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Electrochemically Stimulated Molecule Release Associated with 
Interfacial pH Changes 
Madhura Bellare,† Vasantha Krishna Kadambar,† Paolo Bollella, Evgeny Katz,* Artem Melman* 

A new linker with a hydrolyzable aryl ester bond was used for 
electrode modification. Basic pH locally produced at the electrode 
surface upon electrochemical reduction of O2 resulted in the 
hydrolytic cleavage of the aryl ester bond and release of the 
immobilized fluorescent dye used as a model compound.  

Signal-stimulated molecule release, being motivated by many 

biotechnological [1] and biomedical [2,3] applications, has been 

extensively studied over decades resulting in a large variety of 

physical and chemical systems operating differently and responding 

to different signals [4]. Among various molecule-releasing systems 

responding to different activating signals (optical [5], magnetic [6], 

chemical [7], mechanical [8], temperature change [9], etc.) 

electrochemical systems represent one of the most important and 

challenging research direction [10-13]. These systems might be 

relatively simple, being controlled by electrostatic 

attraction/repulsion of molecules at polarized electrode surfaces 

[14-16]. However, the approach based on electrostatically 

loaded/released molecules is not specific to any selected kind of 

molecules since different molecules having the same electrical 

charge respond to the electrical signals in the same way. More 

sophisticated systems being able to release only specific molecules 

are based on molecular and supramolecular systems, where the 

selected molecules are included in complex structures assembled at 

electrode surfaces and disassembled upon electrochemical 

processes [17-20]. Some of these systems have electrochemically 

cleavable covalent bonds [21,22] (e.g., disulfide bonds [23]), which 

can be broken by redox reactions resulting in the release of the 

connected molecules. While the electrochemical cleavage of bonds 

based on the redox transformations is a very powerful and successful 

approach in clean model systems, it may be significantly complicated 

in the presence of other redox species appearing in complex 

biological media. Thus, more universal approach to the 

electrochemically stimulated cleavage of chemical bonds should be 

investigated. This might be based on local pH changes accompanying 

oxygen reduction at an electrode surface, which can be easily 

achieved in all natural systems including various biochemical and 

biological media. Indeed, the electrochemical oxygen reduction 

resulting in formation of water or/and hydrogen peroxide consumes 

hydrogen ions and produces basic pH locally at the electrode surface, 

if the bulk solution is not a very strong buffer [16,24]. Chemical 

linkers cleavable at acidic pH values are available [25] and used in 

various biochemical applications. However, linkers hydrolysable at 

basic pH values produced locally at an electrode surface upon O2 

reduction are not common and have not been used for 

electrochemically triggered molecule release processes. Organic 

chemistry offers various groups sensitive to pH changes and 

hydrolysable at basic pH. One of the example is aryl esters, which are 

not stable at basic pH [26,27] and can be used for preparing linkers 

cleavable upon increasing local pH value at an electrode surface.   

The present paper reports on the specially designed chemical linker 

containing aryl ester bond connecting molecules to an electrode and 

releasing them when the local pH increases due to electrochemical 

reduction of oxygen. The studied system provides a universal 

approach to the biomolecule release activated by electrochemical 

means without redox transformations of the linker and based 

exclusively on the hydrolytic process. 
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Electrochemical oxygen reduction is one of the most studied 

processes proceeding at various electrodes based on different 

materials [28]. While different electrode materials can be used for 

preparing modified electrodes [29], graphene-based electrodes 

became recently very popular [30], particularly for 

bioelectrochemical applications [31]. The easiest way of preparing 

graphene-modified electrodes based on pilling graphene layers from 

carbon fibers upon their electrochemical treatment has been 

reported recently [32]. Figure 1A shows scanning electron 

microscope (SEM) image of the graphene nanosheets produced on 

the carbon fibers. The nanostructured surface provides high 

roughness and the unique electronic features of the graphene result 

in superior electrochemical properties of the modified electrode 

[32]. Oxygen reduction, specifically important for the present study, 

has been studied at graphene-based electrodes [33]. Figure 1B shows 

cyclic voltammograms obtained with the graphene-modified carbon 

fiber electrode in the absence and presence of O2 (curves a and b, 

respectively). The electrochemical reduction of O2 can proceed to the 

formation of H2O2 or H2O, depending on the interface properties and 

potential applied [33]. Notably, both electrochemical processes 

proceeding at potentials more negative than –0.2 V (vs. Ag|AgCl|KCl, 

3 M, reference electrode) result in consumption of hydrogen ions 

and local pH increase. The steady-state pH value in the vicinity to the 

electrode surface depends on the rates of two processes: 

consumption of hydrogen ions in the electrochemical O2 reduction 

and diffusion of hydrogen ions from the bulk solution to the 

electrode surface according to the H+ concentration gradient. In 

order to obtain significant pH change locally at the electrode surface, 

the current of the oxygen reduction should be large, meaning the fast 

reaction with the H+ consumption. However, too negative potential 

may result in some side reactions, particularly if the process 

proceeds in complex biological media. The potential of –0.5 V was 

selected as the experimentally optimized value, which was enough 

to generate pH increase being enough to hydrolyze the aryl ester 

bond in the synthesized linker, but still not too much negative (note 

that in previously reported systems we applied –1.0 V potential for 

generating basic pH upon O2 reduction [24]).  

 

Figure 2A shows schematically the structure of the linker and the 

fluorescent dye bound as a model compound (1a, the technical 

details on the synthetic procedures, material characterization and 

the electrode surface modification are collected in the Supporting 

Information). The linker was adsorbed on the graphene sheets due 

to non-covalent π-π stacking of pyrene groups to the graphene 

sheets [34]. This way to immobilize various biomolecules on aromatic 

electrode surfaces (including electrodes composed of carbon 

nanotubes [35] and graphene [36]) has been extensively used in 

different bioelectrochemical systems. When the potential of –0.5 V 

is applied in the presence of O2 (in equilibrium with air), the local pH 

in a thin layer close to the electrode surface is increased, the aryl 

ester bond is hydrolyzed and the fluorescent dye (2) is released. The 

process was performed in 3 mM phosphate buffer, pH 7.2, with 0.1 

M NaCl and the bulk pH value was not affected by the 

 

Fig. 1. (A) Scanning electron microscope (SEM) image of the 
graphene nanosheets produced on the carbon fibers. (B) Cyclic 
voltammograms recorded with the graphene modified electrode 
(25 mm2 geometrical area) with the absence (a) and presence of 
O2 (in equilibrium with air). Potential scan rate, 50 mV s-1. 
Background electrolyte: phosphate buffer (3.0 mM, pH 7.2 
containing 0.1 M NaCl).  

 

Fig. 2. (A) The structure of the linker with hydrolysable aryl ester 
bond and the fluorescent dye attached (only the 3-hydroxy 
isomer (1a) is shown; the second isomer (1b) is shown in the ESI). 
(B) The cleavage of the aryl ester bond at basic pH values and the 
release of fluorescent dye (2). (C) Fluorescein pyrene derivative 
(3) with a non-hydrolysable linker used in the control 
experiments. 
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electrochemical reaction. The electrochemically stimulated release 

was followed by measuring fluorescence in the bulk solution, Figure 

2B and Figure 3, curve a. Prior to the potential application, the 

electrode was soaked in the background solution to characterize the 

uncontrolled leakage of the fluorescent dye from the electrode 

surface, Figure 3, curve a. The reasons for the minor fluorescence 

increase might be different, mostly related to the partial instability 

of the aryl ester bond, which could be hydrolized even at the neutral 

pH values, but with much smaller rate comparing to the basic pH 

values. The next experiment was aiming at estimation of the pH value 

locally produced at the electrode surface upon O2 reduction. This was 

done by comparing the rate of the fluorescence increase in the 

solution upon electrochemical O2 reduction and similar processes 

under different bulk pH values, Figure 4. As expected, the fluorescent 

dye release was stimulated by the bulk pH increase (see the red 

curves measured at the different bulk pH values). The 

electrochemically stimulated release proceeded with the rate similar 

to the process when the bulk pH was ca. 10.0–10.5. This result allows 

to estimate roughly the local pH generated by the O2 reduction.  

 

In order to confirm that the release process is indeed associated with 

the hydrolysis of the aryl ester bonds, we prepared another linker 

with all chemical bonds stable (non-hydrolyzable) at basic pH values, 

Figure 2C. The control experiments have shown some fluorescence 

increase in the solution when the potential of –0.5 V was applied 

(Figure 3, curve b) or the bulk pH was changed from pH 7.0 to pH 10.5 

(Figure 3, curve c). However, the fluorescent dye release connected 

to the electrode via the non-hydrolyzable linker (3) was much smaller 

than in case of the hydrolyzable linker (compare curves b,c with a, 

Figure 3).  

The minor release of the fluorescent dye bound to the electrode 

through non-hydrolyzable linker can be only explained by desorption 

of pyrene-anchor group from the electrode surface stimulated by 

either negative potential or basic pH value. It is known that the π-π 

stacking of pyrene groups at an aromatic electrode surface is a 

reversible process [37] and the pyrene groups can be removed from 

an electrode surface by different means [38]. The pyrene desorption 

from aromatic electrode surfaces can be affected by the applied 

potential and by pH value [39], exactly related to our control 

experiments with the non-hydrolyzable linker. Overall, the control 

experiments comparing the molecular release with the use of the 

hydrolyzable and non-hydrolysable linkers suggest that the major 

effect originates from the hydrolysis of the aryl ester bond, while 

minor contribution can result from the desorption of the pyrene-

anchor group.  

Conclusions 
The present preliminary study demonstrated the powerful 

application of hydrolysable linkers for electrochemically stimulated 

 

Fig. 3. Fluorescence measurements performed in the bulk 
solution upon leakage and signal-triggered release of the 
fluorescent dye: (a) the linker is hydrolysable and the cleavage of 
the aryl ester bond was achieved at the local basic pH generated 
electrochemically by O2 reduction; (b) the linker is not 
hydrolysable and the release was obtained by polarization of the 
electrode at –0.5 V; (c) the linker is not hydrolysable and the 
release was obtained by applying bulk pH 10.5.  
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Fig. 4. Fluorescence measurements performed in the bulk 
solution upon leakage and signal-triggered release of the 
fluorescent dye triggered by applying different bulk pH values 
(the pH numbers are shown right to the red curves). The blue 
curve shows the release obtained by applying –0.5 V in the 
presence of O2 (note that this curve is the same as shown in 
Figure 3, curve a). Inset: Comparison of the release kinetics 
measured with various bulk pH values and the electrochemically 
stimulated release.  
 

 

40

Re
le

as
ed

 F
IT

C-
ca

te
ch

ol
 2

, p
m

ol

80

120

160

200

240

Time / min

0
0 50 150100 200

pH 8.0
pH 9.0

pH 10.0

pH 10.5

pH 11.0

E = –0.5 V

Bu
lk

 p
H

 in
cr

ea
se

120

240

0Re
le

as
ed

 2
, p

m
ol

8 9 10 11
Bulk pH

E = –0.5 V

Local pH

pH change

Potential –0.5 V applied

pH 7.0

Page 3 of 4 ChemComm

C
he

m
C

om
m

A
cc

ep
te

d
M

an
us

cr
ip

t

Pu
bl

is
he

d 
on

 1
2 

Ju
ne

 2
01

9.
 D

ow
nl

oa
de

d 
on

 6
/1

3/
20

19
 3

:3
2:

58
 A

M
. 

View Article Online
DOI: 10.1039/C9CC03467F

https://doi.org/10.1039/c9cc03467f


COMMUNICATION Journal Name 

4 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx 

Please do not adjust margins 

Please do not adjust margins 

local pH change. Based on the obtained results with the model 

fluorescent dye release, one can expect numerous systems where 

different biomolecular activators/inhibitors can be released to 

modulate biological processes, thus controlling biological processes 

by electronic means. While the biomolecular release in biological 

systems (including cellular systems) will require additional studies, 

particularly being complicated by high buffer capacitance of the 

biological media, some artificial systems can be straightforward. For 

example, activation of switchable enzymes [40] or biocomputing 

systems [41] can be easily integrated with the release systems based 

on the presented approach.  

This work was supported in part by Human Frontier Science Program, 

project grant RGP0002/2018 to EK. The authors thank Prof. Kirill 

Alexandrov for stimulating discussions and support. 
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