - see front matter D 2004 Elsevier B.V. All rights reserved.
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The aim of the presented studies regarding the


equilibrium was to search for dependences between pH


value of atmospheric precipitation and the type, and


quantity of mobile cations bound in the cation-active layer


of lichens. In order to determine ion exchange preferences,


particularly effect of type and level of solution salinity, on


the quantity of accumulated hydrogen ions, it was


necessary to examine these dependences. Therefore, this


paper is focused on the issue. On this bases, the


preliminary research was carried out regarding the


possibility of pH value assessment of atmospheric precip-


itation by determining composition of cation-active layer


of lichens.


Lichens, natural cation exchangers, were analysed


according to the approved rules of examination of


synthetic ion exchangers. During the course of studies


with the use of sensitive equipment, no exchange of


anions between the solution and lichens was found.


However, it should be expected that anions penetrate the


cation-active layer of lichens in quantity limited by the


Donnan exclusion.

2. Ion exchange statics


Ion exchange statics can be described as a heterophase


double displacement reaction, Donnan equilibrium or osmo-

6 (2005) 95–103







Fig. 1. Relations between environment and cation-active layer of lichens.


Fig. 2. Distribution and histograms of distributive series of relative changes


of pH relative to pHav.


Fig. 3. Ion exchange Mt n++zHR=zH++MtRz as described by conducto-


metric measurements [30].
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sis process. Ion exchange as the heterophase double displace-


ment reaction:


nAm
s þ mBn


i ¼ nAm
i þ mBn


s


is characterised by the thermodynamic constant of reaction


equilibrium KA/B
0 :


K0
A=B ¼ A½ �ni B½ �ms = A½ �ns B½ �mi ð1Þ


where: [A], [B]—ion activities in the solution (s) and ion


exchanger (i); m, n—ion valence values.


For solutions sufficiently diluted, the concentration


equilibrium constant KA/B can be used and then the


activities are replaced by concentrations:


KA=B ¼ cnAi
cmBs


=cnAs
cmBi


ð2Þ


In order to evaluate the constant, one should determine


partition coefficients on the basis of ion contents in the ion


exchanger ( y) and solution (x):


P ¼ y=x ð3Þ


where: x, y are ion mole fractions in the solution (x) and ion


exchanger ( y), respectively. The P value is a measure of the


ion affinity to ion-active layer. For ions of the same valence,


the relative measure of affinity was assumed as the value of


KA/B, defined by the following formula:


KA=B ¼ PB=PA ð4Þ


or, on the basis of dependence (3), it can be defined with the


use of mole fractions as follows:


KA=B y= 1� yð Þð Þ 1� xð Þ=xð Þ ð5Þ


where A and B indexes denote the type of ion.


Determination of equilibrium constant KA/B and KB/C


enables to evaluate KA/C constant:


KA=C ¼ KA=BKB=C ð6Þ


A graphic method of description of ionic equilibriums


was adopted. Effective ion concentrations were calculated


from the following formula: c*=10�3zc (z—ion valence); c*


has the same dimension as c, i.e., [mol/dm3] or [mol/g dm].


For concentrations defined in such a way, the (equivalent)


equilibrium constant K(E-v)A/B was determined, which was


equal to KA/B only for ions of the same charge. Assuming


that K(E-v)A/B was independent of the ion mole fraction in the


ion-active layer, and that:
P


c*(s)+
P


c*(i)=const., it was


possible to determine a curve describing the exchange


equilibrium:


y4 ¼ K E�vð ÞA=Bx4=1þ K E�vð ÞA=B � 1
� �


x4 ð7Þ

where: y*, x*—(equivalent) fractions in the cation-active


layer and solution, respectively.


The curve is a hyperbola.


The real shape of the curve often deviates from the


hyperbolic one, which indicates, among others, the influ-


ence of ion concentration in the ion-active layer on the


equilibrium constant.

3. Method of sample preparation and measurements


The research was carried out on lichens Hypogymnia


physodes sorted according to the sampling place, collected


in different places from deciduous and coniferous trees.


The analysis was focused on lichens separated from the


substrate and other mechanical impurities. The samples


were rinsed with demineralised water (conductivity j=0.1
AS/cm) and dried in the temperature not exceeding 303 K.


For the equilibrium studies, lichens of an averaged


composition are used. Lichens were immersed in solutions


of hydrochloric acid and the studied metal salt of the


concentrations c*=0.2 mol/dm3 each (of the acid as well as







Fig. 4. Mobile cation contents in cation-active layer of 1 g of H. physodes


lichens; numbers 1–7 denote sampling sites; the remaining bars concerned


with mineralised samples of lichens.


Fig. 5. Equilibrium constant K(E-v)Na/H dependence on total of cation


contents n*Ct(s) in the solution.
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of the salt) for 5 min (after that period of time the ion


exchange equilibrium was achieved, as it was proved


experimentally) and then rinsed with demineralised water.


One gram of lichens prepared and then dried in such a way


were next immersed in solutions (at temperature of 298 K)


of different concentration ratio (Mt/H) of metal to hydro-

Table 1


Equilibrium constants and partition coefficients of Na/H equilibrium series for 20


n*Ct(s)/(mol) c*init.H(i)/(mol/g d.m.) x*H 1 0.9 0.8


0.27 0.09


K(E-v) – – –


P* – – –


0.14 0.09


K(E-v) – – 41


P* – – 2.41


0.14 0.05


K(E-v) 37 20 19


P* 2.92 3.27 3.70


0.06 0.09


K(E-v) 7.21 7.13 7.43


P* 1.93 2.10 2.29


0.04 0.09


K(E-v) 4.70 4.75 4.64


P* 1.81 1.90 1.95


0.03 0.09


K(E-v) 2.39 2.43 2.38


P* 1.51 1.54 1.59


0.02 0.09


K(E-v) 2.08 0.99 1.63


P* 1.21 1.35 1.80

gen ions. Each time, the process was brought to the state


of equilibrium, characterised by stability of solution pH


value (determined with pH-meter [Elmetron CP-551,


Zabrze, PL]) and conductivity as measured with conduc-


tometer (Elmetron CC-551, Zabrze, PL). On the basis of


changes related to concentration of hydrogen ions in the


solution, its composition in the state of equilibrium was

0 cm3 of solution and 1 g of lichens immersed in the solution


0.6 0.5 0.4 0.2 0.1 0 K(E-v)av.


– – 129 35 17.98 17.67


17.82


– – 4.85 5.18 7.11 8.83


20 13.53 13.66 13.27 13.55 13.38


2.95 3.26 3.80 4.52 5.77 6.20


13.25


13.67 13.59 13.50 12.87 12.65 12.92


4.17 5.15 6.00 6.22 7.60 8.75


7.00 6.97 6.68 7.30 7.03 7.51


7.14


2.50 2.73 2.76 3.14 3.47 3.80


4.74 4.74 4.78 4.89 4.70 4.51


4.72


2.12 2.23 2.32 2.48 2.59 2.65


2.44 2.49 2.55 2.52 2.41 2.52


2.47


1.62 1.68 1.72 1.76 1.76 1.79


2.23 0.89 2.34 2.99 0.83 1.01


1.67


2.07 1.90 1.99 2.11 1.01 1.36







Fig. 8. Equilibriums of ion exchange Na/Ca and K/Na.Fig. 6. Equilibrium of the Na/H ion system exchange—1 g of lichens in 200


cm3 of solution.


A. Kyos et al. / Bioelectrochemistry 66 (2005) 95–10398

determined. Knowing the ion exchange capacity and initial


composition of lichens, the mole fraction of cations in


lichens was determined. Metals’ content in the samples


was determined using SOLAAR 969 Unicam atomic


absorption (and emission) spectrometer. Previous error


analyses [29] indicated that the uncertainty of pH measure-


ment resulting from the methodology, uncertainty of meter


indications and differences in repeatability of composition


ion-active layer averaging of examined lichens equals to:


DpH=0.04. Fig. 2 shows distribution and histograms of


distributive series of relative change of pH relatively to


pHav. for series of examined lichens.


An important element of the analyses was the compar-


ison of pH value and conductivity during the process. It


was found [30–32] that the course of ionic exchange:


Mtz++zHR=zH++MtRz can be characterised by conductiv-

Fig. 7. Equilibriums of Mg/H ion exchange.

ity j measurements. The j=f(c*) dependence is a straight


line: j=ac*H+j0, where the a value was usually within


empirically determined limits: aa(260; 290). Any devia-


tions could result from, among others, competitive


processes of sorption or desorption of anions or dissolution


of ionic substances. The graphic description of the


dependence is shown in Fig. 3.

4. Results


4.1. Influence of environment on the type and quantity of


mobile cations sorbed in lichens


The study focused on H. physodes lichens, collected


from different trees growing in Poland: in the Tatra


Mountains, the Table [Stoyowe] Mountains, the Drawskie

Fig. 9. Equilibriums of ion exchange K/Mg, Na/Mg and Ca/Mg.







Table 2


Statistic assessment of errors in the determination of equilibrium constant for Na/H, Ca/H and K/H as well as partition coefficient for Mg/H


Parameter Na/H Ca/H K/H Mg/H


n*Ct(s)/mol 0.27 0.14 0.06 0.04 0.03 0.14 0.07 0.05 0.04 0.14 0.07 0.04 0.03 P*


r 0.05 0.12 0.09 0.03 0.03 0.16 0.07 0.03 0.03 0.08 0.33 0.12 0.03


r(series) 0.13 0.05 0.10 0.10


R2 0.9979 0.9959 0.9974 0.8180
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Lake District as well as in the forests of the Opole Province.


The results are shown in Fig. 4.


The above diagram shows that lichens collected at


different places vary in content of individual cations. The


fraction of hydrogen ions (calculated on the base of pH data


of the solutions after proton exchange by CuSO4) in lichens


x*H(i)a(0.4; 0.7) is influenced by the substrate in which the


lichens grow as well as by composition of atmospheric


precipitation. Lichen sample composition averaging is


possible through bathing in saline solutions (x*H(i)=0.3).


This treatment is very important in case of the lichen


exposition method used in the environment quality mon-


itoring. The exposition method of lichens transplanted to


industrial areas as well as in so-called blichen desertsQ is


used in numerous studies (e.g. Refs. [33–39]).


4.2. Equilibriums between solution and cation-active layer


of lichens


Examination of the equilibriums was carried out on


lichens with the averaged composition. The total concen-


tration of mobile cations (H+, Na+, K+, Ca2+ and Mg2+) in 1


g of lichens, c*Ct(i), i.e. its sorption (ion exchange) capacity,


was evaluated by pH measurements of the total amount of


hydrogen ions accumulated in lichens as desorbed by 30


min (during the lapse of time the ion equilibrium was


achieved) in the solution of copper sulphate (the copper ion


affinity to lichens is several times bigger than those of the


mobile cations) of the concentration c*=2.0 mol/dm3 and


determining the other cations by desorbing them in the


solution of hydrochloric acid of the same (i.e. 2.0 mol/dm3)


concentration. The total concentration of mobile cations


determined in this way (c*Ct(i)=0.145 mol/g dm) has been


equal to the average mobile cation content calculated from

Table 3


Change of concentration of hydrogen ions in 200 cm3 of solution depending on salt concentration and pH stock solution


n*Mt(s)/mol x*H init. 0 0.1 0.2 0.4 0.5 0.6 0.8 0.9 1


0.14 pHinit. 5.73 5.00 4.75 4.58 4.33 4.14 4.00 3.90 3.73


Dc*H �0.058 �0.052 �0.045 �0.038 �0.019 0.005 0.028 0.052 0.109


0.10 pHinit. – – 4.85 4.48 4.30 4.18 4.00 3.87 –


Dc*H – – �0.040 �0.023 �0.009 0.004 0.035 0.069 –


0.07 pHinit. 5.51 5.23 4.71 4.39 4.19 4.06 3.87 3.74 3.63


Dc*H �0.042 �0.039 �0.027 �0.009 0.010 0.031 0.073 0.111 0.153


0.05 pHinit. 5.90 5.12 4.63 4.41 4.21 4.14 4.03 3.84 3.70


Dc*H �0.039 �0.032 �0.020 �0.007 0.013 0.022 0.042 0.088 0.133


0.03 pHinit. – – 4.66 4.38 4.31 4.20 4.09 3.98 –


Dc*H – – �0.014 0.001 0.007 0.019 0.036 0.058 –

the data presented in Fig. 4, viz. in samples 1–7. Change of


equilibriums K(E-v)Mt/H were examined for two cases:P
n*Ct(s)+


P
n*Ct(i)=const. and


P
n*Mt(s)=const., where n*


[mol]=10�3zn; the n is the content of metal ion and z is its


valence value. The (s) and (i) indexes refer to the solution


and ion-active layer of lichen, respectively, while the Ct


index refers to the total contents of cations.


4.2.1. Equilibriums in case of
P


n*Ct(s)+
P


n*Ct(i)=const.


The averaged sample of lichens (1 g) were immersed in


solutions of metal salts (Na, K, Ca, andMg) and hydrochloric


acid mixed in different proportions, with constant concen-


tration of cations c*Ct(s) for successive measurement series.


On the basis of pH and conductivity measurements, the


partition coefficients P* and equilibrium constants K(E-v)Mt/H


were determined. The calculation was carried out according


to dependences (3) and (5), assuming the following sorption


capacity of lichens c*Ct(i)=0.145 mol/g dm, vide super. The


results of the Na/H series are presented in Table 1, the other


two systems (K/H and Ca/H) have exhibited similar


behaviour, while the Mg/H system has showed a different


relationship (Fig. 7).


In Table 1, the figures in italic refer to data for which


dependence (7) is not valid. Deviations from the stoichio-


metric ion exchange are checked by comparing the


measured data with those presented in Fig. 3. The depend-


ence: K(E-v)=C(n*Ct(s)) for the system Na/H is shown in Fig.


5, it is valid for K(E-v)N1, the lower range is characterised by


a considerable measurement uncertainty due to very small


cation concentration in the solution as compared with the


number of cations bound by cation-active layer of lichens.


However, in the upper range concentration the pH value is a


significant factor. It was found that significant deviations


from the results anticipated by dependence (7) arose, if the







Fig. 11. Influence of p(n*Mt(s)) on equilibrium pH.
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pH value in the equilibrium state is less than 3.9, which was


probably caused by the thallus destruction. Similar effect is


observed if pHequilibr.N8.0.


For comparison, the measurements were repeated for


series of 1 g lichen samples put into 1000 cm3 of solution


and the similar results were obtained. On the basis of


function K(E-v)=f(n*Ct(s)) drawn in Fig. 5 according to


dependence (7), the course of changes of proton contribu-


tion in cation-active layer of lichens and in the solution


phase was calculated. The numerical data from Table 1 were


placed on hyperbolas drawn in the aforementioned way. The


equilibrium is presented in Fig. 6.


In the same manner, the equilibrium constants and


partition coefficients were determined for the K/H, Ca/H


and Mg/H system equilibriums. The equilibrium changes


for the K/H and Ca/H systems are analogous to those of the


Na/H ion system (cf. Fig. 6). The Mg/H equilibrium (Fig.


7) are not described by dependence (7), which may result


from the aforementioned influence of concentration of


magnesium ions in the lichen ion-active layer on the


equilibrium constant. Linear part for the Mg/H equilibrium


(Fig. 7) dependence: y*=f(x*), it has a slope value P*=y*/


x*=1.6477; R2=0.818.


According to dependence (6), taking the empirical para-


meters of K(E-v)=f(n*Ct(s)) function for the K/H and Ca/H


systems (K(E-v)K/H=7.51ln(n*Ct(s)+29.17) and K(E-v)Ca/H=


7.51ln(n*Ct(s)+9.12)), the equilibriums data of ion exchange


for the solutions of Na/Ca and K/Na were determined and


presented in Fig. 8. Similarly, taking the parameters of the


function K(E-v)=f(n*Ct(s)) from Fig. 7 for examined range of


Mg/H concentrations, the calculated parameters of equili-


briums of ion exchange are shown in Fig. 9 for the K/Mg,


Na/Mg and Ca/Mg solutions.


On the basis of research carried out, chemical affinity


series of examined cations to cation-active layer of lichens


were established a follows: KbNabCabH and MgbH. The


magnesium affinity in relation to cations of other metals


changes depending on their contribution to solution phase


because dependence (7) is not held for the Mg/H system.


Table 2 includes the data concerned statistic assessment of


the obtained results.


Due to the averaged composition of samples (cf. Fig. 2),


the pH measurements are characterised by uncertainty

Fig. 10. Determination of pH value for which the system lichen-solution is


in equilibrium, at the given value of n*Mt(s).

DpH=0.04, and the average standard deviation r(s), empiri-


cally determined for a given dependence: K(E-v)=f(n*Ct(s)),


does not exceed 0.14.


4.2.2. Equilibriums in case of
P


n*Mt(r)=const.


Assuming that solution salinity comes mainly from


substrate where lichens grow, it is worth considering the


equilibriums with constant level of salinity.


In the experiment, contribution of metal cations in the


solution were selected on the basis of portions of metal ions


(Mg, Ca, Na, and K) present in the solution after rinsing the


substrate where lichens used to grow. The following was


assumed in the prepared solutions: n*K(s)/n*Ca(s)/n*Na(s)/


n*Mg(s)=1.00:0.85:0.73:0.61.


In the analysed measurement series with constant n*Mt(s)


(0.03–0.14 mol in 200 cm3 of solution), n*H(s) was changed


within the range of pH from 3.5 to 6.0. An important


parameter of the relation considered in such a way is the


state of equilibrium of the solution, where pHinitial=pHfinal.


The results of measurements of solution pH as well as


difference in concentration of hydrogen ions Dc*H(s) before


and after the process of sorption are presented in Table 3 and


shown in Fig. 10.


Fig. 11 depicts dependence of the equilibrium pH on


concentration of metal cations in the solution phase,


expressed as: p(n*Mt(s))=�log(n*Mt(s)). Measurement uncer-


tainty of equilibrium pH is 0.04; it is marked in the figure.

Fig. 12. Influence of pH of solution saturated with CaF2 on the


concentration of hydrogen ions in the cation-active layer of lichens.







Fig. 13. Comparison of measured pH value of the solution with the pH data


determined on the basis of lichen studies with the method proposed here.
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The diagrams presented in Figs. 10 and 11 indicate that


the number of hydrogen ions accumulated in lichens, at


n*Mt(s)=const., is proportional to their concentration in the


solution phase and changes along with the change of salinity


level. Therefore, to specify interrelations between pH value


of atmospheric precipitation and accumulation of hydrogen


ions in the cation-active phase of lichens, a steady salinity


level of the solution sample is required. Hence, it was


attempted to average the content of salt in the prepared


precipitation. The experiment consisted in allowing the 1


dm3 artificial precipitation with known pH and salinity level


to permeate through fine, slightly soluble salt. This solution


was used for rinsing lichens until establishment of a dynamic


equilibrium, which was indicated by constant read-out of


solution conductivity and pH. Due to large affinity of large


metal cation to cation-active layer of lichens in the experi-


ment, we made use of calcium fluoride (solubility product


L=4.9�10�11), whose concentration in the solution corre-


sponded to examined cation concentrations (n*Ca(s)=0.14


mol in 200 cm3 of solution). Preliminary results of the


research are shown in diagrams (Figs. 12 and 13).


Due to constant concentration of calcium ions in the


solution used for rinsing lichens, which exceeded concen-


tration of cations in examined atmospheric precipitation


several times, the influence of other metal cations on Mt/H


equilibrium was diminished, which was indicated by the


linear arrangement of points in Fig. 12.


The difference between the actual pH value and the value


determined on the basis of analysis of lichen content


(desorption of hydrogen ions in the solution of copper


sulphate) does not exceed 0.2 of pH unit, which is depicted


in the diagram (Fig. 13).


After detailed studies, particularly of the process kinetics,


this type of pH determination of atmospheric precipitation


can be used in lichenoindication methods consisting in


exposition of the lichens transplanted on the so-called


blichen desertsQ.

5. Discussion and conclusions


The results of this study indicate that the concentration of


mobile cations in cation-active layer of lichens depends on


their concentration in the lichen direct environment. The


reached state of equilibrium, which results from heterophase


double displacement reaction, can be described by the


thermodynamic equilibrium constant, which determines the


partition coefficients and cation affinities to cation-active


layer of lichens. This interpretation is valid for pH values in


the range of 3.9bpHequil.b8.0. Exceeding the limits it leads


to irreversible changes in lichen structure, which results in a


change in number of ions in the solution as evidenced by


solution conductivity data (cf. Fig. 3). Another restriction


results from the static method of analysis; the minimal


cation contents in the solution is determined as c*=0.03


mol/dm3, below which the state of equilibrium cannot be


reached, considering the determined sorption capacity of


lichens (c*Ct(s)=0.145 mol/g dm) and composition of cation-


active layer.


On the basis of experimental results considering the


above criteria, it was found that:


– for pairs of cations of K/H, Na/H and Ca/H, dependence


(7) was valid. Therefore, in the case of constant number


of cations in the solution, equilibrium constant does not


change due to change of cation contribution in the


solution (Fig. 6). According to the Eq. (6), the same


dependence is true for any combination of these cations


(Fig. 8),


– it was demonstrated that, along with change of magne-


sium contribution in relation to other cations, dependence


(7) was not valid (Figs. 7 and 9), which meant that


equilibrium constant might depend on contribution of


magnesium ions in the cation-active layer of lichens.


– proposed method of analysis of change in contribution of


cations in the solution and cation-active layer of lichens,


due to proper repeatability of the samples, is charac-


terised by uncertainty of pH measurement of approx-


imately: DpH=0.04 and average standard deviation of


r(s), empirically determined for specified dependences:


K(E-v)=f(n*Ct(s)) is less than 0.14.


– for the identified, constant content of metal cations in the


solution, it is possible to determine the solution pH value


in the state of equilibrium with the cation-active layer of


lichens (Figs. 10 and 11). Then, Dn*H(s)=0.


The studies revealed that the ion-active properties of


lichens could be used for determining acidity of atmos-


pheric precipitation. In the laboratory conditions, the linear


dependence was determined between concentration of


hydrogen ions in cation-active layer of lichens, desorbed


in the solution of copper sulphate of concentration c*=2.0


mol/dm3, and pH value of prepared precipitation (Fig. 12),


provided that the salinity of the precipitation was averaged.


The averaging was carried out by allowing the prepared
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solution (artificial precipitation with known pH value and


salinity) to permeate through fine calcium fluoride and then


directing the solution on a sample of lichens. Difference


between the measured pH value of the solution and the


value determined on the basis of analysis of lichen


constitution (Fig. 13) did not exceed 0.2 of pH value,


regardless of the type and initial content of salt in the


solution.


Concluding, the concentration of hydrogen ions accu-


mulated in the cation-active layer of lichens growing in


natural environment is linearly dependent on the pH value


of atmospheric precipitation to which the lichens have been


exposed. The H+ concentration can be determined by the


standard pH measurements carried out for the solution of


constant salinity in which the lichen sample is immersed for


the time needed to attain the ionic equilibrium.
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Lichenoindication of Kraków Prowince (Poland), Stud. Ośr. Dok.
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Abstract


Platinum electrodes modified with Mn(II) 5-(N-(8-pyrrole-yl-3,6-dioxa-1-aminooctane)phenylamide-10,15,20-trimethoxyphenylpor-


phyrin (Mn(II)triOMeTCPPyP) using multi-sweep cyclic voltammetry and differential pulse amperometry were evaluated as electrocatalytic


surfaces for the oxidation of nitric oxide. The electrodes modified using the pulse amperometric approach were more sensitive towards the


detection of nitric oxide. The increased sensitivity led to the attainment of a wider linear dynamic range for the quantification of nitric oxide.


D 2004 Elsevier B.V. All rights reserved.
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1. Introduction


Nitric oxide is known to be an essential molecule in


biological systems that plays important roles in neuro-


transmission, immune response and blood pressure regu-


lation [1–5]. Abnormal concentrations of nitric oxide has


been reported to be responsible for a number of


pathological conditions such as Parkinson’s disease,


Alzheimer’s disease, post-ischemic heart and brain injury


and diabetes [6–10]. The close monitoring of the


concentration levels of nitric oxide is of utmost impor-


tance. This necessitates the development of sensitive and


selective methods for the detection and quantification of


nitric oxide. Several indirect methods are available for the


detection and determination of nitric oxide in biological


systems [11]. These methods have been reported to have


poor sensitivity and/or selectivity and can only be applied


for ex-situ determination of nitric oxide [12]. Electro-
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chemical techniques are most promising for their sim-


plicity, high sensitivity (particularly with the use of


modified electrodes), good selectivity, fast response,


long-term stability, ease of handling and the possibility


of fabricating electrodes small enough for direct implan-


tation into biological systems without damage to the


surrounding tissues for real-time in vivo measurements


[12–14].


Different types of porphyrins [15–20] and phthalocya-


nines [21–23] have been used as electrocatalysts to modify


electrode surfaces for improved sensitivity of the electrodes


towards the oxidation of nitric oxide; usually by repetitive


cyclic voltammetry [21,23–26] or by a dip-dry method


[13,27]. To solve the problem of interference posed by


nitrite and other anionic molecules, the addition of a layer of


NafionR, a polyanionic resin, on the modified electrode


surfaces has been demonstrated to be effective [12,28–30].


While the mechanism of the electrocatalytic activity of the


metalloporphyrins for the oxidation of nitric oxide is still


under deliberations [14,30,31], the metallophthalocyaninnes


are known to exhibit electrocatalytic activity with the


variable oxidation state of the central metal [23]. Although


NO can be oxidised on the surface of most conventional


electrodes, electrode surface modification is generally


required for increased sensitivity of the electrode for the

(2005) 105–110







Fig. 1. Molecular structure of Mn(II) 5-(N-(8-pyrrole-yl-3,6-dioxa-1-aminooctane)phenylamide-10,15,20-trimethoxyphenylporphyrin (Mn(II)triOMeTCPPyP).
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detection of NO at the low concentration levels at which it


exists in the biological system. The success of electro-


chemical techniques for the detection of NO therefore


depends on factors such as the electrode material and the


electrocatalyst employed as well as the method adopted to


anchor the electrocatalyst on the electrode surface.


In this work, we report on the use of Mn(II) 5-(N-(8-


pyrrole-yl-3,6-dioxa-1-aminooctane)phenylamide-10,15,20-


trimethoxyphenylporphyrin (Mn(II)triOMeTCPPyP) to


modify platinum electrodes by repetitive cyclic voltammetry


and differential pulse amperometry for the oxidation of


nitric oxide. The molecular structure of the porphyrin used


in this investigation is shown in Fig. 1.

2. Experimental


2.1. Chemicals


Trimethoxyphenylcarboxyphenylporphyrin (triO-


MePCPP) was synthesised following standard procedures.


NaNO2, Na2HPO4d 7H2O, NaH2PO4d 2H2O, H2SO4 and


CH3CN were obtained from Riedel-de-Haen Laborchemi-


kalien (Seelze, Germany). Tetrabutylammoniumhexafluor-


ophosphate was purchased from Fluka (Buchs, Switzerland)


and 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide


(EDAC) was obtained from Sigma (Steinheim, Germany).


The pyrrole substituted Mn(II)triOMeTCPPyP was syn-


thesised by carbodiimide activated reaction of the carbox-


ylic side chains of triOMePCPP with the amino group of 8-


pyrrole-1-yl-3,6-dioxaoctyl amine as described previously


[17,32].


NO standard solution was prepared in a chamber


designed for complete exclusion of oxygen using a


vacuum/argon line where H2SO4 was slowly dropped into


a solution of NaNO2 by means of a dropping funnel. The


nitric oxide gas evolved was bubbled into triply distilled

water to obtain a saturated, oxygen-free nitric oxide solution


with an approximate concentration of 2 mM at 20 8C
[17,32,33].


Electrochemical measurements were carried out with a


model 273 potentiostat/galvanostat (EG&G Princeton


Applied Research, Bad Wildbad, Germany) which was


controlled by the M270 software package. A three-electrode


electrochemical cell comprising of a Ag/AgCl reference


electrode, a Pt wire counter electrode and a Pt disk working


electrode (0.5 mm diameter) was used. Constant-potential


amperometry for the detection of NO was performed at a


working potential of 750 mV.


Pt working electrodes were cleaned by polishing with


alumina suspension of decreasing particle sizes of 1.0, 0.3


and 0.05 Am on a polishing cloth (Technotron, Wehrheim,


Germany) followed by washing in an ultrasonic bath with


H2SO4, NaOH and triply distilled water.


Mn(II)triOMeTCPPyP was deposited on the electrode


surface from a solution containing 3 mM of the porphyrin


and 100 mM tetrabutylammoniumhexafluorophosphate as


supporting electrolyte by repetitive cycling in the cyclic


voltammetry mode between �400 and +1300 mV vs. Ag/


AgCl or by pulse amperometry with pulse potentials of 0


and +1200 mV vs. Ag/AgCl. After modification, the


electrode was rinsed thoroughly with acetonitrile and an


additional thin coating of NafionR was formed on the


electrode by dropping 10 Al of a 3% solution of NafionR
in ethanol/water on the surface and allowing the solvent to


dry.

3. Results and discussion


Porphyrin films on electrodes are most often formed by


repetitive cyclic voltammetry or by bdip-dry/drop-dryQ
methods in order to improve the sensitivity of the electrode


towards nitric oxide oxidation. The bdip-dry/drop-dryQ







Fig. 3. Current–time plot obtained during the electropolymerisation of


Mn(II)triOMeTCPPyP at a Pt electrode using differential pulse


amperometry.
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method is largely not reproducible and the thickness of the


modifier on the electrode cannot be accurately controlled,


whereas the electrochemical approach to film formation on


the electrode is known to be reproducible as well as


allowing for the control of the thickness of the film by


controlling the film formation conditions such as the scan


rate, the potential range, the film formation time and the


type of supporting electrolyte employed [34].


A film of Mn(II)triOMeTCPPyP was formed on a Pt


electrode surface by repetitive cyclic voltammetry, cycling


the potential between �400 and +1300 mV. The cyclic


voltammograms recorded during the film formation process


are shown in Fig. 2.


During the first scan of the voltammogram (curve a) the


pyrrole residue at the porphyrin is oxidized to the radical


cation leading to a polymerization of the modified porphyrin


on the electrode surface by altering the accessible active


electrode surface. Thus, in subsequent scans (curve b) the


radical cation formation is less pronounced; however, a


gradual increase in both the anodic and cathodic currents


was observed with the scan number, signifying the


formation of a conductive polymer on the electrode surface.


However, after the 14th scan, there was no further


noticeable increase in current, indicating that the film


growth has stopped. Thus, a total of 14 cycles was applied


to modify the electrodes used in this work.


A pulse amperometric technique was equally used to


form the Mn(II)triOMeTCPPyP film on Pt electrodes.


Two pulse potentials were applied: a resting potential of 0


mV for 1 s and a polymerisation potential of 1200 mV


for 1 s in 14 cycles. In other words, the potential value


was changed from a value at which no pyrrole oxidation


occurs at the electrode surface to a value slightly higher


than the oxidation potential of the monomer. The current–


time plot obtained during the polymer film formation


process is shown in Fig. 3.

Fig. 2. Increase in both anodic and cathodic currents observed during the


electropolymerisation of Mn(II)triOMeTCPPyP at a Pt electrode by


repetitive cyclic voltammetry. (a) First scan and (b) second scan.

The current is recorded only at the very end of the


pulse time to allow for a decay of the capacitive charging


current and hence for the visualization of the film growth


as shown in Fig. 3. A gradual increase in the current was


observed at the end of successive pulses. This increase in


current can be explained in terms of a change in either the


conductivity of the electrode surface caused by the


deposition of porphyrin film or an increase in the


electrode surface area due to the formation of the ramified


polymer network.


The successful deposition of Mn(II)triOMeTCPPyP


films on the electrodes, modified using both approaches of


repetitive cyclic voltammetry and pulse amperometry, was


verified by recording the cyclic voltammograms of the


modified electrodes in solution of the supporting electrolyte


in the absence of the porphyrin monomer in solution. An


oxidation peak was obtained at +1200 mV (figure not


shown) which is attributed to the oxidation of the porphyrin-


linked pyrrole subunit. This oxidation wave was not


observed when the cyclic voltammogram was recorded


with an unmodified electrode.


The electrodes obtained from the two methods of


modification were employed for the oxidation of nitric


oxide using differential pulse voltammetry. The differential


pulse voltammograms in presence of 10 AM nitric oxide


recorded using a Pt electrode modified by pulse amperom-


etry (curve a), a Pt electrode modified by cyclic voltamme-


try (curve b) and a bare Pt electrode (curve c) are shown in


Fig. 4.


A feature common to both electrodes, when used to


detect nitric oxide in solution, is the observation of


electrocatalytic currents resulting from the oxidation of


nitric oxide while the unmodified electrode could not


detect nitric oxide at this concentration level. Although


the same prophyrin molecule (Mn(II)triOMeTCPPyP) was


used to modify both electrodes, a significant difference


was observed in the current response obtained from both


electrodes from a solution of the same concentration of


nitric oxide. The electrode modified using the proposed







Fig. 5. Calibration plots derived from the oxidation currents of nitric oxide


obtained at a Pt electrode modified with a Mn(II)triOMeTCPPyP polymer


by (a) differential pulse voltammetry and (b) repetitive cyclic voltammetry.


Fig. 4. Differential pulse voltammograms for the oxidation of a 10 AM
nitric oxide solution at Pt electrodes modified by (A) differential pulse


amperometry, (B) cyclic voltammetry and (C) unmodified platinum


electrode.
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pulse amperometric technique is more sensitive towards


the detection of nitric oxide as shown by the higher


current response. The response obtained from this


electrode is three times the magnitude of that from the


electrode modified using repetitive cyclic voltammetry.


This difference in current response is obviously purely


due to the difference in the way the Mn(II)triOMeTCP-


PyP films employed as electrocatalyst were formed on the


electrode.


A number of steps are involved in the electrochemical


induced formation of polymeric films on electrode surfaces


[35]. These are the transport of monomeric species to the


electrode by diffusion, monomer oxidation at the appro-


priate potential to produce radical cations, radical–radical


coupling, electrochemical oxidation of the formed


oligomers and the precipitation of the polymer on the


electrode surface as the last step. A limitation of repetitive


cyclic voltammetry for the deposition of polymer films on


electrode surfaces is the diffusion limited mass transport of


the monomeric species to the electrode surface. Even when


the rate of the electron-transfer reaction at the electrode is


fast with respect to the scan rate of the experiment, the mass


transport towards the electrode surface is mainly determined


by diffusion. This effect is, as a matter of fact, more


pronounced when the momomeric species in solution are


large molecules. Thus, the diffusion limited mass transport


may be responsible for the cessation of the growth of the


film on the surface of the electrode modified using cyclic


voltammetry after 14 scans. The termination of the film


growth during repetitive potential cycling may be caused by


the formation of only a low conducting polymer film which


does not allow the formation of a sufficiently high radical


cation concentration in the diffusion zone in front of the

electrode during the relatively short time window for radical


formation during scanning. In addition, during film for-


mation by repetitive cyclic voltammetry, the potential is


held at values at which radical cations are formed for only a


very short fraction of the time and hence the concentration


of the primarily formed radical cations reaches a maximum


during each scan which leads to a continuous variation of


the probability of chain propagation and thus a variation of


the film morphology.


The differential pulse amperomeric approach for the


formation of the porphyrin film easily overcomes this


problem of diffusion limited mass transport as it re-


establishes the bulk concentration of the monomers in


solution in the vicinity of the electrode after the application


of the deposition potential during the resting phase. At the


no-effect potential applied during the resting phase, the


concentration gradients established during the deposition


pulse disappear by diffusion processes allowing the


following deposition pulse to be applied to virtually the


same concentrations of the monomer as the previous one.


Thus, it can be anticipated that the uniformity of the films


obtained using the differential pulse amperometric


approach is better, which is also suggested by the higher


current signal obtained for the oxidation of the same


concentration of nitric oxide as compared with the current


obtained using the electrode modified by repetitive cyclic


voltammetry.


Calibration plots (Fig. 5) were derived from the current


responses obtained from both electrodes following succes-


sive additions of aliquots of a standard nitric oxide solution


and measuring the nitric oxide oxidation current by means


of constant potential amperometry at a working potential of


750 mV vs. Ag/AgCl.


A significantly improved sensitivity was obtained at


the electrode modified using differential pulse amperom-


etry (Fig. 5a, ip=3.83[NO]+4.76, R
2=0.998) as compared


with the electrode modified by repetitive cyclic voltam-


metry (Fig. 5b, ip=1.28[NO]+2.54, R
2=0.902), where ip is
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in nA and [NO] is in AM. The higher sensitivity obtained


with the electrode modified using pulse amperometry


implies in addition the attainment of a wider linear


dynamic range.

4. Conclusion


The method used to anchor an electrocatalyst onto the


surface of a Pt electrode considerably modulates the


sensitivity of the modified electrode so produced towards


the target analyte. The problem of diffusion-limited mass


transport encountered while modifying electrodes by repet-


itive cyclic voltammetry can be easily overcome by using


differential pulse amperometry for the formation of the


Mn(II)triOMeTCPPyP polymer film on the electrode sur-


face. Although the same porphyrin molecule has been used


to modify Pt electrode surfaces, the sensitivity of the


electrode modified using a pulse profile is higher than the


one modified by multi-sweep cyclic voltammetry. The


increased sensitivity led to the attainment of a wider linear


dynamic range for the determination of nitric oxide.
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Abstract


The use of Staphylococcal protein A and lectins as intermediate immobilising agents allows operators to orient antibodies (Ab) towards


the solution due to the presence of a specific binding sites of immunoglobulin (Ig) molecules. Antibodies of different species of animals have


unequal affinities to individual lectins. The effective thickness of immobilised Ab’s depends on the type of substrates used and increases in


the following sequence: bare gold or silicon surface, the surface treated with self-assembled polyelectrolytes (PESA) or with protein A or


some lectins deposited on the preliminary formed polyelectrolyte layer. The glycolysated protein of jp51 may be selectively immobilised


from the mixture of retroviral proteins (p24 and jp51), if it is necessary to distinguish infected animals from preliminarily immunised ones by


means of a vaccine based on p24 protein. It was shown that the use of Staphylococcal protein A, instead of some lectins as intermediate layer


for the Ab immobilisation, does not lead to a more sensitive determination of such low-weight toxins as 2,4-dichlorophenoxyacetic acid (2,4-


D). The above-mentioned results were obtained with surface plasmon resonance (SPR) technique.


D 2004 Elsevier B.V. All rights reserved.


Keywords: Staphylococcal protein A; Lectins; Polyelectrolyte self-assembly; Antibodies; Immobilisation; Orientation; Biosensors; Transducers; Surface


plasmon resonance (SPR)

1. Introduction


The search for new approaches to increase the sensitivity


of biosensors continues, and the main one is to improve


methods of immobilisation of biological materials on the


transducer surface. It is necessary to provide dense coatings


on the metal or silicon surfaces, which contain functioning


and properly oriented bio-recognising structures. A number


of different procedures were deployed for the integration of


biological sensitive molecules with different types of


transducer surfaces.


We have shown earlier [1,2] that an intermediate layer


of polyelectrolyte adsorbed electrostatically on the sample

1567-5394/$ - see front matter D 2004 Elsevier B.V. All rights reserved.
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surface provides higher (up to 10 times) specific signal of


SPR and planar polarisation interferometric immune


sensors in comparison with either the untreated surface


of bare gold, or that modified by dodecanthiol, the surface


of silicon nitride treated with glutaraldehyde. In particular,


this effect was demonstrated for the immobilisation of both


IgG and anti-IgG as well as for their interaction. Moreover,


it was found [3] that the use of protein A from Sta-


phylococcus aureus as an additional intermediate layer


further increases the specific signal of optical immune


sensors and, therefore, their sensitivity towards the immobi-


lisation of anti-IgG and the subsequent binding of IgG in


solution.


In this article, we present the experimental results on the


use of protein A and some lectins together with PESA as


intermediate layers for the immobilisation of Ab’s or Ag’s


selected for specific tasks.

(2005) 111–115







Fig. 2. Changes in the resonance angle (RA) of SPR based immune sensor


at the immobilization of (A) human and (B) mouse IgG on the bare gold


surface (2) and on the gold surface modified with WGA-, or ÍPA-, or PLA


lectins (1, 3 and 4, respectively). Abscissa is the time of the immobilization.
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2. Experimental


SPR-4 instrument, which was designed and fabricated in


the Institute of Semiconductor Physics of Ukrainian


National Academy of Sciences, was deployed in the present


study. Transducers in the form of glass slides with thermally


evaporated gold layer (about 20 nm in thickness) was


connected to the prism with the help of index matching fluid


(polyphenyl ether, n=1.6). The transducer surface was


preliminarily treated in PESA solution) (Fig. 1), as described


in Ref. [2]. In our experiments, four lectins from some


vegetables and animals were used: (1) FGÀ-C from


Phaseolus vulgaris (Pharmacia, Sweden); (2) PLA from P.


vulgaris; (3) STA from Solanum tuberosum; (4) HPA from


Helix pomatia; (5) WGA from Tuberosum vulgaris. The last


three lectins were obtained from Sigma (USA). They were


dissolved in 0.05 M sodium phosphate buffer (PBS; pH 7.5)


containing 0.14 M sodium chloride The formation of an


intermediate layer of protein Awas carried out following the


routine described in Ref. [3].


At first, the resonance angle was observed when PBS


introduced at 10 Al. Then the cell was filled with the


solution of some lectin and left alone for 20 min at room


temperature. After removing non-bonded lectin from the


surface, the resonance angle was checked again, and the


solutions of specific Ab or Ag were introduced in the cell.


The time of incubation of these solutions in the cell was 15


min. After that, the cell was washed with PBS. Finally, an


appropriate second immune component was pumped into


the cell and kept there for 10 min. The measuring cell was


filled with PBS each time before the registration of the


resonance angle.


The following pairs of Ab–Ag interaction were used in


our experiments: (i) human IgG and pig Ab to it; (ii) human


mioglobin (Mb) and mouse monoclonal Ab to this protein.


All IgG were obtained from Sigma. F(ab)2 fragments of


human IgG was from Calbiochem (USA).


Conjugates of 2,4-dichlorophenoxyacetic acid (2,4-D)


with bovine serum albumin (BSA) and ovalbumin (Ova)


were prepared via benzene ring using Fenton reagent [4].


2,4-D was dissolved in 2 ml of distilled water with the


addition of 1 M NaOH in order to increase the pH up to 9.0.


Then, 1 ml of hydrogen peroxide (50%) and 8 mg of FeSO4


were added to the above solution. In parallel, the solution of


BSA in 8 ml of distilled water was prepared. Both solutions

Fig. 1. Polyelectrolites: a—poly(alylamine) hydrochloride (PAA) and


poly(sterenesulfonate) sodium salt (PSS).

were mixed (in a 2,4-D/BSA ratio of 10:1), and the mixture


was stirred for 20 min at 4 8C. Finally, it was dialysed in


distilled water, centrifuged and lyophilically dried.


Rabbits were immunised twice by subcutaneous injection


of the emulsion of 2,4-D–BSA (or Ova) conjugated with full


Freund adjuvant at a ratio of 1:1. After that, rabbits were


immunised four times by intramuscular injection of the


above solution but without Freund adjuvant. Blood sample


was taken 7–8 days after the last step of immunisation, and


antiserum was prepared in the usual manner.


Total antigen of bovine leukosis virus was given to us


by Prof. L. Nagajeva from joint venture bLeucopolQ,
Poltava (Ukraine). Serum, blood and milk from cows


infected by leukosis virus and immunised by the p24


protein based vaccine, as well as from healthy animals,


were obtained from dairies in Poltava region (Ukraine). In


order to obtain serum, fresh milk was treated in 5% of


acetic acid. Both serums (from blood and milk) were


diluted PBS. The analysis of these samples was carried out


in the following way. First, the measuring cell was filled


with PBS, and the resonance angle was checked. Then the


retroviral antigen was introduced into the cell, left there for


20 min and washed away with PBS containing 0.05%







Table 1


Maximal changes in the resonance angle values at the immobilization of pig


anti-human IgG on the different surfaces and binding human IgG


No. Type of the surface Immobilisating/


binding agent


Changes in the


resonance angle (W)


1 bare gold pig anti-human


IgG


2016F60


2 gold with


WGA-lectin


2433F120


3 Gold with


anti-human IgG


human IgG 2100F100


4 gold with


WGA-lectin-


anti-human IgG


2816F116
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solution of Tween-20. The resonance angle was checked


again. Finally, the analysed sample of some particular


serum was pumped in the cell, kept there for 10 min, and


after washing it out in the PBS mixed with 0.05% of


Tween-20, the changes in resonance angle were registered.


The gold surface of the transducer was covered by PESA


layer with lectin.

3. Results and discussion


Physical sorption of lectins on the transducer surface is


very stable and cannot be destroyed after washing in PBS.


The formation of a monolayer of lectin causes a shift of the


resonance angle in range of 0.27–0.428. We think that the


variation of the resonance angle depends on the molecular


mass of individual lectins, varied from 36 to 128 kDa. To


check the possibility of additional binding of bio-molecules,


the investigated surface latter was brought into the contact


with human F(ab)2 fragments preliminary treated by the


appropriate lectin. In this case, we did not observe any


changes in the resonant angle. It proved that lectin-treated

Fig. 3. Changes in the resonance angle (RA) of SPR based immune sensor


at the presence of different concentrations of Mb in the solution and the in


case of immobilization of specific Ab on the surface of bare gold (3) and the


surface treated in HPA-, or PLA-, or WGA-, or STA-lectins (1, 2, 4 and 5,


respectively).


Fig. 4. Changes in the resonance angle of SPR-based immune sensor in the


presence of different concentrations of 2,4-D in solution at the immobilisa-


tion of antiserum on the gold surface treated by (A) PAA only, (B) by PAA


together with HPA-lectin and (C) by PAA together with the Staphylococcal


protein A.

surfaces do not contain free sites capable of direct binding


of IgG molecules.


In the next set of experiments, it was stated that the


maximal response of the SPR sensor to the human IgG


immobilisation was obtained, whenWGA-lectin was used, in


comparison with HPA- and PLA-lectins (Fig. 2A). It is


necessary to pay attention to the fact that the density of IgG


immobilisation on the bare gold surface is higher than that on


the surfaces treated with HPA- or PLA-lectins. Its probable


that the above lectins modify the surface to such an extent that


it becomes excessively hydrophilic, and at the same time the


affinity of these lectins to carbohydrates of IgG is very low.


To clarify the influence of non-specific binding of IgG to the


surface modified by lectins, it was treated with appropriate


F(ab)2 fragments and then with full IgG molecules. It was







Fig. 5. Changes in the resonance angle of SPR based immune sensor with


bare gold surface (1) and the surface modified with FGA-P- or PLA- or


HPA- lectins (2–4, respectively). Abscissa—changes resonant angle.
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stated that the resonance angle was the same, regardless of the


use of F(ab)2 fragments. A similar result was obtained with


the application of bovine serum albumin (BSA) as an


additional treatment of prepared surfaces.


In the case of immobilisation of pig anti-human IgG, we


obtained following results. WGA-lectin, in comparison with


HPA- and PLA-lectins, has higher affinity to this IgG. At the


same time, it is necessary to note that the changes in


resonance angle were more than 20% higher at the


immobilisation of pig antibodies to human IgG on the gold


surface treated byWGA-lectin than on bare surface (Table 1).


It confirms that the density of immobilised pig antibodies is


higher in the first case. A specific response of the immune


sensor on the presence of human IgG is 34% higher when the


surface is treated with WGA-lectin, in comparison to the bare


gold substrates. The results presented above show that the


sensitivity of the immune sensor is defined by both the


density and orientation of IgG molecules on the transducer


surface.


Similar experiments were performed with the other Ab–


Ag pair, e.g. mouse monoclonal Ab and human Mb (Fig.


2B). It was shown that the affinity of mouse IgG decreases in

Fig. 6. Changes in the resonance angle of SPR based immune sensor at the analysis


surface modified with FGA-, or PLA-, or HPA-lectin (1–3, respectively).

a row: HPA-, PLA-, WGA- and STA-lectins. The response of


the immune sensor to Mb decreases in the same manner, too


(Fig. 3).


The affinity of rabbit IgG to the individual lectins


decreases in a row: HPA-, WGA-, STA- and PLA-lectins.


Thus the affinity of some lectins to the carbohydrate


component of IgG, localised mainly in Fc fragments, may


provide the oriented immobilisation of antibodies targeting


the exposition of their Fab-binding fragments towards the


solution.


We tried to compare the sensitivities of SPR immune


sensors, prepared with and without the use of intermediate


layers of PESA-lectins or PESA protein A, of the analysis of


2,4-D herbicides. In all cases, the competitive analysis was


exploited, when both free 2,4-D and 2,4-D conjugated with


some protein were competed for sites of specific antibodies


immobilised on the transducer surface. It was shown that in


the case of immobilisation of specific antibodies from


antiserum on gold surface, covered either with PSA or


PSA with HPA-lectin, we obtained the same sensitivity of


about 1 ng/ml for 2,4-D determination (Fig. 4A and B). If


the procedure of the immobilisation of specific antibodies


from antiserum on the gold surface covered by PSA with


protein A from S. aureus was used, the sensitivity towards


2,4-D increased approximately by 1 order of magnitude


(Fig. 4C).


In spite that both declared sites of IgG for binding lectins


and protein A localised in the second domain of Fc


fragment, the orientation of Fab fragments may be different.


It may be related to the presence of non-specific carbohy-


drate sites in other places of IgG molecule. In this case, the


following situation is very likely to occur, when carbohy-


drates are bonded to Fab fragments, and their interaction


with lectins blocks this fragment from the interaction with


the specific antigen. Therefore, the use of protein A in this


case is preferable than some lectins.


Nevertheless, there exist situations when the immobilisa-


tion of biological sensitive element via its carbohydrate

of (a) ill and (b) vaccinated cows for non-modified gold surface (4) and the
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structure is very much desirable. We have analysed the


situation of the discrimination of antiserum from ill animals


on the viral leucosis and those preliminarily immunised by


specific antigens.


During immunological investigations of retroviral


infected animals, there were used medications obtained by


the virus cultivation on the embryonal kidney cells of ovine


[5]. These medications are mixed with viral membrane


glycoproteins and some inner proteins. It is well known


[6,7] that antigenic abilities of this retrovirus are mainly


caused by membrane glycoproteins. Therefore, the majority


of antibodies in ill animals are formed in these antigens. For


immunised animals, the situation is different: the vaccines


used are mainly based on the p24 protein, which is not


glycolised. This information may be utilised for the


discrimination of antiserum from ill and immunised animals.


It is practically necessary to use gold surfaces, preliminarily


treated by appropriate lectin, for the immobilisation of


glycoproteins (typically jp51 protein) from the mixture of


viral antigens.


In preliminary experiments, the affinity of retroviral jp51


to the following lectins was investigated: FGA-P, PLA, and


HPA. The largest sensor response was found in the case of


the immobilisation of viral proteins on the surface treated in


PSA only. In this case, all (glycolysated and non-glyco-


lysated antigens) were immobilised on the transducer


surface. At the same time, in the case of using the transducer


surface treated with PSA and some lectins, the largest


response was revealed on the application of FGÀ-C-lectin


(Fig. 5). The experimental data, presented in Fig. 6,


demonstrate that the above method of surface preparation


is very effective for the discrimination of antiserums from ill


and immunised animals.

4. Conclusions


The obtained results confirmed our previous observations


[1,2] that the presence of polyelectrolyte layers unifies the


surface of transducers and increases the efficiency of the


immobilisation of the next intermediate layer of Staph-


ylococcal protein A. The same effect was demonstrated on


the formation of intermediate layers of some lectins. The


affinity of lectins is varied for different iso-types of IgG, so

the type of lectins suitable for binding some particular IgG


should be chosen in preliminary experiments. Both types of


intermediate layers (lectins and Staphylococcal protein A)


enhance the preferential orientation of Fab fragments of IgG


towards the solution; however, Staphylococcal protein A is


more effective in for this task. At the same time, lectins can


provide selective immobilisation of appropriate glycilisated


antigens from some complex mixtures. It proved to be very


effective to apply this approach for the direct discrimination


of antiserum from health and ill animals at the biochemical


diagnostics of bovine retroviral leucosis.
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Abstract


Single-molecule AFM imaging of single-stranded and double-stranded DNA molecules self-assembled from solution onto a HOPG


electrode surface is reported. The interaction of DNA with the hydrophobic surface induced DNA aggregation, overlapping, intra- and


intermolecular interactions. Controlling the electrode potential and using the phase images as a control method, to confirm the correct


topographical characterization, offers the possibility to enlarge the capability of AFM imaging of DNA immobilized onto conducting


substrates, such as HOPG. The application of a potential of +300 mV (versus AgQRE) to the HOPG enhanced the robustness and stability of


the adsorbed DNA molecules, increasing the electrostatic interaction between the positively charged electrode surface and the negatively


charged DNA sugar-phosphate backbone.


D 2004 Elsevier B.V. All rights reserved.
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1. Introduction


DNA is an important biomacromolecule with remarkable


chemical and biophysical properties [1–3]. The adsorption


of single-stranded and double-stranded DNA at the solid


electrodes surface plays a vital role in a variety of


biotechnological, medical and nanoscience applications


and enables the chemical and structural modification of


the sensor surface [4], being very important for under-


standing many physiological processes. Different structures


and conformations that DNA molecules can adopt at the


electrode surface lead to different interactions with other


molecules, such as modifications of the accessibility of


different drugs to the DNA grooves and modifications in


DNA hybridization efficiency.


Atomic force microscopy (AFM) has proved to be a


powerful tool for obtaining high-resolution images of DNA


in air and in solution. Images of DNA conformations,

1567-5394/$ - see front matter D 2004 Elsevier B.V. All rights reserved.
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unusual structures and DNA–protein complexes have been


obtained almost exclusively on mica or silicon [5–8], but


rarely on conducting materials. Effectively, the DNA


molecules do not bind strongly enough to conducting


substrates and the AFM tip tends to sweep away the


adsorbed macromolecules. AFM imaging onto conducting


substrates has been limited to gold substrates [9]. However,


the oxidation of the gold electrodes occurs at potentials of


approximately +0.8 V, [10,11] and the gold surface becomes


covered with gold oxides. Electrochemical oxidation of


nucleic acids on carbon electrodes showed that, with the


exception of guanine base, which has an oxidation peak at


approximately +0.8 V, depending on the experimental


conditions and electrodes used, all the other nucleic acid


bases and nucleosides are oxidized at higher electrode


potentials [12,13]. Consequently, the gold surface is not a


good choice for electrochemical studies of DNA due to its


limited potential range. A major challenge in the area of


direct visualization of DNA molecules is to extend the


capability of AFM imaging to other conducting substrates


required in electrochemical applications.

(2005) 117–124
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Carbon electrodes such as glassy carbon, carbon fibres,


graphite or carbon black have a wide useful potential range,


particularly in the positive direction, which enables the


detection of damage caused to DNA by following the


oxidation peaks of the purine bases [12–14].


Highly oriented pyrolytic graphite (HOPG) has been


used to study single DNA molecules by STM. However, the


geometry of the grain boundary, the step edge texture and


surface defects of the freshly cleaved HOPG surface


produce STM images that mimic both single-stranded and


double-stranded DNA molecules, interfering with the ability


to distinguish between the true biological features and the


features related with the clean HOPG steps [15–17]. The


problems encountered in STM imaging of the molecules


adsorbed onto HOPG steps also limited the use of HOPG in


AFM studies of single-DNA molecules. AFM has been has


been limited to studying the formation of DNA networked


films assembled from high and very high DNA solution


concentrations [18–20], which enabled the formation of


thick and stable DNA lattices, completely covering the


HOPG boundary defects. Nevertheless, the nature of the


single DNA–surface interaction and the morphology adop-


ted by isolated DNA molecules when small solution


concentrations are used is still not yet well understood.


Magnetic AC mode AFM (MAC Mode AFM) permits


the visualization of the molecules weakly bound to the


substrate material and it can be very helpful in the


investigation of single-molecules loosely attached to the


conducting surface of electrochemical transducers. AFM is


not as sensitive as STM to unusual electronic structures on


the surface, the AFM images being less affected by artefacts


than STM [5].


In this context, this paper explores the possibility of


using MAC Mode AFM to image single-stranded DNA


(ssDNA) and double-stranded DNA (dsDNA) from calf-


thymus immobilized by free adsorption and by applying a


potential of +300 mV vs. AgQRE to the HOPG electrode


surface immersed in solutions of low DNA concentration.


Calf-thymus DNA is a large molecule that is easily


commercially available and has already been used for


biosensor construction [13,14].

2. Materials and methods


2.1. Materials


Calf-thymus double-stranded DNA (sodium salt, type I)


and single-stranded DNA were purchased from Sigma-


Aldrich Quı́mica, Spain and were used without further


purification. The electrolyte used was pH 7.0 0.1 M


phosphate buffer solution and was prepared using analytical


grade reagents and purified water from a Millipore Milli-Q


system (conductivity b0.1 AS cm�1). Solutions of different


concentrations were obtained by direct dilution of the


appropriate volume in phosphate buffer.

Highly oriented pyrolytic graphite (HOPG), grade


ZYH, of rectangular shape with 15�15�2 mm dimen-


sions, from Advanced Ceramics, UK, was used through-


out this study as a substrate. The HOPG was freshly


cleaved with adhesive tape prior to each experiment and


was imaged by Contact Mode AFM in order to establish


its cleanliness.


Voltammetric experiments were carried out in a one-


compartment Teflon cell of approximately 12.5 mm internal


diameter holding the HOPG sample—the working elec-


trode—on the base. A Pt wire counter electrode and a silver


wire as quasi-reference (AgQRE) electrode were placed in


the cell, dipping approximately 5 mm into the solution. The


electrochemical control was done with a PalmSens poten-


tiostat, running with PalmScan version 1.11 software, from


Palm Instruments, The Netherlands.


2.2. DNA sample preparation


For DNA samples prepared by free adsorption, 100 Al of
DNA solutions were adsorbed onto freshly cleaved HOPG


surface and incubated for 3 min. The excess of DNA was


gently cleaned with a jet of Milli Q water and the HOPG


with adsorbed DNAwas then dried with nitrogen, which is a


typical procedure used for imaging dry nucleic acid


molecules in air [6].


For DNA samples prepared by electrochemically assisted


adsorption 500 Al of the desired DNA solution were placed


in the electrochemical cell holding the HOPG working


electrode on the base. A positive potential of 300 mV (vs.


AgQRE) was applied to the electrode during 3 min. The


HOPG with adsorbed DNA was rinsed with a jet of Milli-Q


water and dried with nitrogen.


2.3. Atomic force microscopy


AFM was performed with a Pico SPM controlled by a


MAC Mode (Magnetic AC Mode) module and interfaced


with a PicoScan controller from Molecular Imaging, USA.


All the AFM experiments were performed with a CS AFM S


scanner with the scan range 6 Am in x–y and 2 Am in z,


Molecular Imaging Corporation. Silicon type II MAClevers


225 Am length, 2.8 N/m spring constant and 60–90 kHz


resonant frequencies (Molecular Imaging) were used in


MAC Mode AFM. Silicon nitride NanoProbes TM V-


shaped cantilevers, 100 Am length, 0.58 N/m spring


constant were used for contact AFM in air.


All images (256 samples/line�256 lines) were taken at


room temperature, scan rates 1.0–1.3 lines s�1. The images


were processed by first order flattening in order to remove


the background slope and the contrast and brightness were


adjusted. All images were visualized in three-dimensions


using the Scanning Probe Image Processor, SPIP version


2.3011, Image Metrology ApS. Section analysis over DNA


molecules and films was performed with PicoScan software


version 6.0, Molecular Imaging.
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3. Results and discussion


3.1. Free adsorption of ssDNA and dsDNA on HOPG


DNA is a highly charged, hydrophilic molecule, whereas


HOPG has a hydrophobic surface. These characteristics


reduce the spontaneous interaction of DNA with the HOPG


surface. Despite the fact that MAC mode AFM is a gentle


technique, with a view to minimizing as much as possible


any damage to the biological films by the AFM tip, it


represents one of the most significant problems when


imaging single DNA molecules. In order to improve the


stability of the molecules on the surface, the DNA samples


have been dried and imaged in air before being observed by


AFM. This adsorption procedure, used in the AFM studies,


is similar to the real procedure of preparation and storage of


DNA-modified electrodes.


The AFM results indicate that both ssDNA and dsDNA


adsorb freely at the HOPG surface and the adsorption is fast.


The MAC Mode AFM topographical images of ssDNA


adsorbed onto HOPG, from a 1 Ag/ml ssDNA solution in pH


7.0 0.1 M phosphate buffer electrolyte, showed that the


ssDNA molecules condensed at the surface in very large,


coiled and twisted featureless aggregates, Fig. 1A. ssDNA


has the bases exposed, which facilitates interaction with the


substrate. The long ssDNA molecules exist in solution in


flexible polymeric-like configurations with some hybrid-


ization of randomly complementary zones. The conforma-


tion of the molecules is inevitably modified by the transition


from three dimensions in solution to two dimensions on the


surface. The ssDNA molecules are stabilized on the HOPG


surface by hydrophobic interactions between the hydro-


phobic aromatic rings of the bases and the hydrophobic


carbon surface.


Scanning probe microscopy visualization of DNA as


such small concentrations of molecules of 1 Ag/ml requires a


careful analysis of the geometry related with the HOPG


domain walls, since the molecules are isolated and not


actually form uniform films, not covering completely the


HOPG surface. As demonstrated by STM studies, difficulty

Fig. 1. (A) MAC Mode AFM topographical image in air of ssDNA prepared onto H


M phosphate buffer electrolyte. (B) Amplitude image (feedback error) and (C) pha


images (1) marks an ssDNA aggregate and (2) marks an HOPG step.

arise in distinguish between an HOPG step and an adsorbed


molecule [15,16].


In MAC Mode AFM, the parameters of AFM cantilever


oscillations (amplitude, frequency, phase) change when the


cantilever contacts the sample surface. A significant advant-


age ofMACMode AFM, compared with contact mode AFM,


is the possibility of using the changes in phase angle of the


AFM cantilever probe to produce a second image, the phase


image. As well as the amplitude image (feedback error),


which is the equivalent of the deflection image in contact


mode AFM, the phase image is recorded simultaneously with


the topographical image of the surface, and represents the


difference between the oscillating magnetic field driving


the cantilever and its true response at surface contact. The


reference phase is considered the free oscillation phase of


the AFM cantilever, far away from the surface. During


scanning of the sample, the changes in phase contrast depend


not only on topography changes, but also on the adhesion,


elasticity and viscoelastic properties of the surface. The


modifications in the phase angle are correlated with different


damping produced by different areas of the sample surface.


Frequently, the phase images show an improved contrast


compared with the corresponding DNA topographical


image [21], and can give a second opinion about the


doubtful features in the HOPG sample and about the


presence of DNA molecules.


In Fig. 1 are presented the amplitude image (feedback


error), Fig. 1B, and the phase image, Fig. 1C, recorded


simultaneously with the topographic image from Fig. 1A.


The big ssDNA aggregate observed is marked by (1) in the


images and an HOPG edge step between two graphite


terraces is marked by (2). As can be observed in topo-


graphical and amplitude images, it is difficult to distinguish


between the soft biological molecules and the HOPG


border. However, DNA is much more viscous than the bare


HOPG surface leading to a more pronounced difference in


phase angle as the AFM tip passes over, Fig. 1C. Using the


phase image, it is very easy to identify the real DNA


molecules with an improved contrast and to distinguish


them from the unusual HOPG structures, overcoming in this

OPG by 3 min free adsorption from 1 Ag/ml ssDNA solution in pH 7.0 0.1


se image recorded simultaneously with the topographic image A. Inside the
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way the problems of image artefacts encountered in STM


imaging of single DNA molecules.


MACMode AFM images in air of dsDNA self-assembled


on HOPG, from 1 Ag/ml dsDNA solution in pH 7.0 0.1 M


phosphate buffer electrolyte, also revealed coiled and twisted


structures but the dsDNAmolecules appeared more extended


on the HOPG surface, Fig. 2A. Sporadically, sections of


straight dsDNA could be observed as shown in Fig. 2C. The


phase images, Fig. 2B and D, represent a control method to


certify that the topographical characterization is correct and it


is really the DNA that is seen in the images.


The measured full width at half-maximum height (fwhm)


of isolated dsDNA was approximately 10–25 nm, being


overestimated due to the convolution effect of the tip radius.

Fig. 2. (A, C) MAC Mode AFM topographical images in air of dsDNA prepared on


0.1 M phosphate buffer electrolyte. (B, D) Phase images recorded simultaneously


an dsDNA aggregate and (2) marks an HOPG step. (E) Three-dimensional represe


the image C.

The height measurements were not limited by the tip radius


and give a better representation of the dsDNA diameter.


Therefore, the straight portions of dsDNA offer the


possibility of evaluating the true height of the dsDNA


molecules. The average height measured by section analysis


over parts of single dsDNA molecules in the images, Fig.


2F, was 0.7F0.2 nm. It is expected that isolated dsDNA


adopts the A-form due to strong dehydration of the


molecules leading to a double-helix diameter of approx-


imately 2.6 nm. In AFM studies in air, the reported heights


for dsDNA confined on a solid support vary from 0.5 to


1.9 nm [6], usually much smaller than the helix diameter,


which probably due to elastic deformations of dsDNA


caused by the AFM tip [6]. The large fwhm of dsDNA may

to HOPG by 3 min free adsorption from 1 Ag/ml dsDNA solution in pH 7.0


with the topographic images A and C. Inside the images A and B (1) marks


ntation of image C. (F) Cross-section profiles through white lines 1 and 2 in
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be not only to an artefact caused by the size and shape of the


tip, but also a broadening of dsDNA itself as a consequence


of dsDNA deformation by the tip.


In the case of dsDNA, the aggregation phenomena were


less critical than in the case of ssDNA, due to larger


electrostatic repulsion between the negatively charged


sugar-phosphate backbone of the molecule strands. How-


ever, it was noticed that the dsDNA displayed spherical


aggregates along its length with sizes between 1 and 2.5 nm,


the 150�150 nm scan size image. The presence of salt in the


buffer electrolyte can induce spontaneous condensation of


dsDNA due to lateral aggregation of the molecule [1]. Also,


the hydrophobic HOPG surface may induce aggregation of


long dsDNA, even in the absence of buffer solution. At the


solid–liquid interface, the dsDNA environment is drastically


different from that in bulk solution since DNA is forced to


pass from the solution 3D conformation to the adsorbed 2D


conformation. The drying procedure does not modify the


adsorbed double- or single-stranded DNA on the HOPG


surface but the aggregates of the dehydrated 2D conforma-


tion are less high.


Adsorption and aggregation at other hydrophobic poly-


meric surfaces [22,23] was observed. In the double-helical


structure, a continuous dissociation–association of the bases


of dsDNA occurs at the ends as well as at single-stranded


overhangs (bsticky endsQ) [1–3]. The stabilization of dsDNA
at the surface may occur through interaction between the


hydrophobic HOPG surface and several hydrophobic bases


at the dsDNA ends. The interaction of dsDNA with the


HOPG surface can induce overlapping and superposition of


the molecules, sticky-ended cohesion and conformation


changes, leading to DNA–DNA interactions and to for-


mation of alternative DNA structures [2,3,23].


3.2. Adsorption of ssDNA and dsDNA on HOPG under an


applied potential


The immobilization of ssDNA and dsDNA by free


adsorption onto HOPG is very quick and easy to perform.


The main disadvantage of this method is that the nucleic

A B


300nm


Fig. 3. (A) MAC Mode AFM topographical image in air of ssDNA prepared onto H


M phosphate buffer electrolyte. (B) Amplitude image (feedback error) and (C) pha


images, the arrows mark the trajectory traces of ssDNA fragments moved by the

acids cluster into very large aggregates, especially in the


case of ssDNA.


Nucleic acid self-assembly involves a large number of


weak interactions and the DNA molecules do not bind


strongly enough to the conducting HOPG substrate. Con-


sequently, the DNA molecules are rather unstable on the


surface and may be desorbed. The friction caused by the


AFM tip during scanning the surface is frequently superior


to the adhesion to the surface and the AFM tip easily sweeps


away and drags the DNA molecules adsorbed on the HOPG


surface. It was observed during the experiments that the


AFM tip could easily move fragments of DNA molecules


condensed by free adsorption. Fig. 3 shows an example of


how the AFM tip causes the dislocation and movement of


ssDNA fragments along the HOPG surface; this image was


recorded immediately after the images from Fig. 1. In all


three images (topography Fig. 1A, amplitude Fig. 1B, phase


Fig. 1C), traces of the trajectories of these fragments clearly


appear.


During free adsorption, the single DNA molecules are


preferentially attached near the step edges of the HOPG


surface, Figs. 1A and 2A. A clean, atomically flat surface is


produced by peeling the top layer of the HOPG basal


cleavage plane. This process induces the formation of


different structures on graphite, e.g., grain boundaries,


dislocations, cleavage steps and point defects [17]. The


non-bound carbon atoms existing on these defects may form


bonds with hydrogen, hydroxyl and carboxyl groups [24].


These functional groups formed at the HOPG steps as well


as breaks in the surface may contribute to the predisposition


of nucleic acid molecules to accumulate at these sites.


In order to overcome all these problems, a stronger and


controlled adsorption of DNA onto the HOPG surface is


required. A better immobilization was obtained by applying


a positive potential to the surface during adsorption. The


positively charged HOPG substrate exerts electrostatic


attraction on the nucleic acid molecules. The potential


chosen was +300 mV, versus AgQRE, during 3 min,


because this potential is not positive enough to irreversibly


oxidize the DNA bases inside the molecules [12] and was

300nm 300nm


C


OPG by 3 min free adsorption from 1 Ag/ml ssDNA solution in pH 7.0 0.1


se image recorded simultaneously with the topographic image C. Inside the


AFM tip.
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considered to be sufficient to stabilize the negatively


charged DNA molecules on the surface.


We have found that electrochemical adsorption is very


efficient in the case of ssDNA. At concentrations of 1 Ag/ml


ssDNA solutions in pH 7.0 0.1 M phosphate buffer


electrolyte, a two-dimensional network was formed by


linear strands covering the entire HOPG surface, Fig. 4.


Variable angles between the network strands could be


observed and the height of the strands was 1.4F0.3 nm. At


the branch junctions and along the linear segments of the


lattice, many globular clusters appeared with height between


2 and 4 nm. This may be due to crossover molecules or to


binding of linear strands while forming the lattice. It is also


very probable that many parts of the ssDNA molecules


contain complementary bases leading to local hybridization

Fig. 4. (A, B, C) MAC Mode AFM topographical images in air of ssDNA prepare


during 3 min to the electrode immersed into 1 Ag/ml ssDNA solution pH 7.0 0.1 M


the topographic image C. (E) Three-dimensional representation of image C. (F) C

and the formation of portions of dsDNA. A network


formation at the HOPG electrode surface was also observed


for different concentrations of ssDNA.


The dsDNA molecules adsorbed by deposition at +300


mV versus AgQRE, from a solution of 1 Ag/ml dsDNA in


pH 7.0 0.1 M phosphate buffer electrolyte, Fig. 5, also


presented higher stability on the surface compared with


dsDNA immobilized by free adsorption. Still the applied


potential is less effective than in the case of ssDNA, being


not able to prevent the aggregation of the molecules. In


aqueous solution, the dsDNA has the negatively charged


phosphate groups distributed helically outside the duplex.


During the controlled potential adsorption process, dsDNA


adsorbs electrostatically at a given number of points along


its length. The dsDNA had a large number of intramolecular

d onto HOPG by applying a deposition potential of +300 mV (vs. AgQRE)


phosphate buffer electrolyte. (D) Phase image recorded simultaneously with


ross-section profiles through white lines 1 and 2 in the image C.







Fig. 5. (A, B) MAC Mode AFM topographical images in air of dsDNA prepared onto HOPG by applying a deposition potential of +300 mV (vs. AgQRE)


during 3 min to the electrode immersed into 1 Ag/ml dsDNA solution pH 7.0 0.1 M phosphate buffer electrolyte. (C) Phase image recorded simultaneously with


the topographic image B. (D) Cross-section profiles through white lines 1 and 2 in the image B.
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loops and regions of collapsed and uncollapsed strands


coexist together, Fig. 5. Globular aggregates with dimensions


between 1.7 and 4 nm were observed all along the double-


stranded chains with a diameter of 1.1F0.2 nm Fig. 5D.

4. Conclusions


The results suggest that the adsorption of ssDNA and


dsDNA at the HOPG surface can be controlled by the


applied potential and the electrochemically assisted adsorp-


tion provides better attachment of the molecules at the


HOPG surface compared with free adsorption. Parts of the


molecules interact together by hydrogen bonding during


equilibration on the substrate, and hydrophobic interactions


and van der Waals forces may also contribute to adsorption


on the HOPG electrode. For both ssDNA and dsDNA, the


applied potential increased the stability of the adsorbed


molecules that bind very tightly, through multiple electro-


static interactions of the phosphate groups, with the


positively charged HOPG electrode surface. Due to stronger


adsorption of the molecules on the HOPG substrate, the


condensed molecules were less compressible by the AFM


tip, which explains the higher values of DNA heights


compared with free adsorption.


The AFM images MAC Mode AFM offers the possibility


of overcoming the difficulties in STM imaging of DNA

related to the HOPG grain boundaries and imaging isolated


DNA molecules attached to defect-free HOPG surface


terraces. The phase images recorded simultaneously with


the topographic images enabled the clarification of the


morphology of the adsorbed DNA. MAC Mode AFM in an


electrochemically controlled environment is capable of


resolving the surface morphological structure of nucleic


acids adsorbates and contributes to the understanding of the


mechanism of adsorption and the nature of DNA–electrode


surface interactions.
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Abstract


DNA-drug association interaction at the DNA modified screen-printed electrode for 1-methyl-2-piperidinoethylester of 2-hexoxyphe-


nylcarbamic acid was found leading to an accumulation of the drug within the DNA layer. A procedure for the determination of drug in blood


serum matrix using the protein precipitation and voltammetric measurement of the electroactive drug with the DNA biosensor was obtained


and an effort was done to apply it for an assay of the drug enzymatic degradation in human and rabbit sera at 37 8C.
D 2004 Elsevier B.V. All rights reserved.
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1. Introduction


The derivatives of alkoxyphenylcarbamic acids exhibit


local anesthetic activity [1] and in vitro interact significantly


with the surface-attached DNA by an electrostatic associ-


ation with the negatively charged dsDNA backbone [2].


This association does not lead to DNA damage and the drug


molecules can be removed at the dissociation of the drug-


DNA adducts in blank buffer solution. The HPLC technique


is typically used for the determination of such drugs in


biological matrices and the drug degradation by various


esterase enzymes [3–5].


These local anesthetics are electroactive at both bare and


chemically modified voltammetric electrodes. Recently, we


reported a procedure for the differential pulse voltammetric


(DPV) determination of such type of the drugs at a screen-


printed carbon electrode modified by the thin DNA layer


(DNA/SPE) [6]. The aim of this work was an effort for the

1567-5394/$ - see front matter D 2004 Elsevier B.V. All rights reserved.
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first time to use this new procedure for an assay of the drug


degradation in blood serum. For this purpose, two different


spiked sera have been chosen, namely lyophilized human


serum and original rabbit serum stored in a frozen state. A


change of both the drug concentration and in the


association ability towards the surface attached DNA was


of interest.

2. Experimental


A computerized voltammetric analyzer ECA pol, model


110 (Istran, Bratislava, Slovakia) fitted with a screen-printed


three-electrode assembly (FACH, Prešov, Slovakia) was


used for voltammetric measurements. The working elec-


trode was preconditioned electrochemically in 0.005 M


phosphate buffer pH 7.0 at 1.7 V for 60 s, covered with 2 Al
of the DNA stock solution and leaving to dry overnight. The


measurements were carried out at room temperature (25 8C).
Calf thymus dsDNA was obtained from Merck


(1.24013.0100) and used as received. Its stock solution


(5 mg/ml) was prepared in 0.010 M Tris–HCl buffer of pH


8.0 with 1�10�3 M EDTA solution and stored at �4 8C.
The drug hydrochloride of 1-methyl-2-piperidinoethylester

(2005) 125–127







Fig. 2. Drug degradation profile during the incubation of serum at 37 8C
expressed as the dependence of the original drug recovery on time.


Conditions: the initial drug spike concentration 20 Ag/ml in human serum


and 8 Ag/ml in rabbit serum. Error bars represent the standard deviation


from the average value (n=3).
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of 2-hexoxyphenylcarbamic acid (pKa=7.32) was synthe-


sized as described previously [1]. Its 1�10�2 M stock


standard solution in water was stored at 4 8C. Lyophilized
human serum Exapat was obtained from Imuna (Šarišské


Michal’any, Slovakia) and its solution was prepared by the


addition of 5.0 ml deionized water to the commercial tube.


Rabbit blood serum was obtained from the Faculty of


Pharmacy, Comenius University. All other chemicals were


of analytical reagent grade purity. Deionized, double


distilled water was used throughout.


For the drug determination, the analytical procedure


published in Ref. [2] was modified in order to enhance the


sensitivity of the determination as follows: the drug was


accumulated in the DNA layer from its solution in 0.005 M


phosphate buffer pH 7.0 using �0.20 V polarization


potential of the working electrode for 60 s under stirring.


The DPV record was obtained immediately within the


potential range of 0.40–0.85 V at the pulse amplitude 200


mV, pulse duration 40 ms and scan rate of 10 mV s�1 and


the DPV peak current was evaluated after the baseline


correction.


Two spiked serum samples were prepared containing


0.02 mg/ml drug in human blood serum and 0.008 mg/ml


drug in rabbit blood serum. The samples were kept at 37 8C
in a thermostat for a given time period. Then 250 Al of
spiked blood serum were pipetted to a test tube and 500 Al

Fig. 1. Differential pulse voltammograms of the drug in test solutions with


0.05, 0.15, 0.3, 0.5, 0.7, and 1.0 AM drug. Conditions: 1 h incubation of


spiked rabbit blood serum at 37 8C followed by the protein precipitation


and drug extraction, then dilution with 0.005 M phosphate buffer solution


pH 7.0 and the drug accumulation on DNA/SPE at �0.20 V for 60 s under


stirring, DPV measurement with pulse amplitude 200 mV, pulse duration 40


ms, scan rate of 10 mV s�1.

of acetonitrile was added. The precipitate was separated by


centrifugation for 2 min. Then, 550 Al of the solution phase


were transferred to another test tube and evaporated to


dryness under air purge at room temperature. The residue


was dissolved in 300 Al of double distilled water and 20 or


50 Al of the resulting solution were pipetted into voltam-


metric cell containing 4.0 ml of 0.005 M phosphate buffer


pH 7.0. The DPV record was obtained. Two standard


additions of 1�10�4 M drug solution served for the drug


quantification.

3. Results and discussion


The drug molecule undergoes an electrooxidation at the


SPE and DNA/SPE in the region of 0.6 V vs. Ag/AgCl-SPE


in 0.005 M phosphate buffer pH 7.0 [2]. A non-specific


adsorption of the drug at a bare SPE and a specific


association of the drug with the surface confined DNA have


been observed with the saturation of the electrode surface


within 60 s. Due to the accumulation of the drug traces


within the DNA layer, about three times higher analytical


signal was obtained at the DNA/SPE comparing to bare SPE.


The serum matrix has a strong influence on the


voltammetric drug signal leading to a suppression of the


peak current and the shift of the peak potential. For the


determination of low drug concentration in blood serum,


proteins have to be eliminated. For this purpose, the protein


precipitation by acetonitrile, as described in Ref. [7], has


been found to be effective. After that the drug signal is


concentration dependent (Fig. 1) with the linearity from


0.05 to 1.00 AM for rabbit blood serum extract and 0.013–


0.200 AM for human blood serum extract. The detection


limits were found to be 0.06 AM for rabbit blood serum and


0.016 AM for human blood serum [8].


Chemical stability of the original drug has been studied


in both pure aqueous medium of the drug stock solution as
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well as in spiked human blood and rabbit blood sera. In pure


aqueous medium of the buffer solution, no drug degradation


was detected after a week of storage at room temperature.


Due to a dramatically lower sensitivity of the voltammetric


signal of the drug added as a spike to the blood serum


matrix at room temperature, the procedure of protein


precipitation followed by the drug accumulation on the


DNA biosensor and DPV measurement was utilized as


described in Experimental. Using a previous incubation of


the spiked blood sera at 37 8C, the drug signal at the DNA/


SPE decreases with time of incubation. Evidently, a deep


decomposition of the original drug molecule takes place to


products which are not electrochemically active within the


potential region used for the voltammetric determination


of the original drug molecule or do not associate with the


DNA electrode modifier. Fig. 2 shows the drug degradation


in serum at 37 8C expressed as a recovery of the original


drug amount. Observed rate constants of the degradation


process can be calculated using the linear dependence: ln(c/


c0)=f(t) (first order) and 1/c=f(t) (second order). For human


blood serum, the first-order and the second-order rate


constants observed are (1.14F0.18)�10�5 s�1 (correlation


coefficient of r=0.964) and (0.27F0.04) M�1 s�1 (r=0.973),


respectively, while for the rabbit blood serum the values are


(1.53F0.14)�10�4 s�1 (r=0.989) and (1.44F0.36)�102


M�1 s�1 (r=0.919), respectively. According to the values of


the correlation coefficients it is difficult to select a true order


of the rate constants. At this point an agreement is found


with the degradation study of this drug in another sample of


the rabbit serum using HPLC as the detection technique [4].


The reason for it is evidently a rather complicated drug


decomposition process with the participation of esterase


enzyme which cannot be described by simple kinetic model.


Moreover, the results could be influenced also by the


amount of drug spike, the presence of other (drug)


substances in serum as well as by serum storage conditions


and storage time which all together may influence the


enzyme activity [5].

4. Conclusion


In this paper new type of biosensing was tested as a


simple and inexpensive method for the drug determination


in serum matrix. It was found that the sensitive electro-


chemical drug determination at the DNA-based biosensor

can be used for an evaluation of the drug degradation. The


new procedure represents an alternative to conventional


methods such as HPLC. The association of the original drug


molecule with the surface attached DNA as well as the drug


degradation in serum are of great interest regarding an


understanding of the drug activity and interaction with the


DNA biopolymer.
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assistance.

References
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column chromatography for separation and determination of enan-


tiomers of phenylcarbamic acid derivatives in serum, Pharmazie 58


(2003) 108–110.
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Abstract


An immobilisation procedure based on the direct coupling of thiolated probes (Probe-C6-SH) to bare gold sensor surfaces has been


compared with a reference immobilisation method, based on the coupling of biotinylated probes onto a streptavidin-coated dextran-modified


surface.


The instrumentations used were a quartz crystal microbalance (QCM) and the optical instruments Biacore Xk and Spreetak based on


surface plasmon resonance (SPR).


The performances of the DNA-based sensors resulting from direct coupling of thiolated DNA probes onto electrodes of quartz crystals or


gold SPR-chips have been studied in terms of the main analytical parameters, i.e. selectivity, sensitivity, reproducibility, etc.


In particular, the two immobilisation approaches have been applied to the analysis of oligonucleotides, DNA amplified by polymerase


chain reaction (PCR) and genomic DNA enzymatically digested.


D 2004 Elsevier B.V. All rights reserved.


Keywords: Biosensors; DNA probes; Immobilisation procedure

1. Introduction


In the last two decades, biosensors had a wide impact in


clinical, food and environmental analysis. In particular,


DNA-based biosensors, where a ssDNA probe is immobi-


lised on the surface of the sensor, allow rapid, real-time


monitoring of hybridisation with the target DNA. The


detection relies on the biorecognition between a probe


immobilised on the sensing surface and the target sequence


in solution.


Probe immobilisation is a fundamental step in DNA-


based biosensor development. In the present work, a


comparison between an immobilisation procedure based


on the direct coupling of thiolated probes (Probe-C6-SH) to

1567-5394/$ - see front matter D 2004 Elsevier B.V. All rights reserved.
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bare gold sensor surfaces [1,2] and a reference immobilisa-


tion method, based on the coupling of biotinylated probes


to a streptavidin-coated sensor [3] is shown. This latter


immobilisation method has been extensively applied in


many previous works [4–16]. This method resulted very


efficient in terms of sensitivity, selectivity and stability of


the realised sensors for hybridisation detection [8,10,16,17].


More recently, chemisorption of DNA probes onto trans-


ducer surfaces based on the formation of gold-thiol bonds


has been reported by some authors [2,18–23]. Since the


direct coupling of probes by self-assembly of terminally


thiol-labelled oligonucleotides is very suitable for piezo-


electric and surface plasmon resonance (SPR) based


sensors, in this work, both these transduction techniques


have been examined.


The hybridisation detection has been studied with a


quartz crystal microbalance (QCM) (Seiko QCA922) and


two SPR devices (Biacore Xk and Spreetak). Each
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P35S


Biotinylated


probe:


5Vbiotin-GGCCATCGTTGAAGATGCCTCTGCC 3V


Non-specific 5Vbiotin-AATGATTAATTGCGGGACTCTAATC 3V
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instrument provides a gold surface, consisting of a quartz


crystal with gold electrodes evaporated on both sides, for the


QCM device, and of a glass slide coated with vaporised


gold, for the SPR systems. The application of the same


coupling strategy to these different devices was conducted


with the aim of exploiting its applicability to different


instrumentations using different sensor formats.


The different systems have been applied to the analysis


of DNA amplified by polymerase chain reaction (PCR) and


genomic DNA enzymatically digested. In particular, the


amplified fragment was a region of the 35S promoter, a


marker widely used for genetically modified organisms


analysis. The target sequence in the genomic DNA is


internal to a highly repeated fragment of bovine genome.


Highly repeated DNA fragments are specific sequences, of


various length (from a few to thousands of nucleotides),


which are repeated in the genome and can correspond to a


high percentage of this (around 30%).

probe (1):


Thiolated


probe:


5VHS-(CH2)6-GGCCATCGTTGAAGATGCC


TCTGCC 3 V
Target: 5VGGCAGAGGCATCTTCAACGATGGCC 3V
Non-


complementary


sequence (1):


5VGATTAGAGTCCCGCAATTAATCATT 3V


Bovine


Biotinylated


probe:


5Vbiotin-TCACGCAGCTCAGCAGGCCCT 3V


Thiolated probe: 5VHS-(CH2)6-TCACGCAGCTCAGCAGGCCCT 3V
Target: 5VAGGGCCTGCTGAGCTGCGTGA 3V
Non-


complementary


sequence (2):


5VGGCAGAGGCATCTTCAACGATGGCC 3V


Non-


complementary


sequence (3):


5VCAAGGGAGGGAGAGACAGAGAGGCC 3V


Blocking oligo 1: 5VGTCTGCTCATCTGCTTGACAATTTC 3V
Blocking oligo 2: 5VTAATCAAGTAGATGAGCAGGCAG 3V

2. Experimental


2.1. Apparatus and reagents


The QCM device was based on 10 MHz At-cut quartz


crystals (14 mm) with gold electrodes (42.6-mm2 area)


evaporated on both sides (NuovaMistral, Latina, Italy). The


quartz resonator was housed inside a methacrylate cell such


that only one side of the crystal was in contact with the


solution in the cell well. The frequency variations were


continuously recorded using a quartz crystal analyser


(Models QCA922, Seiko EG&G, Chiba, Japan). The


frequency shifts reported in the paper are the difference


between two stable values (F1 Hz).


The SPR device Biacore Xk (Biacore, Uppsala, Sweden)


and a dextran-modified sensor chip (CM5) or a bare gold


sensor chip (SIA kit Au), the SPR device Spreetak (Texas


Instruments, USA) and a bare gold Spreeta sensor were used


for the SPR experiments. All the measurements were


conducted at a flow rate of 5 Al/min and 25 8C.
1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide


(EDAC), 6-mercapto-1-hexanol (MCH) and streptavidin


were purchased from Sigma Aldrich (Milan, Italy). N-


hydroxysuccinimide (NHS) was obtained from Fluka (Milan,


Italy). Other reagents for the buffers were purchased from


Merck (Darmstadt, Germany).


The composition of the buffers and solutions used for the


experiments is as follows:


– Immobilisation buffer (I): NaCl 300 mM, Na2HPO4 20


mM, EDTA 0.1 mM, pH 7.4.


– Immobilisation solution (II): KH2PO4 1 M, pH 3.8.


– Hybridisation buffer (I): NaCl 150 mM, Na2HPO4 20


mM, EDTA 0.1 mM, pH 7.4.


– Hybridisation buffer (II): NaCl 150 mM, Na2HPO4 20


mM, EDTA 0.1 mM, Tween 20 0.005%, pH 7.4.

– Restriction enzyme (EcoRI) buffer (M-Medical, Gen-


enco, Milano, Italy): 50 mM Tris–HCl (pH 7.5), 10 mM


MgCl2, 100 mM NaCl, 0.02% Triton X-100, 0.1 mg/ml


BSA.


2.2. Samples


5VThiolated synthetic oligonucleotides were from Sigma-


Genosys (Cambridge, UK); 5Vbiotinylated and all the other


synthetic oligonucleotides were from MWG Biotech (Flor-


ence, Italy).


The base sequences of the 5V-functionalised probes, syn-


thetic targets and non-complementary strands are described


below:

The plasmidic DNA (pBI121) and the genomic DNA


from genetically modified (GM) maize real samples were


kindly provided by Prof. M. Buiatti, University of Florence


(Italy).


Genomic bovine (Bos taurus) and porcine (Sus scrofa


domesticus) DNA were commercially available from Nova-


gen (Darmstadt, Germany).


2.3. Immobilisation of the oligonucleotide probe on gold


2.3.1. QCM device


The gold electrode surface was first cleaned with a


boiling solution consisting of H2O2 (30%), NH3 (30%),


milliQ H2O in a 1:1:5 ratio. The resonators were dipped in


the solution for 10 min. They were then thoroughly washed


with distilled water.


Two different procedures were employed for probe


immobilisation. The first was a multi-steps procedure based


on the interaction between a biotinylated probe and the
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streptavidin on the surface. This procedure was used here as


reference method in the comparison with the second one


that is based on the direct chemisorption of thiol-derivatised


probes.


2.3.1.1. Biotin-derivatised probe procedure. The gold


sensor surface was modified by formation of a carboxylated


dextran layer, for the immobilisation of streptavidin [3], on a


11-mercaptoundecanol self-assembled monolayer. Then the


biotinylated oligonucleotide (1 AM, P35S probe, and 2 AM,


bovine probe, in immobilisation buffer) was immobilised


[24–26].


2.3.1.2. Thiol-derivatised probe and blocking thiol proce-


dure. The gold sensor surface was modified with a thiol-


derivatised probe and a blocking thiol [2,26–30].


The resonator, after the cleaning step, was thoroughly


washed with distilled water and left in ethanol overnight.


Then the resonator is inserted in the cell and treated with a


solution (1 AM) of thiolated probe in immobilisation


solution for 2 h. After washing with immobilisation solution


and milliQ H2O, 200 Al of blocking thiol solution (MCH, 1


mM) was injected into the cell and the reaction was allowed


to proceed for 1 h, before the final washing with milliQ


H2O.


2.3.2. SPR device


2.3.2.1. Biotin-derivatised probe procedure. This immobi-


lisation procedure was conducted on the Biacore Xk device


as reported in Refs. [15] and [16].


The dextran-modified sensor chip (CM5) was directly


docked into the Biacore Xk instrument. Thirty five


microliters of a solution containing 50 mM NHS and 200


mM EDAC in water was injected to activate the dextran-


modified surface. The chip was further modified with


streptavidin (200 Ag/ml in acetate buffer 10 mM, pH 5.0).


Then, the residual reacting sites were blocked with 35 Al
solution of ethanolamine hydrochloride (pH 8.6, 1 M water


solution). Finally, the biotinylated probe was added (100 Al
probe 1 AM in immobilisation buffer (I)).


The presence of two flow-cells on the sensor chip allows


the immobilisation of two different probes. The probe in cell


1 provides the complementary counterpart for the target of


interest, while the non-specific probe in cell 2 was only used


as a control surface. Both probe sequences were immobi-


lised using the same protocol.


2.3.2.2. Thiol-derivatised probe and blocking thiol proce-


dure. Biacore Xk: the gold sensor chip was cleaned with


a solution consisting of H2O2 (30%), NH3 (30%) and milliQ


water in a 1:1:5 ratio for 10 min and then thoroughly


washed with milliQ water. After the cleaning step, the


sensor chip was covered with a solution (1 AM, 1 ml) of


thiolated probe in immobilisation solution (II) and incubated


at room temperature for 2 h. Following incubation, the

sensor chip was washed with milliQ water and then it was


treated with 1 mM (1 ml) blocking thiol solution (MCH) at


room temperature for a further hour in the dark. After


washing with water, the chip was docked into the Biacore


Xk instrument, ready for hybridisation.


Spreetak: the gold Spreetak sensor surface was firstly


cleaned with ethanol using a lens paper to remove finger-


prints, oily residues and dust particles, and then a further


cleaning step has been done using the same cleaning


solution used for the Biacore Xk chip. After the cleaning


step, the Spreetak sensor was put into the instrument IFC


(Integrated Flow Cell). The coating steps comprised 2-h


running with the thiolated probe (1 AM) and then 1-h


running with the blocking thiol solution (MCH, 1 mM) at a


flow rate of 5 Al/min and at 25 8C.


2.4. Hybridisation with synthetic oligonucleotides


2.4.1. QCM device


The oligonucleotide target complementary to the immo-


bilised probe was used for the characterisation of the


biosensor.


The hybridisation with the target oligonucleotide was


performed adding 100 Al of the oligonucleotide solution in


hybridisation buffer to the cell well. The reaction was


monitored for 10 min and then the surface washed with the


hybridisation buffer to remove the unbound oligonucleo-


tides. We report the frequency shift as the difference


between this final value and the value displayed before


the hybridisation reaction. Both frequency values are taken


when the crystal is in contact with the same buffer solution


(hybridisation buffer) so the shift is due only to compounds


fixed on the gold surface during the reaction [24–26,31].


In all the experiments, the single stranded probe was


regenerated by two consecutive treatments of 30 s with 1


mM HCl allowing a further use of the sensor.


All the experiments were performed at room temperature.


2.4.2. SPR device


Hybridisation experiments were conducted in the


Biacore Xk at a flow rate of 5 Al/min and at 25 8C
injecting 25 Al of the sample solution on the modified


chip. The reaction was monitored for 5 min and then the


sensor chip was automatically washed with hybridisation


buffer to remove the unbound DNA material. The


analytical signal, reported as Resonance Units (RU), was


derived from the difference between the final value and the


value recorded before the target injection (baseline). The


single-stranded probe was regenerated by 1 mM HCl


(streptavidin–biotin method) or 2.5 mM HCl (thiol-


derivatised probe method).


Using the Spreetak instrument, hybridisation measure-


ments consisted of 5-min hybridisation, 30 s of running


with hybridisation buffer to remove the unbound DNA


material and finally 2 min of regeneration with 2.5 mM


HCl to go back to the baseline (flow rate 5 Al/min, T=25
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8C). The analytical signal, reported as Refractive Index


(RI), was derived from the difference between the value


recorded before (baseline) and after the hybridisation when


the sensor surface is in contact with the same buffer


solution.


2.5. Sample extraction and amplification


The plasmidic (pBI121) DNA and the genetically mod-


ified (GM) maize DNA were extracted using the QIAprep


kit (Qiagen, Milan, Italy) and following the European


screening method for GMO detection [32], respectively.


The concentration of the extracted DNA material was de-


termined spectrophotometrically at 260 nm (GeneQuant,


Amersham Biosciences, Milan, Italy).


A 243-bp DNA fragment containing the target sequence


P35S (25mer) was amplified by using the sense (5V
GCTCCTACAAATGCCATCATT 3V) and antisense (5V
CTCCAAATGAAATGAAC 3V) primers (MWG Biotech).


The PCR conditions were as follows: initial 94 8C for 4 min,


94 8C for 1 min, 50 8C for 1 min, 72 8C for 1 min and 72 8C
for 3 min; 35 PCR cycles. All PCR experiments were


conducted with a MiniCycler, MJ Research (model


PTC150) (Waltham, MA, USA).


Screening of the PCR products was performed


by gel electrophoresis and visualised through a UV


transilluminator.


The control solution (blank) contained all the PCR


reagents except the DNA template.


2.6. Genomic DNA digestion


The genomic DNA was digested using the restriction


enzyme EcoRI, to obtain DNA fragments of around 400–


500 bp [33], containing the target sequence. By the


WebCutter 2.0 software (web available), it was verified that


the consensus sequence recognised by the enzyme is not


present inside the B. taurus satellite no. 13 (highly repeated


sequence, 247 bp). This is important to ensure that the


fragmentation does not affect the ability of the target


sequence to hybridise to the immobilised probe.


Ten micrograms of genomic DNA has been digested with


two enzymatic units of EcoRI in restriction enzyme buffer.


The reaction has been allowed to proceed at 37 8C overnight


and then at 75 8C for 10 min to inactivate the enzyme.


Afterwards, the digested DNA has been precipitated with


500 Al of absolute ethanol and 20 Al of sodium acetate 3 M


(pH 5.2). The precipitating solution was centrifuged at


13,000 rpm for 45 min at room temperature and the


supernatant removed. The DNA pellet was washed with


500 Al of ethanol 70% at �20 8C and centrifuged at 1300


rpm for 30 min; the supernatant has been removed, the


pellet has been dried in vacuum for 15 min and suspended in


100 Al of sterile bi-distilled H2O.


The reaction success has been confirmed by the electro-


phoresis analysis.

2.7. Denaturation of the PCR amplified DNA and the


digested genomic DNA


The amplicons obtained from PCR and the DNA


fragments obtained by enzymatic digestion have a double


helix structure and the two strands should be separated


(denatured) to allow the hybridisation with the probe


immobilised on the sensor surface.


A denaturation procedure that combines the thermal


dissociating effect to the steric hindrance caused by the


binding of two oligonucleotide sequences to the separated


DNA strands was applied. The principle of this method relies


on the use of two small (20–25 bases) oligonucleotides added


to the sample. One oligonucleotide is complementary to the


strand containing the probe and the other one to the strand


containing the target, but binds laterally so to not overlap with


them. By the interaction between the thermally separated


DNA strands and these oligonucleotides, re-association


between dsDNA strands is prevented, and surface hybrid-


isation can occur. After the addition of the two oligonucleo-


tides (1 AM), the sample was incubated at 95 8C for 5 min and


then 1 min at 50 8C. This second temperature is the


appropriate temperature for the annealing of the oligonucleo-


tides to the complementary DNA sequences [34].


For P35S PCR samples, the primers for the PCR


procedure have been also used as blocking oligonucleotides


in the denaturation; for bovine genomic DNA denaturation,


blocking oligonucleotides 1 and 2 were used.


2.8. Hybridisation with the PCR amplified DNA and the


digested genomic DNA


2.8.1. QCM device


The procedure for the hybridisation of PCR amplified


DNA and digested genomic DNA is the same as the one


described for oligonucleotides, with few exceptions due to


the greater complexity of the sample. Due to this character-


istic, the hybridisation reaction was allowed to proceeded


for 20 min.


Moreover, in the case of digested genomic DNA, a


different regeneration treatment was employed, which


consisted of a first addition of alkaline solution (15 s with


NaOH 100 mM), which dissociates the two strands, followed


by 30 s with a solution consisting in 200 mM Tris–HCl, pH


7.0 and 0.1�SSC, 0.1%(w/v) SDS (regeneration solution).


The surface performances were controlled, using stand-


ard solutions of synthetic oligonucleotides, before and after


the hybridisation–regeneration cycles.


2.8.2. SPR device


The procedure for the hybridisation of PCR amplified


DNA and digested genomic DNA is the same as the one


described for oligonucleotides, with the exception of the


regeneration method.


Different concentrations (5, 10 and 50 mM) of HCl and


NaOH were tested to find the optimal condition for the
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regeneration of the surface after the interaction with the


PCR amplified DNA sample.


For the regeneration of the surface after the interaction


with the digested genomic DNA, a different treatment was


used, which consisted of a first addition of alkaline solution


(15 s with NaOH 100 mM), followed by 30 s with the


regeneration solution mentioned in the previous paragraph.

3. Results and discussion


3.1. Measurements with synthetic oligonucleotides


The analytical performances of the developed sensors


were tested; the sensitivity, specificity, reproducibility and


stability were evaluated using standard solutions of syn-


thetic oligonucleotides. Two different probes, P35S and


bovine, were immobilised and analysed separately on the


different devices.


3.1.1. QCM device


3.1.1.1. Biotin-derivatised probe procedure


Probe P35S. The calibration curve obtained with


complementary oligonucleotides for the P35S probe in a


concentration range of 0–0.75 AM is shown in Fig. 1 (curve


1). The curve shows a profile with a linear region in the


range 0–0.5 AM and an average coefficient of variation%


(CV%) of 9%. The average CV% is the mean value of the


coefficients of variation% calculated for each concentration,


tested in triplicate. The specificity of the interaction was


tested using a solution 1 AM of non-complementary


sequence 1. The signal resulting from this interaction was


negligible (b3 Hz) confirming the specificity of the system.

Fig. 1. Calibration curve for P35S obtained from biotin-derivatised probe immobil


blocking thiol procedure (curves 2, 3, 4) using QCM device. In particular, the curv


were obtained using a probe concentration and a contact time of: 1 AM, 2 h (cur

The surface was regenerated by treatment with HCl 1 mM


and used for a maximum of 25 cycles (data not shown).


Probe bovine. The hybridisation between the probe and


the complementary oligonucleotide was tested in a concen-


tration range varying from 0 to 0.75 AM.


The results are shown in Fig. 2 (curve 1). A CV% of


10% has been calculated for all the concentrations. The


selectivity of the crystal surface was confirmed by the


absence of frequency shift with the non-complementary


sequence 1, 1 AM. The surface was regenerated by HCl 1-


mM treatment.


3.1.1.2. Thiol-derivatised probe and blocking thiol


procedure


Probe P35S. Fig. 1 shows the calibration curves obtained


with the P35S complementary oligonucleotides after immo-


bilising the thiolated probe by the direct chemisorption on the


gold electrode surface. Different probe concentrations (1 AM
(curve 2) and 0.5 AM (curves 3 and 4)) and immobilisation


times (2 h (curves 2 and 4) and 1+1 h (curve 3)) were tested to


find the optimal immobilisation conditions. In particular,


curve 3 was obtained using fresh solution of thiolated probe


during the second hour. Curves 2 and 3 show a similar profile


indicating a similar hybridisation efficiency of the probe 1


AM immobilised in 1 (2 h) or 2 (1+1 h) steps. On the contrary,


a 0.5-AM concentration of probe resulted in a lower


sensitivity of the sensor. These results are in agreement with


the data reported in the literature [2].


The best conditions of immobilisation, probe concen-


tration of 1 AM and a contact time of 2 h, were then adopted


for the analysis of PCR and genomic DNA samples.


The specificity of the sensor was verified with a non-


complementary oligonucleotide 1 AM. The regeneration


with HCl 1 mM allowed a maximum of 20 cycles.

isation procedure (curve 1, reference procedure) and thiol-derivatised probe/


e 1 is relative to a biotin-derivatised probe 1 AM; while the curves 2, 3 and 4


ve 2); 0.5 AM, 1+1 h (curve 3) and 0.5 AM, 2 h (curve 4).







Fig. 2. Calibration curve for P35S obtained from biotin-derivatised probe immobilisation procedure (curve 1, reference procedure) and thiol-derivatised probe/


blocking thiol procedure (curve 2) using QCM device. The probe concentration was 1 AM, in both cases, and the contact time, in the thiol-derivatised probe,


was 2 h.
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From the results reported, it is possible to observe


that the dynamic range, obtained with the QCM device, is


larger with biotinylated probes (curve 1, Fig. 1). Whereas,


the sensitivity is higher with thiolated probes (curves 2


and 3, Fig. 1). An explanation for this phenomenon could


be found performing detailed surface studies, which were


not conducted in this work. Anyway the different


behaviour of the two immobilised probes could be due


to their different density and orientation on the surface.


Probe bovine. In this case, the range of measured


concentration was 0–0.5 AM (Fig. 2, curve 2) and the non-


complementary oligonucleotide used is sequence 2.


The sensor performances are similar to the previous case.


The average CV% calculated is 10%. The sensor surface


shows selectivity towards the target, because no frequency

Fig. 3. Calibration curve for P35S obtained from streptavidin–biotin binding immo


and zoom of the linear region (cell 1: probe P35S; cell 2: probe TNos).

shift was observedwith the non-complementary sequence 2, 1


AM.The surface regenerationwas performedwithHCl 1mM.


3.1.2. SPR device


3.1.2.1. Biotin-derivatised probe procedure on


Biacore Xk


Probe P35S. Probe P35S and TNos were immobilised


in cells 1 and 2, respectively. After the probe immobilisation,


a calibration curve was performed using the P35S target in a


0–0.5 AM concentration range (Fig. 3). A linear relationship


can be observed in the concentration range 0–0.1 AM. For


each concentration, no detectable shift (DRUb1 RU) was


obtained from cell 2 where the non-specific probe was

bilisation procedure (reference procedure) using BIACORE Xk instrument
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immobilised. This result confirmed the high specificity of


the system when using synthetic oligonucleotides.


The reproducibility has also been estimated and using the


same concentration (0.1 AM) for nine different cycles of


hybridisation/regeneration on the same chip in one day, the


average value was 249F12 RU, resulting in a CV% of 5%.


In all the experiments, the single-stranded probe was


regenerated by a 1-min (5 Al) treatment with 1 mM HCl.


The regeneration resulted to be of 92–100% with all tested


target concentrations (0–0.5 AM), demonstrating the effi-


ciency of the treatment. Such step could be performed more


than 100 times without affecting the hybridisation efficiency


(data not shown).


3.1.2.2. Thiol-derivatised probe and blocking thiol


procedure on Biacore Xk


Probe P35S. When using the immobilisation method


based on the thiol-derivatised probe, the whole coating


procedure was performed outside the instrument and only at


the end the chip was docked into the instrument. For this


reason, the same probe was immobilised on the different


flow cells (cells 1 and 2: probe P35S).


With this different immobilisation approach, the operat-


ing parameters, i.e. regeneration conditions, the hybrid-


isation solution, etc., were optimised.


The regeneration conditions were changed and the


working buffers (hybridisation buffer both as running


and as dilution buffer for the target solutions) were spiked


with 0.005% of Tween 20. In order to allow the reuse of


the sensing surface, different concentrations of HCl and


NaOH were tested as regenerating agents. Among them,


HCl 2.5 mM (2 Al) showed the best regeneration capacity.

Fig. 4. Calibration curve for P35S obtained from thiol-derivatised probe/blocking th


the linear region (cell 1: probe P35S; cell 2: probe P35S).

In order to test the specificity of the system, a non-


complementary oligonucleotide 0.1 AM was used. The


signal resulting from these non-specific oligonucleotides


was negligible (DRUb1 RU).


The reproducibility of the measurements was evaluated


over nine hybridisation cycles with the target P35S 0.1 AM,


which resulted in a CV% of 1% for both cells (154F2 RU


and 138F1 RU for cells 1 and 2, respectively).


In Fig. 4, the calibration curve obtained for target


concentrations 0–0.5 AM is reported. Since the same P35S


probe has been immobilised on both the flow-cells, in the


figure both signals are taken into consideration. A linear


range up to 25 nM with an experimental limit of detection


for P35S target of 2.5 nM can be observed.


Regarding the stability of the chip, with the previously


reported regeneration procedure, more than 100 cycles of


hybridisation/regeneration could be performed on the


same chip without affecting the sensitivity (data not


reported).


Probe bovine. A calibration curve (0–0.5 AM) for


bovine probe (Fig. 5) was obtained using the same


experimental conditions as in the previous case. Similar


results were observed in both cases: a linear range up to


25 nM and an experimental limit of detection for bovine


target of 2.5 nM.


The reproducibility of the measurements was evaluated


over 10 hybridisation cycles with the target bovine 0.1 AM.


The resulting average frequency shifts were 146F6 and


152F7 RU for cells 1 and 2, respectively, with a CV% of


4% for both cells. The specificity of the system was tested


employing a non-complementary sequence 0.1 AM; the


signals resulting from these non-specific interactions were


negligible (DRUb1 RU).

iol immobilisation procedure using BIACORE Xk instrument and zoom of







Fig. 5. Calibration curve for bovine obtained from thiol-derivatised probe/blocking thiol immobilisation procedure using BIACORE Xk instrument and zoom


of the linear region (cell 1: probe bovine; cell 2: probe bovine).
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Also in this case, more than 100 cycles of hybridisation/


regeneration could be performed on the same chip without


decreasing the sensitivity (data not shown).


3.1.2.3. Thiol-derivatised probe and blocking thiol


procedure on Spreetak


Probe P35S. Using the Spreetak device, the whole


immobilisation procedure, except the cleaning step, has


been conducted on the chip already inserted into the


instrument. Due to the presence of only one flow-cell,


only the specific P35S probe has been immobilised on


the chip.


In order to evaluate the performance of the device, a


calibration curve has been obtained with different concen-


trations of target P35S (0–1 AM) (Fig. 6). An experimental


detection limit of 10 nM was obtained.


A non-complementary oligonucleotide 1 AM was tested


to check the specificity of the system and non-detectable


hybridisation signals were obtained from these experiments.


The reproducibility was evaluated performing six meas-


urements on the same day with the target P35S 0.1 AM. An

Fig. 6. Calibration curve for P35S obtained from thiol-derivatised probe/


blocking thiol immobilisation procedure using SPREETAk instrument.

average hybridisation signal of (10.1F0.6)e�05 RI was


obtained with a CV% of 6%.


The regeneration procedure chosen for this system was


the one optimised using the Biacore Xk device with the


same immobilisation method (HCl 2.5 mM). This treat-


ment allowed up to 50 cycles of hybridisation (data not


shown).


3.2. Hybridisation with PCR amplified DNA and digested


genomic DNA


3.2.1. QCM device


Both the immobilisation procedures were applied to the


analysis of PCR amplified DNA (P35S) and digested ge-


nomic DNA (bovine). The results are summarised in Fig. 7.

Fig. 7. Frequency shifts obtained from biotin-derivatised probe and thiol-


derivatised probe/blocking thiol immobilisation procedures using QCM


instrument and PCR amplified DNA and digested genomic DNA samples.


In detail: (1) biotin-derivatised probe and PCR amplified DNA; (2) biotin-


derivatised probe and digested genomic DNA; (3) thiol-derivatised probe


and PCR amplified DNA; (4) thiol-derivatised probe and digested genomic


DNA.







Table 1


Results obtained with the SPR devices (BIACORE Xk and SPREETAk) using thiolated probes, immobilised on the sensing surfaces


Biacore Xk Spreetak


DRU S.D. (nz3) CV% DRI S.D. (nz3) CV%


P35S (PCR amplified DNA, 243 bp) 90 5 6 10.5e�05 0.7e�05 7


Bovine genomic DNA


(enzymatically digested, 400–500 bp)


60 5 8 / / /


The PCR amplified DNA sample has been analysed with both SPR devices, immobilising on the surface the P35S probe. The enzymatically digested DNA


sample has been tested only with the BIACORE Xk device, using the bovine probe. (1 RI=1e+06 RU).
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The system was able to detect the complementary target


sequence in both samples, differing in complexity. In


particular, in amplified DNA, the target sequence is present


alone in a high number of copies, while in the digested


DNA the target sequence is present in a lower number of


copies and it is also mixed with all the fragmented genomic


DNA.


The calculated CV% are 4% and 11% for PCR samples


(columns 1 and 3) and 19% and 23% for genomic digested


DNA (columns 2 and 4). These differences can be explained


taking into consideration the different complexity of the two


samples.


The specificity of the system was tested with blank


solutions (PCR mixture without the DNA template for P35S


and the digestion solution without the DNA template for


bovine DNA). Negative controls consisting in PCR ampli-


fied DNA that did not contain the P35S target sequence,


(217-bp sequence of lectin gene) and digested genomic


DNA from a different species (porcine DNA), were also


tested. The obtained frequency shifts were negligible in all


cases (b3 Hz).


3.2.2. SPR device


The results obtained with the SPR devices using thiolated


probes are shown in Table 1.


P35S PCR samples and bovine genomic DNA have been


tested with Biacore Xk. In both cases, the system was able


to detect the target sequence with a good reproducibility


(CV%: 6% and 8%). As in the case of QCM, the specificity


was tested with non-specific samples and blank solutions.


The signals were negligible (b1 RU), confirming the


specificity of the surfaces modified by direct chemisorption


of thiolated probe. These results can be compared with those


obtained with biotinylated probes reported in the previous


papers published by this group [15,16,35].


P35S PCR samples have been tested with the Spreetak
device, which showed similar performances (1 RI=1e+06


RU).

4. Conclusions


Different examples of DNA-based biosensors realised


with two immobilisation procedures have been presented.


The first method was based on the coupling of biotiny-

lated oligonucleotide probes onto a streptavidin-coated


dextran-modified surface and it was taken as reference


method. The second was based on the direct coupling of


thiolated probes (Probe-C6-SH) to bare gold surfaces and


it was proposed as alternative immobilisation method


suitable for DNA-sensing.


Three different devices have been considered with the


common characteristic of having a gold surface as sensing


element: a quartz crystal microbalance (Seiko QCA922) and


two surface plasmon resonance based devices (Biacore Xk
and Spreetak).


The application of the same coupling strategy to these


different devices, using different sensor surface formats, has


been demonstrated.


The systems were suitable for the analysis of small


oligonucleotides, PCR fragments and more complex sam-


ples such as genomic digested DNA. The obtained results


with both immobilisation strategies were comparable when


analysing PCR or genomic DNA samples both with the SPR


and the QCM devices.


These results demonstrate the applicability of the


alternative immobilisation method for DNA sensing using


devices with different sensor formats.
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F-69622 Villeurbanne Cedex, France


Received 15 December 2003; received in revised form 1 April 2004; accepted 16 April 2004


Available online 9 September 2004

Abstract


The electrochemiluminescence (ECL) of a luminol derivate (ABEI) generated both by a carbon electrode and a polypyrrole-coated


carbon electrode was examined. It was found that the polypyrrole film (ppy) did not inhibit the ECL. After that, ABEI anchored on a single


stranded DNA target (ODNt) has been used for the ECL detection of the hybridization between a complementary single stranded DNA


probe (ODNp) covalently linked to a polypyrrole support and the ODNt. The ECL detection has been performed using a DNA sensor


having a low surface concentration of ODNp probes, constituted of a polypyrrole copolymer electrosynthesized from a pyrrole-ODNp/


pyrrole monomer ratio of 1/20,000.


D 2004 Elsevier B.V. All rights reserved.
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1. Introduction


Electrochemiluminescence (ECL) is a very sensitive


method for detecting small amounts of biological substan-


ces. This method is widely used in analytical chemistry [1,


2] as for the detection of nucleic acid hybridization in DNA


biosensors [3]. Very recently, Yang et al. [4] have shown


that the recognition between two complementary DNA


strands could be detected on a polypyrrole film (ppy) by the


ECL of a luminol derivative, N-(4-aminobutyl)-N-ethyl-


isoluminol (ABEI). Their strategy involves a single-stranded


DNA used as a target (noted DNAt-ads) and immobilized by


adsorption on the surface of a polypyrrole film. A


complementary DNA strand bearing the ABEI moiety


(noted DNAp-ABEI) was then used as a probe to recognize

1567-5394/$ - see front matter D 2004 Elsevier B.V. All rights reserved.
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the target giving the assembly, ppy/DNAt-ads/DNAp-ABEI.


The formation of the double-stranded DNA (DNAt-ads/


DNAp-ABEI) was successfully detected through the ECL


response of the ABEI label anchored to the DNA probe.


In the field of biological analysis, it is essential to detect


a series of specific DNA sequences. This could be achieved


by using multiparametric assays constituted by various


DNA sequence probes linked to the support in a precise


location. Thus, the immobilization of DNA targets by


adsorption on the polypyrrole film does not appear as a


suitable method to the fabrication of a multi-array DNA


chip, since the adsorption of DNA targets onto a specific


area could not be easily controlled. Also it is not possible to


achieve a support bearing a series of DNA targets in a


precise location. This approach did not allow the specific


DNA sequence detection and thus to elaborate a multi-


parametric DNA assay in order to analyze an unknown


DNA target in solution.

(2005) 139–143







M.-L. Calvo-Muñoz et al. / Bioelectrochemistry 66 (2005) 139–143140

To overcome this, we have developed a method based on


the irreversible immobilization of specific DNA sequences


(ODN probes noted ODNp) to a polypyrrole film. The


grafting of ODN probes is achieved during the electrosyn-


thesis of a copolymer (copoly[pyr/pyr-ODNp]) obtained by


the electro-copolymerization of pyrrole units (pyr) and


pyrrole monomer bearing ODNp (pyr-ODNp) [5]. This


process gives in a single step, a copolymer deposited at the


electrode having at its surface ODN probes irreversibly


grafted on a polypyrrole chain and available for recognition


with complementary strands (ODN targets noted ODNt). As


previously described [6], DNA chips have been elaborated


by this method from a miniaturized multiparametric device


consisting of several different ODN microelectrodes


(50�50 Am); each microelectrode being covered by an


ODN functionalized polypyrrole copolymer obtained by


electropolymerization from a mixture of pyr/pyr-ODNp


within a monomer ratio of 1/20,000. This strategy has been


validated by the genotyping of C virus [7].


The same elaboration process was used in this work for


the construction of the sensing layer in order to study the


application of ECL detection in DNA sensor. The aim of this


work is to evaluate the usefulness of ECL for the detection of


the hybridization between the immobilized ODN probe


(ODNp) and the biotinylated ODN target (ODNt-biotin) in


solution. For that, a copolymer copoly[pyr/pyr-ODNp] was


electrosynthesized on a glassy carbon macroelectrode


(S=7�10�2 cm2) with a pyr/pyr-ODNp monomer ratio of


1/20,000. For this monomer ratio, the copolymer is


composed of 1 pyr-ODNp for 60,000 pyrrole units [5].


The accessibility level of the ODNp bound to the pyrrole for


a complementary ODNt has been accessed to 20% [5]. Then


the surface concentration of ODNp probes on the copolymer


copoly[pyr/pyr-ODNp] is very low. The ECL label used


throughout this work was a biotinylated ABEI (noted biotin-

Scheme 1. Representation of the bio-assembly, copoly[pyr/pyr-ODNp]/ODNt-bi


hybridization in a DNA-chips compatible format.

ABEI) grafted to the ODNt-biotin strand through a biotin–


avidin link. Also this anchoring method requires first the


immobilization of avidin on the ODNt-biotin. It must be


noted that this anchoring method of the ECL label based on


the biotin–avidin interaction is similar to the one used


classically in fluorescence detection using the streptavidin-


R-phycoerthrin as marker [6]. Furthermore, since the avidin


has four biotin–avidin interaction sites, three sites remains


potentially free after its immobilization to the hybridized


ODNt-biotin [8]. Then three biotin-ABEI labels were


anchored through the avidin to one ODNt-biotin target. By


this way, the ECL signal to detect the hybridization between


ODNp and ODNt-biotin is amplified. The other focus of this


work is the electrical accessibility of the ECL label through


the copoly[pyr/pyr-ODNp]/ODNt-biotin/avidin/biotin-ABEI


assembly (Scheme 1) and the efficiency of the ECL reaction


under biological conditions. In addition, we studied the ECL


response of ABEI in solution on a polypyrrole film to


determine the effects of polypyrrole on this ECL response.


Indeed, it is important to assess the compatibility of the ECL


electrical triggering with the polypyrrole chemical and


electrochemical stability.

2. Experimental section


2.1. Reagents and apparatus


Avidin, veronal (diethyl barbitural), hydrogen peroxide


(30%), LiClO4 and pyrrole were purchased from Sigma-


Aldrich. The biotinylated-ABEI was synthesized following a


procedure described in the literature [9]. All oligonucleotides


were synthesized by Apibio. The pyrrole monomer has been


functionalized with an oligonucleotide (ODNp) correspond-


ing to the sequence pyrrole-5V-GCCTTGACGATACAGC-3V.

otin/avidin/biotin-ABEI, used to test the ECL for the detection of DNA







Fig. 1. ECL spectrum observed for a veronal buffer solution containing 0.5


mM of ABEI and 1.3 mM of H2O2 (a) on a bare carbon electrode


(S=7�10�2 cm�2) and (b) coated with a polypyrrole film (15 mC cm�2).
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Two biotinylated oligonucleotide sequences were used for


testing the specificity of the sensor: the biotinylated


complementary oligonucleotide (ODNt-biotin) with the


sequence 5V-biotin-GCTGTATCGTCAAGGC-3Vand the bio-


tinylated noncomplementary one (ODNnc) corresponding to


the sequence 5V-biotin-ACGCCAGCAGCTCC-3V. Water was


purified by a UHQ water purification system (USF-ELGA).


The PBS buffer solution contains 0.01 M phosphate


buffer+2.7 mM KCl+13.7 mM NaCl (pH=7.4 at room


temperature) and was prepared by dissolution of one tablet


of PBS in 200 ml of water. The hybridization buffer solution


contains 9.5 mM PBS+0.15 mM NaCl+2.6 mM


KCl+0.048% Tween+1 part Denhardt’s reagent+10 Ag
ml�1 salmon sperm DNA.


The electrochemical apparatus was a Voltalab PGZ 301


from Radiometer Analytical. The electrosynthesis of films


were carried out in a conventional three-compartment cell.


The working electrode was a glassy carbon electrode


(S=7�10�2 cm2) and the counter-electrode was a platinum


wire. A saturated calomel electrode (SCE) acted as a


reference electrode.


The ECL intensity measurements (IECL) were obtained


with a luminometer (Biocounter M 2500, Lumac) and signal


was recorded with an X-Y recorder (Servotrace, Sefram) or


analyzed with a microcomputer to give IECL–t curves. A


spectrophotometer (Spectra Pro 150, Princeton Instruments)


in conjugation with the electrochemistry apparatus was used


to obtain ECL emission spectra.


2.2. Electrode preparation


The study of the ECL response of ABEI in solution


has been realized on a glassy carbon electrode modified


by a polypyrrole film. This film was electrosynthesized at


+0.8 V vs. SCE from an aqueous solution containing 0.1


M of LiClO4 and 50 mM of pyrrole monomer by passing


of the desired electrical charge. The film thickness is


assessed from the electrical charge consumed during


electrodeposition with 4 nm mC�1 cm2 as conversion factor


[10].


The molecular assembly copoly[pyr/pyr-ODNp]/ODNt-


biotin/avidin/biotin-ABEI was achieved as follows. First,


the copolymer copoly[pyr/pyr-ODNp] was electrosynthe-


sized at +0.8 V vs. SCE by passing of 45 mC cm�2


from a solution of lithium perchlorate (0.1 M) containing


20 mM of pyrrole and 1 AM of functionalized pyrrole


with oligonucleotide (ODNp). After the synthesis, the


modified electrode was thoroughly washed with water


and incubated for 20 min at 50 8C in a hybridization


buffer containing 20 AM of complementary biotinylated


oligonucleotide (ODNt-biotin). Once washed in a PBS


solution, this electrode was then dipped for 5 min into a


PBS buffer aqueous solution containing 2 g l�1 of avidin;


the concentration is similar to the one used to elaborate


biosensor using the biotin–avidin interaction to anchor


biotinylated glucose oxidase enzymes on a avidin layer

previously immobilized to a biotinylated polypyrrole film


[11]. After washing with PBS buffer, this modified


electrode copoly[pyr/pyr-ODNp]/ODNt-biotin/avidin was


dipped for 10 min in a PBS solution saturated with


biotinylated ABEI to lead to the molecular assembly


desired, copoly[pyr/pyr-ODNp]/ODNt-biotin/avidin/biotin-


ABEI.


The ECL blank experiment was performed from a


glassy carbon electrode modified by the assembly copo-


ly[pyr/pyr-ODNp]/ODNt-biotin/avidin/biotin-ABEI. To do


this, the glassy carbon electrode was first coated by the


copolymer copoly[pyr/pyr-ODNp] (45 mC cm�2), then


incubated successively in a solution containing 20 AM of


biotinylated noncomplementary oligonucleotide (ODNnc),


2 g l�1 of avidin and finally saturated with biotinylated


ABEI.


2.3. ECL measurement


All ECL measurements were realized in 30 mM veronal


buffer (pH=10) with 500 AM of H2O2. The glassy carbon


electrode coated by the desired molecular assembly was


polarized at a fixed potential (+1.45 V vs. a platinum


electrode) during the entire acquisition time. The ECL


intensities obtained are given in arbitrary unit. The


experimental set-up used has been this one described in


literature [11]. For each experiment, three measurements


have been performed. A similar result (with a variation of


about 6%) is achieved in all cases proving the good


reproducibility of the measurement.

3. Results and discussion


Fig. 1 shows the intensity of the ECL signal measured


when applying a potential of +0.6 V vs. SCE during 3 s


to a glassy carbon electrode modified with or without a


polypyrrole film (15 mC cm�2; thickness: 60 nm) in a







Fig. 2. The IECL–t curves of biotinylated ABEI on a copolymer film


copoly[pyr/pyr-ODNp], after incubation in a solution containing (a)


biotinylated complementary ODNt (ODNt-biotin) and (b) biotinylated


noncomplementary ODNnc oligonucleotides (see text). The arrows show


the moment where the potential was applied to initiate the ECL process.
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veronal buffer solution (pH=10) containing ABEI (0.5


mM) and H2O2 (1.3 mM). As shown from these curves,


both electrodes gave an ECL signal although the


deposition of a polypyrrole film leads to a decrease of


the ECL intensity. When a potential of +0.6 V was again


applied to the polypyrrole modified electrode, the ECL


intensity decreased further in contrast to the carbon bare


electrode, which showed a stable response. After eight


potential pulses, the intensity measured was only 1/100 of


the initial one. We attribute this behaviour to over-


oxidation of the polymer due to the conditions used to


perform the ECL reaction (basic pH of the solution,


presence of H2O2, associated to the ECL potential value


applied). Indeed, after the first ECL measurement, the


polypyrrole film shows a much lower electrochemical


response as determined by cyclic voltammetry in H2O+Li-


ClO4 0.1 M. Furthermore, we have observed that the


thickness of the underlying polypyrrole matrix does not


strongly affect the ECL intensity of ABEI, since the same


results have been obtained with a polypyrrole film twice


as thick (electrosynthesized with a charge of 31.6 mC


cm�2). Finally, it is worth noting that the ECL emission


spectrum of ABEI on the carbon electrode is the same as


the one recorded with the electrode modified by a


polypyrrole film. These simple experiments proved that


it is possible (i) to trig the electrochemiluminescence of


the ABEI through a polypyrrole film and (ii) to record a


measurable ECL signal.


We have then studied the detection of DNA hybrid-


ization using the ECL of ABEI from a polypyrrole-based


biosensor as previously developed by us [7]. Hybridization


studies were carried out with a polymer layer having an


average thickness of 100 nm. When the ECL potential was


applied to the glassy carbon electrode coated with the


molecular assembly copoly[pyr/pyr-ODNp]/ODNt-biotin/


avidin/biotin-ABEI, we observed (Fig. 2) the ECL


intensity corresponding to 819 arbitrary units (a.u.). In a


blank experiment using noncomplementary oligonucleoti-


des (ODNnc), the ECL intensity was only 266 a.u. This


was probably due to the nonspecific interaction of biotin-


ABEI with the copolymer and/or its anchoring to avidin


adsorbed on the film [11].


The results described herein demonstrate that the ECL


response of ABEI is not inhibited by the presence of a


polypyrrole film coated on the electrode surface. Thus,


the ECL phenomenon can be used to detect the hybrid-


ization from a DNA sensor elaborated according to


parameters used in the strategy of biochip preparation.


In addition, it must be emphasize that the process of


immobilization of ODN probes followed by the ABEI


labelling of the ODN target after hybridization is fully


compatible with multiparametric DNA-array implementa-


tion. In addition, research in progress in our laboratory


shows that the use of a DNA-chip microelectrode array


format is compatible with ECL and the signal ratio


between ODNp and ODNnc can be greatly improved by

a BSA treatment which could drastically reduce the


nonspecific adsorption as classically observed in bio-


chemistry.
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BES Presidential Address


Perspectives for closing the gap between the EU and US


By Miguel A. De la Rosa


Instituto de Bioquímica Vegetal y Fotosíntesis, Universidad de Sevilla y CSIC, Américo Vespucio s/n,
41092-Sevilla, Spain. E-mail: marosa@us.es


In the last few months, something appears to be changing rapidly within the EU’s science policy – and not only
because of the recent appointment of a new European commissioner for research for a 5-year term. It is not long
ago when a different scenario for scientific research - with a particular emphasis in applied science – has been
envisaged. In fact, the instruments of the Sixth Framework Programme (FP6) to fund “networks of excellence” and
“integrated projects” in seven priority thematic areas are designed to specifically reinforce the trans-national activities
in goal-directed research.


However, many governments now recognize that basic, not just targeted, research is vital for a knowledge-based
society. In this novel atmosphere, the Presidents, Chairs and Directors General of 52 European organizations in
all scientific disciplines have recently appealed for creating a European Research Council (ERC) (see Letter in
Science, August 6, 2004). They emphasize that “Europe has lost significant ground vis-à-vis the United States”,
and that “It is therefore a matter of urgency to strengthen basic research in Europe and to provide the next genera-
tion of scientists with the proper means and working environment”. Efforts have to be made to set up a ERC with
significant funding power.


Thus a lively debate has been launched in Europe. There is an urgent need for the EU to establish a central agency
to allocate resources as they do in the US. The role of the scientific organizations has become increasingly clear
in this ongoing debate, and we, in the Bioelectrochemical Society (BES), must be aware of such a historic oppor-
tunity to create a European Research Council. Next June, in Coimbra (Portugal), the BES Symposium (http://www.
bes-ise-2005.uc.pt) will provide us with an excellent forum to promote global discussion and contribute fresh
ideas.


I am looking forward to seeing you in Coimbra.


Miguel A. De la Rosa
President of the BES
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Workshops and schools supported by BES


One of the priority of BES is support of the schools and workshops as a platform in which young researchers could
receive new scientific information and could present also their own research in bioelectrochemistry. Recently two
such schools were organized by members of BES. Below is information from this schools. 


Workshop in Ljubljana, Slovenia


The International workshop and postgraduate course on Electroporation based Technologies and Treatment sup-
ported by Bioelectrochemical Society took place from 19th to 22nd of November in Ljubljana. 71 participants form
10 different European countries (Belgium, France, Ireland, Romania, Croatia, Germany, Lithuania, Italy, Bulgaria,
and Slovenia) participated there. Lectures were given by several known scientists working in the area of electro-
poration. Lluis M. Mir and Damijan Miklavčič were Co-Directors and lecturers of the course. With them were also
lecturers Eberhard Neumann, Veronique Preat, Gregor Serša and Justin Teissie. Asistance lecturers were Tadej
Kotnik, Igor Lacković and Maja Čemažar.


Course covered different aspects of electroporation. From the basic level of electroporation on lipid bilayers
trough the cell electroporation in vivo and in vitro to the different type of tissue electroporation. Applications of
electroporations such as genetransfection, transdermal drug delivery, electrochemotherapy of tumors were pre-
sented. The focus was also on what kind of parameters of electric field and shape of electrodes are recommended
for efficient electroporation in each type of applications. In addition the imaging techniques were presented by
Bruno Gabriel, Srdjan Novaković was presenting Current status of tumor vaccines, and E-Learning as a possible
technological option for the next course was presented by Matevž Pustišek.


Special time gaps in the schedule were reserved for students’ presentation. Students prepared one page abstract
about their work on electroporation. That abstract were presented by 16 students from different countries. After
course they got a certificate with the 15 ECS. Two social events were organized during the course. During the first
day the get-together party took place at the Žabar. In Thursday participants have visited the Postojna cave.


The filling of the event can be examined in the picture gallery on the internet address: www.cliniporator.com/ect.
Also it is available to download the proceedings of the course. The course was in part supported by IGEA s.l.r.,
Carpi (MO), Italy.


International Autumn School, Predeal, Romania


The International autumn school “Non-invasive biophysical methods and their application in medicine in Biology”
(Predeal , Timisul de Sus, Gaiser Hotel), Romania, October 7–12, 2003) was organized by the Council member 
Dr. Eugenia Kovacs under auspices of Romanian Biophysical Society, IUPAB, International Society of
Bioelectrochemistry and Romanian Cultural Institute. It benefited also by a grant obtained from Romanian
Ministry for Education and Research as well as by some small sponsorships from several companies.


A special site (www.biophysics.ro) was created for school information display, registration and communication
with participants (before, during and after the school).  It was linked to the BES site which advertised the school
in a very professional way, even before the school site was open. The school was characterized by a good scientific
atmosphere, generated by an excellent team of lecturers who combined high level presentations with intensive
discussion during poster presentations and tutorial meetings. Fourteen foreign speakers were invited to present the
up to date developments in the field of biophysical methods used in medical and biological research ( 3 speakers
from USA, 1 from Sweden, 6 from France, 2 from Germany, 1 from Hungary and 1 from Spain) and to discuss
with students during the tutorials.


Direct, informal interaction with students (medical doctors, biophysicists, as well as physicists and chemists
involved in biomedical research) was a special attraction for students as well for teachers.
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The school setting – a pre-war home-like fully renovated villa, situated in a clearing within a fir-tree forest, stim-
ulated scientific and social interaction of participants during forest walks, prolonged dinners or around a fire in a
snowy mountain landscape. The main topics discussed were related to biotechnological and clinical applications
of dielectrophoresis, electropermeabilization and electroporation, up to date optical methods of diagnosis and
therapy (including photodynamic therapy and applications of optical tweezers), principles of the developing
method of organ printing  as well as more basic phenomena related to thermal motion and its role in “meeting” of
key cell molecular compounds.


20 young participants from Lithuania, Russia, Hungary and Bulgaria together with 40 romanian student participants
received from school organizers grants covering hotel and meals costs. Some of them received also travel grants.


Speakers agreed to let their presentations to be displayed on a special interacting site of the school page
(www.biophysics.ro, password “geiseruser”) in order to continue their interaction with the students as long as
necessary.
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Bioelectrochemical Society


By-Laws (2004)


1. The business address of The Bioelectrochemical Society (BES) is that of the Secretary General, from 2001 on:
Prof. Dr. Tibor Hianik, Faculty of Mathematics, Physics and Computer Sciences, Comenius University,
Mlynská dolina F1, 842 48 Bratislava, Slovak Republic
Tel.: +421-2-602965683 -  Fax:  +421-2-65426774 -  E-mail: hianik@fmph.uniba.sk


2. The annual BES membership fees are: Individual 40 
Student 10 
Corporate 550 


3. The journal Bioelectrochemistry (formerly Bioelectrochemistry and Bioenergetics (BEB)) is the official
journal of the Society. The subscription at a reduced price, is optional to the BES members. The reduced
price for BES members is currently as follows:


Printed version: 52 
Electronic version: 35 
Printed + electronic versions: 87 


4. The Society keeps national groups as corporate members. Presently, the French Group is a corporate
member for 5 years.


5. Honorary Members: H. Berg, Jena    (Vice-President, 1979 – 1993)
Yu.A. Chizmadzhev (Awarded by Giulio Milazzo Prize, 2003)


6. The BES general Assembly elects up to 15 Council Members for the period of 4 years, re-eligible for 
4 years. The BES Council chooses the Executive Officers from its members:


President (elected for 4 years)
Secretary General (elected for 4 years)
Treasurer (elected for 4 years)
Deputy Treasurer (elected for 4 years)


7. Council Members:
M.A. De la Rosa, President (2003–07)
T. Hianik, Secretary General (2001–05)
L.M. Mir, Treasurer (2003–07)
J. Weaver, past President (2003–07)
J. Teissié, Deputy Treasurer (2003–07)
P.N. Barlett (2001–05)
R. Gilbert (2003–07)
R. Guidelli (2001–05)
E. Kovacs (2001–05)
J. Lipkowski (2003–07)
B.A. Melandri (2001–05)
E. Neumann (2003–07)
A.M. Oliveira Brett (2001–05)
D. Walz (2003–07)


8. The By-Laws can be changed by simple majority of the BES Council.


The actual information from The Bioelectrochemical Society can be found in BES web site: http://www.
bes-online.usf.edu





