
1 
 

Postprint of Electroanalysis 2015, 27,02063-2073 
 
Switchable Bioelectrocatalysis Controlled by pH Changes 
 
Evgeny Katz,a* Víctor M. Fernández,b Marcos Pitab 
a Department of Chemistry and Biomolecular Science, Clarkson University, Potsdam, NY 
13699-5810, USA 
b Instituto de Catálisis y Petroleoquímica CSIC, c/ Marie Curie 2, L10 (28049) Cantoblanco – 
Madrid, Spain 
 
* Corresponding author:  
Tel.: 1-315-268-4421; Fax: 1-315-268-6610; E-mail address: ekatz@clarkson.edu (E. Katz). 
 
 
Abstract 
 
Application of stimuli-responsive materials, particularly based on pH-sensitive monolayers and 
thin-films, to switchable bioelectrocatalysis is briefly overviewed in the paper. The switchable 
systems are exemplified with amino-functionalized self-assembled monolayers, polyelectrolyte 
brushes and complex biomolecular assemblies organized on electrode surfaces and 
demonstrating different electrochemical properties depending on pH values. The pH variation 
was achieved in situ due to biocatalytic reactions, thus coupling switchable bioelectrocatalysis 
with enzyme-catalyzed reaction cascades. Future developments leading to complex biomolecular 
systems with switchable and tunable bioelectronics properties are envisaged as the result of 
research in this area.   
 
 
Keywords: Bioelectrocatalysis; Switchable electrode; Modified electrode; pH change; stimuli-
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1. Introduction 
 
Modified electrodes, introduced in 1970-80s, were originally aimed at achieving electrocatalytic, 
bioelectrocatalytic and photoelectrocatalytic properties [1-3]. Rapid development of various 
chemically modified electrodes [4], particularly using self-assembling methods of surface 
modification pioneered in the 1980s [5,6], resulted in the progress of bioelectrocatalytic systems 
[7,8] utilized in biosensors [9,10] and biofuel cells [11,12]. New advances in materials 
chemistry, particularly in the field of stimuli-responsive materials [13-15], resulted in novel 
properties of modified electrodes. Modified electrodes functionalized with stimuli-responsive 
materials attached to electrode surfaces as self-assembled monolayers or thin-films allowed 
switchable / tunable properties controlled by external signals [16-18], thus resulting in 
electrocatalytic and bioelectrocatalytic systems with variable activity controlled by external 
signals. Depending on the material properties, various modified electrode surfaces with the 
switchable behavior controlled by light signals [19], magnetic field [20,21], temperature changes 
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[22], applied electrical potential [23,24] and chemical/biochemical inputs [25,26] have been 
designed. The present paper gives a short overview of switchable bioelectrocatalytic interfaces 
changing their properties in response to pH changes and glimpses of the diverse challenges and 
opportunities in the near future. 
 
2. Monolayer modified electrodes with bioelectrocatalytic activity controlled by pH value 
 
Interfacial electron transfer reactions of charged redox species are controlled by the electrode 
charge (Frumkin effect) [27]. This phenomenon was used to control bioelectrocatalytic reactions 
by varying the electrode charge on surfaces modified with self-assembled monolayers. For 
example, a gold electrode functionalized with a self-assembled 4-aminothiophenol monolayer 
demonstrated different kinetics for pyrroloquinoline quinone (PQQ) redox reactions for 
protonated (positively charged) and deprotonated (neutral) amino groups [28]. The PQQ 
molecules carrying three negative charges due to dissociated carboxylic groups were 
electrostatically attracted to the positively charged protonated amino groups on the electrode 
surface, while their interaction with the neutral amino groups was much weaker, Figure 1. This 
resulted in facilitation of the electron transfer reaction on the positively charged electrode 
surface, thus demonstrating a reversible PQQ redox reaction followed by cyclic voltammetry 
[29]. On the other hand, a cyclic voltammogram of soluble PQQ on the neutral electrode surface 
demonstrated poor defined and electrochemically irreversible redox process. Since PQQ is an 
efficient electrocatalyst of oxidation of NADH and NADPH [30], the primary electrochemical 
reaction of PQQ was extended to an electrocatalytic oxidation of NADPH mediated by PQQ 
[28]. Reversible activation and inhibition of the electrocatalytic process was observed when pH 
was cyclically changed between pH 5.5 and 6.8 resulting in protonated and deprotonated amino 
groups, respectively, Figure 1. Many other systems with pH-controlled bioelectrocatalytic 
processes proceeding at monolayer-modified electrodes with variable charges have been 
reported, particularly including photo-activated interfaces with photoisomerizable moieties that 
allowed double control of the electrochemical processes by light signals and pH changes [31,32].  
 
3. Polymer-brush-modified electrodes with bioelectrocatalytic activity controlled by pH value 
 
Functionalization of electrode surfaces with signal-responsive polymeric materials aided to 
establish an entirely new electrode switching behaviour [33-35]. The most frequently used 
approach is based on surface-confined pH-responsive polyelectrolyte brushes reversibly 
switchable between a charged hydrophilic form permeable for redox species of the opposite 
charge and a neutral hydrophobic state, which is not permeable for ionic species [33,36,37]. For 
example, switchable behaviour of pH-controlled poly(4-vinyl pyridine) (P4VP)-brush attached to 
an electrode surface can be followed by impedance spectroscopy demonstrating high and low 
electron transfer resistance for the hydrophobic (neutral, pH 6) and hydrophilic (protonated, pH 
4) states, respectively [38], Figure 2. The primary pH-switchable redox reaction of [Fe(CN)6]3- 
can be coupled to bioelectrocatalytic oxidation of glucose catalysed by glucose oxidase (GOx) 
and mediated by [Fe(CN)6]3-, Figure 2. Polyelectrolytes can be switched between permeable and 
non-permeable forms upon local interfacial pH-changes generated by electrochemical reactions, 
being thus switchable by potentials applied on the modified electrode surface [23,24]. For 
example, a P4VP-brush-modified indium-tin oxide (ITO) electrode was used to switch reversibly 
the interfacial activity upon electrochemical signals [23]. Application of an external potential 
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electrochemically reducing O2 resulted in the concomitant consumption of hydrogen ions at the 
electrode interface, thus yielding a higher pH value and triggering deprotonation and re-
structuring of the P4VP-brush on the electrode surface, Figure 3A. The initial swollen state of 
the protonated P4VP-brush (pH 4.4) was permeable for anionic [Fe(CN)6]4- redox species, 
Figure 3B, curve a, while the electrochemically produced local pH of 9.1 resulted in the 
deprotonation of the polymer-brush. The produced hydrophobic shrunken state of the polymer-
brush was impermeable for the anionic redox species, thus fully inhibiting its redox process at 
the electrode surface, Figure 3B, curve b. It should be noted that the pH change was generated 
locally at the modified interface, while the bulk pH value had very little changes. The interface 
return to the electrochemically active state was achieved by disconnecting the applied potential 
followed by stirring the electrolyte solution or by slow diffusional exchange of the electrode-
adjacent thin layer with the bulk solution. The developed approach allowed the electrochemically 
triggered reversible inhibition (“closing”) of the electrode interface, Figure 3B, inset. The 
opposite “opening” process was also electrochemically triggered when a mixed polymeric brush 
composed of poly(2-vinyl pyridine) and polyacrylic acid (PAA) was associated with an electrode 
surface [24]. Similarly to the previous example, the local interfacial pH value was increased 
upon electrochemical reduction of O2 resulting in the transition of the polyelectrolyte thin film 
from a neutral state to a negatively charged form due to dissociation of the polyacrylic acid 
component. This resulted in the switch of the modified electrode surface from a hydrophobic 
inactive state to a hydrophilic negatively charged state permeable for cationic redox species (e.g., 
[Ru(NH3)6]3+). Application of this approach to different interfacial systems will allow a vast 
range of switchable electrodes with the externally controlled activity useful for various 
bioelectrocatalytic application in biosensors and biofuel cells.  
 
Further sophistication of the pH-switchable interfaces was achieved by electrode modification 
with mixed-polymer systems [33,39,40]. For example, poly(2-vinylpyridine) (P2VP) and 
polyacrylic acid (PAA) tethered to an ITO electrode as a mixed brush demonstrated three 
differently charged states controlled by an external pH value: positively charged due to 
protonation of the P2VP component (pH 3), neutral when the charges of P2VP and PAA are 
compensated (pH 4.5) and negatively charged when the PAA component is dissociated (pH 6) 
[39,40], Figure 4A. The pH-controlled switching between different charges allowed 
discrimination between electrochemical reactions of oppositely charged redox species: 
[Fe(CN)6]4- and [Ru(NH3)6]3+. The negatively charged species were allowed to access the 
conducting support and demonstrate their electrochemical activity only when the mixed-polymer 
brush was positively charged, on the contrary, the positively charged species accessed the 
electrode being electrochemically active only when the modified interface was negatively 
charged, and the neutral state of the modified interface was not permeable for all ionic species 
keeping the electrode mute for all electrochemical reactions. Gradual pH changes in the 
supporting electrolyte solution demonstrated reversible transition from the electrochemical 
reaction of [Fe(CN)6]4- to the redox process of [Ru(NH3)6]3+ and back [39,40], Figure 4B-C. 
This switchable/tunable behavior of the modified interface will allow redirection of 
bioelectrocatalytic processes from one pathway to another, thus controlling bioelectrocatalytic 
reactions with external signals.  
 
Even more interesting electrochemical properties were discovered for the polymer brush tethered 
to an electrode surface and functionalized with bound redox species [41]. Os(dmo-bpy)2 redox 
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groups (dmo-bpy = 4,4’-dimethoxy-2,2’-bipyridine) were covalently bound to the P4VP-brush 
chains grafted on an ITO electrode. The polymer-bound redox species were found to be 
electrochemically active at pH < 5 when the polymer is protonated, swollen and the chains are 
flexible. Upon changing pH to the values higher than pH 6 the polymer chains are losing their 
charges and the produced shrunken state of the polymer does not show electrochemical activity. 
This was explained by poor mobility of the polymer chains in the shrunken state restricting direct 
contact between the Os-complex units and the conducting support. A low density of the Os-
complex in the polymer film does not allow the electron hopping between the redox species and 
their electrochemical activity can be achieved only upon quasi-diffusional translocation of the 
polymer chains in the swollen state bringing the redox species to a short distance from the 
conducting support, Figure 5A. The reversible activation and deactivation of the modified 
electrode was followed by cyclic voltammetry measured at pH 4 (“ON” state) and pH 6 (“OFF” 
state), Figure 5B. The reversible transition of the Os-complex-functionalized polymer brush 
between the swollen and shrunken states upon varying pH values allowed the modulation of the 
electrode activity between the “ON” and “OFF” states, respectively, Figure 5B, inset. 
Bioelectrocatalytic oxidation of glucose in the presence of soluble glucose oxidase (GOx) was 
mediated by the Os-complex-functionalized electrode being in the “ON” state, while muting the 
“OFF” state of the electrode for the bioelectrocatalytic reaction [41].  
 
While, the system described above was used to switch “ON”-“OFF” bioelectrocatalytic glucose 
oxidation biocatalyzed by GOx and mediated by the Os-complex, another related system was 
used for the switchable reductive bioelectrocatalysis, Figure 6. Amino-derivative of viologen 
(V2+) was covalently immobilized on poly(acrylic acid) acid through formation of amide bonds 
resulting in partial blocking of carboxylic groups [42,43]. However, many carboxylic groups 
were preserved in poly(acrylic acid) since the density of the immobilized viologen in the 
polymeric matrix was relatively low. Depending on the pH value these carboxylic groups were 
protonated or dissociated resulting in the neutral or negatively charged state of the polymeric 
matrix. The charge of the polymeric matrix affected the redox potential of the immobilized 
viologen moieties following the titration curve of poly(acrylic acid), Figure 6. The observed 
variation in the potential with pH originated from changes in the electrostatic interactions of 
bonded viologen dications (V2+) with carboxylic residues of the polymer. These coulombic 
forces can be very strong in the coating owing to the high local concentrations of viologens and 
carboxylates. The change in electrostatic interactions is pH dependent, since the pH affects the 
protonation-deprotonation equilibrium of polymer carboxylic groups. As the pH increases, 
negatively charged carboxylic groups are formed in the layer and attractive forces with viologen 
cations are generated. Any increase in the strength of the electrostatic forces would increase 
stability of V2+ relatively to the reduced cation-radical form (V.+) which in turn is less favored in 
a negatively charged environment owing to its unpaired electron. At pH below the pKa, the 
carboxy groups are neutral, coulombic attractions within the polymeric matrix disappear and the 
viologen potential shifts to less negative values. The immobilized viologen, having a very 
negative potential, was used as a reductive mediator for glutathione reduction biocatalyzed by 
glutathione reductase (GR), Figure 6.  The bioelectrocatalytic process was pH dependent due to 
variation of the viologen potential. The reaction rate of the glutathione biocatalytic reduction was 
ca. 4-fold higher at pH 6 than at pH 5, reflecting the negative potential shift of viologen upon pH 
change from 5 to 6.  Cyclic variation of the pH value allowed switchable activation/inhibition of 
the bioelectrocatalytic process.  
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4. pH-Controlled electrode interfaces coupled with in situ produced pH changes generated by 
enzyme reactions 
 
The pH-controlled reversible transition of the Os-complex-functionalized electrode between the 
electrochemically active and inactive states [40] was used to activate/deactivate the 
bioelectrocatalytic glucose oxidation upon performing enzymatic reactions changing pH values 
[26]. Two soluble hydrolytic enzymes: esterase and urease were used to change the pH value in 
situ, thus affecting the bioelectrocatalytic activity of the modified electrode for glucose oxidation 
in the presence of soluble GOx. Addition of ethyl butyrate to the solution resulted in the 
formation of butyric acid biocatalyzed by esterase. The generated butyric acid yielded pH ca. 3.8 
when the Os-complex-functionalized electrode is electrochemically active, thus enabling the 
bioelectrocatalytic oxidation of glucose, Figure 7A. Then the addition of urea to the solution 
resulted in the formation of ammonia biocatalyzed by urease restoring the initial pH ca. 6.5 and 
disabling the glucose oxidation at the modified electrode. The electrode switching between 
“ON”/”OFF” states upon the addition of two chemical input signals could be presented as a 
system mimicking electronic enable-reset circuitry operating in the digital form, where the 
absence/presence of the input signals are digitally presented as 0/1 inputs and the resulting 
electrode “OFF”/”ON” states are considered as 0/1 states [26]. The bioelectrocatalytically active 
and inactive states of the modified electrode switched in situ by the enzymatic reactions were 
followed by cyclic voltammetry, Figure 7B. The reversible transition between the active and 
inactive states demonstrated the possibility to modulate the bioelectrocatalytic activity by 
biochemical signals, Figure 7B, inset. 
 
It should be noted that the system described above has disadvantage of using soluble enzymes 
for processing chemical signals to switch the electrode interface between “ON” and “OFF” states 
[26]. Obviously, more advanced systems should include these enzymes integrated with the 
switchable interface. This was achieved upon enzymes immobilization on the pH-switchable 
polymer-brush using Au nanoparticles as a platform for the seamless enzyme integration with the 
switchable interface [44]. Two immobilized enzymes, esterase and urease, were activated by the 
corresponding substrates, ethyl butyrate and urea. The biocatalyzed reactions produced in situ 
butyric acid or ammonia, decreasing or increasing the pH value, thus resulting in the electrode 
activation or inactivation, respectively, Figure 8A. Importantly, the electrode switching “ON” 
and “OFF” was performed upon local interfacial pH changes without alteration of the bulk pH 
value and was followed by cyclic voltammetry in the presence of a diffusional redox probe, 
Figure 8B-C. The primary switchable electrochemical reaction of the redox probe can be easily 
connected to a bioelectrocatalytic reaction, for example, being integrated with glucose oxidation 
biocatalyzed by GOx and mediated by [Fe(CN)6]3-.  
 
5. pH-Triggered disassembly of biomolecular complexes on surfaces resulting in electrode 
activation 
 
While systems discussed above demonstrated reversible electrode activation-inhibition for 
bioelectrocatalytic processes upon pH changes, in some applications (e.g., to trigger drug release 
[45]) one-time activation will be sufficient. The system exemplified below [46] represents 
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irreversible disassembly of biomolecular complexes on surfaces due to pH change resulting in 
the electrode activation for a bioelectrocatalytic process.  
 
Figure 9 (top) shows the pre-assembled electrode interface in its electrochemically non-active 
state. This interface was produced in several chemical modification steps. The material called 
“buckypaper”, made of compressed multi-walled carbon nanotubes (CNTs) [47], was used as the 
conducting support. PQQ-dependent glucose dehydrogenase (PQQ-GDH) molecules were linked 
to the CNTs using a heterobifunctional cross-linker, 1-pyrenebutanoic acid succinimidyl ester, 
which provides covalent binding with amino groups of protein lysine residues through formation 
of amide bonds and interacts with CNTs via π-π stacking of polyaromatic pyrenyl moiety. 
Notably, this attachment mode provides efficient direct electrical communication of the enzyme 
active center, PQQ, with the conducting electrode support, resulting in electrical current upon 
glucose oxidation [48]. Carboxylic groups of the enzyme molecules were converted to active 
ester functionalities, which were then reacted with SiO2 particles (200 nm diameter) coated with 
a 3-aminopropylsilane layer. This step resulted in coupling of the SiO2 particles to the enzyme 
layer on the electrode surface through formation of amide bonds. Then the amino functions of 
the immobilized SiO2 particles were reacted with iminobiotin-NHS ester to yield a biotinylated 
interface. Note that iminobiotin is the analog of biotin which has binding properties to avidin 
dependent on the pH value. While at basic and neutral pH the free base form of iminobiotin 
retains the high affinity specific binding to avidin characteristic of biotin, at acidic pH values, the 
protonated form of the analog interacts poorly with avidin [49]. Using this property, the electrode 
interface functionalized with iminobiotin was reacted with avidin at pH 7.5 resulting in avidin 
binding. The iminobiotin/avidin complex was later reacted with GOx which was also 
functionalized with iminobiotin. This final modification step resulted in bridging GOx and SiO2 
particles through the iminobiotin/avidin/iminobiotin affinity complex. It should be noted that 
SiO2 particles were used as a platform for immobilization of GOx in order to provide high 
surface density and thus high biocatalytic activity of GOx, which is critically important for 
intercepting glucose and not allowing its penetration deeper into the modified layer on the 
electrode surface. The bioelectrocatalytic activity of the assembled electrode interface was 
characterized by cyclic voltammetry in the presence of glucose at pH 7.5. As expected, the cyclic 
voltammograms in the absence and presence (20 mM) of glucose were almost the same, Figure 
10A (curves a and b, respectively), thus confirming that the modified electrode was not 
generating any current corresponding to glucose oxidation. It should be remembered that the 
presence of GOx on the electrode surface did not inhibit the glucose oxidation (note the H2O2 
formation due to the GOx biocatalytic activity). However, the GOx biocatalyzed process did not 
result in current formation on the electrode surface, while the PQQ-GDH which is capable of the 
direct electron communication with the electrode was not provided with glucose intercepted by 
GOx at the external interface of the layered film on the electrode surface. In order to activate the 
modified electrode, it was reacted with citrate buffer (100 mM, pH 4.5). This resulted in 
protonation of iminobiotin decreasing its affinity to avidin, thus resulting in dissociation of the 
iminobiotin/avidin/iminobiotin complex and removing GOx from the interface, Figure 9 
(bottom). The cyclic voltammogram obtained after this step (recorded for consistency at pH 7.5 
to keep the PQQ-GDH activity unaltered) showed the bioelectrocatalytic current similar to that 
observed before attaching GOx to the interface, Figure 10A, curve c, thus confirming the 
electrode activation upon removing GOx from the interface. Figure 10B, curve b, shows the 
formation of a negative potential of ca. -80 mM (measured vs. Ag/AgCl reference electrode) 
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upon dissociation of the affinity complex and removing GOx from the interface caused by the 
pH change. Notably, the potential was not lowered in the presence of glucose if GOx was not 
removed from the interface by the pH signal, Figure 19B, curve a. The bioelectrocatalytic 
process activated on the electrode by the disassembly of the biomolecular complex upon the pH 
change was used for triggering drug release from another connected electrode [46].  
 
6. Conclusions and perspectives 
 
Extensive work performed in the area of switchable electrode interfaces has led to numerous 
systems controlled by a large variety of physical and chemical signals [17,18]. Activation–
inhibition of (bio)electrocatalytic processes by changing pH values represents particularly 
successful and important research direction since the pH variation can be coupled to enzyme-
catalyzed reactions changing pH in situ [50-52]. Particularly important results have been 
achieved when the research advances in signal-responsive materials, modified electrodes and 
biocatalytic reactions were integrated into a new research area. Coupling of “smart” switchable 
electrodes with sophisticated multi-step biochemical pathways could be envisaged in the 
continuing research. The biochemically controlled switchable electrodes will operate as an 
interface between biological and electronic systems in future micro/nano-robotic devices [53]. 
 
Switchable electrodes controlled by pH signals, particularly generated in situ by biocatalytic 
reactions, have allowed “smart” biofuel cells producing electrical power dependent on complex 
variations of biochemical signals [54,55]. Enzyme-biocatalytic [56,57] and immune-
biorecognition [58] systems have been developed to control performance of switchable biofuel 
cells. Their applications for self-powered biosensors [59] and complex bioelectronics devices 
(e.g., keypad lock systems [60,61]) have been demonstrated. Further development in this 
direction resulted in bioelectrocatalytic switchable systems demonstrating novel memristor 
properties [62]. The present developments in the area of switchable modified electrodes and 
future expectations in bioelectronics in general are based on the application of a multi-
disciplinary approach which will require contribution from electrochemists, specialists in 
materials science and unconventional biomolecular computing [63]. 
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Figure Captions 
 
Figure 1. pH-Controlled electrocatalytic NADH oxidation mediated by PQQ on the electrode 
surface modified with 4-aminothiophenol monolayer. The plot shows reversible changes of the 
electrocatalytic current as function of the pH value: (a) pH 5.5; (b) pH 6.8. The anodic current 
was measured at E = 50 mV (vs. SCE) in the solution containing: 1mM PQQ, 10 mM CaCl2 and 
20 mM NADPH in 0.05 M Tris-buffer titrated to the required pH. 
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Figure 2. Impedance spectra obtained on the “closed”, pH 6.0, (a) and “open”, pH 4.0, (b) states 
of the poly(4-vinyl pyridine) (P4VP)-modified electrode. Bias potential -450 mV (vs. a quasi-
reference electrode), frequency range 100 mHz – 10 kHz. The impedance spectra were recorded 
in the presence of [Fe(CN)6]3- (1 mM) and in the absence of GOx and glucose. The 
bioelectrocatalytic process converting glucose (Glc) to gluconic acid (GlcA) in the process 
biocatalyzed by GOx and mediated by [Fe(CN)6]3- was analyzed separately by cyclic 
voltammetry (not shown in the figure). (Adapted from ref. 32, with permission; Copyright 
American Chemical Society, 2013). 
 
Figure 3. (A) pH-Controlled reversible switching of the P4VP-brush between “ON” (left) 
and “OFF” (right) states allowing and restricting the anionic species penetration to the electrode 
surface, thus activating and inhibiting their redox process. (B) Cyclic voltammograms obtained 
on the P4VP-brush-modified ITO-electrode in the presence of 0.5 mM K4[Fe(CN)6]: (a) prior to 
the application of the potential on the electrode, (b) after application of -0.85 V to the electrode 
for 20 min. The background electrolyte was composed of 1 mM lactic buffer (pH 4.4) and 100 
mM sodium sulfate saturated with air. Inset: The reversible switching of the peak current value 
upon “closing” the interface by the electrochemical signal and restoring the electrode activity by 
the solution stirring. (Adapted from ref. 23, with permission; Copyright American Chemical 
Society, 2010). 
 
Figure 4. (A) The polymer brush permeability for differently charged redox probes 
controlled by a solution pH value: (a) the positively charged protonated P2VP-domains allow the 
electrode access for the negatively charged redox species; (b) the neutral hydrophobic polymer 
thin-film inhibits the electrode access for all ionic species; (c) the negatively charged dissociated 
PAA-domains allow the electrode access for the positively charged redox species. (B) The 
differential pulse voltammograms (DPVs) obtained for the mixed-polymer (P2VP/PAA) brush in 
the presence of [Fe(CN)6]4-, 0.5 mM, and [Ru(NH3)6]3+, 0.1 mM, at the variable pH of the 
solution: (a) 3.0, (b) 4.0, (c) 4.35, (d) 4.65, (e) 5.0 and (f) 6.0.  The background solution was 
composed of 0.1 M phosphate buffer titrated to the specified pH values. (C) The peak current 
dependences on the pH value for the anionic, [Fe(CN)6]4-, (a) and cationic, [Ru(NH3)6]3+, (b) 
species, as derived from the DPVs measured at the variable pH values. (Adapted from ref. 34, 
with permission). 
 
Figure 5. (A) Reversible pH-controlled transformation of the Os-P4VP-polymer brush on 
the electrode surface between electrochemically active and inactive states. The primary redox 
process of Os-complex is extended to switchable bioelectrocatalytic glucose oxidation 
biocatalyzed by GOx and mediated by Os-complex. (B) Cyclic voltammograms of the Os-P4VP-
modified electrode obtained upon measurements performed in neutral and acidic solutions: (a) 
pH 7.0, (b) 3.0. Inset: Reversible switching of the Os-P4VP-modified electrode activity. The 
cyclic voltammograms show the primary electrochemical activity of the immobilized Os-
complex in the absence of GOx and glucose. (Adapted from ref. 35, with permission; Copyright 
American Chemical Society, 2008). 
 
Figure 6. The redox potential of viologen species covalently bound to polyacrylic matrix as 
the function of the solution pH. The primary electrochemical process of the immobilized 
viologen species was extended to the bioelectrocatalytic reduction of glutathione (R-S-S-R) 
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biocatalyzed by glutathione reductase and mediated by viologen. The bar-chart shows the 
relative rates of the bioelectrocatalytic process measured at pH 5 and 6. Note the potential 
difference of the immobilized viologen at these pH values.  
 
Figure 7. (A) Switchable bioelectrocatalytic oxidation of glucose controlled by external 
enzymatic reactions. (B) Cyclic voltammograms obtained for the switchable bioelectrocatalytic 
glucose oxidation when the system is (a) in the initial “OFF” state, pH ca. 6.5; (b) enabled by the 
ethyl butyrate input signal, pH ca. 3.8; and (c) inhibited by the urea reset signal, pH ca. 7.5. 
Inset: Switchable bioelectrocatalytic current “ON” and “OFF” by the enzyme-processed 
biochemical signals. (Adapted from ref. 26, with permission; Copyright American Chemical 
Society, 2008). 
 
Figure 8. (A) Switching the electrode “ON” and “OFF” upon biocatalyzed reactions of the 
immobilized enzymes. (B-C) Cyclic voltammograms obtained on the enzymes-P4VP-modified 
ITO-electrode in the presence of 0.2 mM K4[Fe(CN)6] upon application of chemical signals. (B) 
0.1 M Na2SO4 solution with the bulk pH 6: before (a) and 30 min after (b) the application of 
ethyl butyrate, 10 mM. (C) 0.1 M Na2SO4 solution with the bulk pH 4.5: before (a) and 30 min 
after (b) the application of urea, 2 mM. Arrows show the direction of the biocatalytically induced 
changes. Inset (C): The reversible changes of the peak current upon cyclic “ON”-“OFF” 
transformations induced by the biochemical signals. (Adapted from ref. 44, with permission; 
Reproduced with permission of the Royal Society of Chemistry). 
 
Figure 9. Electrochemically inactive (top) and active (bottom) electrode states and the 
transition from the inactive to active state by removing GOx from the interface upon cleaving the 
pH-sensitive affinity bridge in the presence of a pH signal. (Adapted from ref. 46, with 
permission; Copyright American Chemical Society, 2014). 
 
Figure 10. (A) The cyclic voltammograms obtained on the modified electrode after its 
complete assembling including PQQ-GDH and GOx in the absence (a) and presence (b) of 20 
mM glucose demonstrating the bioelectrocatalytically inactive state. The pH-induced removal of 
GOx results in the electrochemically active state demonstrating the bioelectrocatalytic current 
(c). The cyclic voltammograms were obtained in the background electrolyte solution containing 
MOPS-buffer (50 mM), Na2SO4 (100 mM) and CaCl2 (1 mM) and dissolved O2, pH 7.5, with 
the potential scan rate 1 mV·s-1. (B) The electrode potential changes upon addition of glucose 
(20 mM) to the solution: (a) in the presence of GOx on the modified electrode surface, pH 7.5, 
(b) after pH-change-induced removal of GOx from the electrode interface (the potential 
dynamics was measured when the pH was returned to the initial value of 7.5). The potential was 
measured vs. Ag/AgCl reference electrode in a background solution containing MOPS-buffer (50 
mM), Na2SO4 (100 mM) and CaCl2 (1 mM) and dissolved O2. (Adapted from ref. 46, with 
permission; Copyright American Chemical Society, 2014). 
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