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Electrochemically switchable and tunable luciferase bioluminescence 

Ali Othman, Evgeny Katz, Oleh Smutok 
Department of Chemistry and Biomolecular Science, Clarkson University, Potsdam, NY 13699-5810, USA   

A R T I C L E  I N F O   

Keywords: 
Luciferase 
Bioluminescence 
Electrochemically switchable 
Electrochemically tunable 
Modified electrode 

A B S T R A C T   

The biocatalytic activity of electrode-immobilized luciferase followed by bioluminescence emitted from the 
electrode surface was reversibly tuned and switched by applying electrochemical signals. When a reductive 
potential (−0.9 V vs. Ag/AgCl) was applied, O2 was consumed at the electrode resulting in its depletion in a thin 
film near the electrode surface. This resulted in the inhibition of the immobilized luciferase which needs O2 for 
the biocatalytic reaction. Releasing the potential resulted in diffusional equilibration of the O2 local concen
tration with the bulk solution, then reactivating luciferase. Reversible inhibition-activation of luciferase was 
obtained upon cyclic application and releasing of the potential, respectively.   

1. Introduction 

Adaptivity of biological systems to variations in the environment is 
the key feature of life [1,2]. It is based on a multi-level and multi- 
mechanism regulation processes changing biochemical pathways and 
reaction kinetics in response to external signals. Artificial systems 
mimicking natural processes have very limited complexity and cannot 
reproduce even a small fraction of the natural features. While the pre
sent level of the artificial systems complexity is far from pretending to 
create an “artificial life”, this complexity is already enough for numerous 
technological applications. Various “smart” systems, particularly for 
signal-triggered biomolecule release (e.g., drug release) [3], signal- 
controlled biofuel cell power production [4], signal processing in un
conventional computing [5,6], signal-regulated porosity, optical fea
tures, diffusivity, etc., have been extensively studied in the last decades 
and reported in numerous papers and books. The signals applied to 
change the system properties include (bio)molecule inputs [7], light 
illumination [8], magnetic field [9] and electrical potentials [10] 
applied, etc. While the signal-responding systems may be designed in 
solutions [11] or immobilized states [12], particularly high attention 
has been given to the systems arranged at electrode surfaces [13], thus 
allowing functional integration between biomolecule assemblies and 
electronics. These studies have been recently performed in the frame
work of bioelectronics [14], particularly in the rapidly developed areas 
of implantable [15] and wearable [16] bioelectronics. 

Immobilization of biomolecules (enzymes [17], antigens/antibodies 
[18], DNA/RNA [19]) at various surfaces (particularly at electrodes) has 
resulted in many practically important applications, especially in 

various biosensors [20,21]. The present study reports on a novel signal- 
controlled, switchable or tunable bioluminescence system based on 
luciferase enzyme immobilized at an electrode surface. The signals 
controlling the luciferase activity, measured as the light emission, were 
applied electrochemically, thus allowing the electronic control over the 
bioluminescence. While the present system does not aim at any imme
diate application, the concept demonstrated in the study may find 
practical applications, particularly taking into account that luciferase is 
an active component of various biosensors [22–24] and is used as a tool 
in molecular and cell biology [25] and in biotechnology [26]. 

2. Experimental section 

2.1. Chemicals, materials and consumables 

Luciferase (Lucif, E.C. 1.14.14.3, from Vibrio fischeri, Photo
bacterium f), adenosine triphosphate (ATP), hydrogen tetrachloroaurate 
(III) hydrate (HAuCl4), and cysteamine were purchased from Milli
poreSigma (formerly, Sigma–Aldrich). D-Luciferin was purchased from 
Selleckchem.com (chemical retailer). 4-(2-Hydroxyethyl)-1-piper
azineethanesulfonic acid (HEPES buffer), 2-amino-2-(hydroxymethyl) 
propane-1,3-diol (TRIS buffer), sodium sulfate (Na2SO4), and glutaric 
dialdehyde (25 % v/v) were purchased from Acros Organics (Carlsbad, 
CA). All other standard organic and inorganic reagents were purchased 
from MilliporeSigma. All chemicals were purchased with the highest 
grade and were used without further purification. A pH sensitive fluo
rescent dye 3,4′-dihydroxy-3′,5′-bis-(dimethylaminomethyl)flavone 
(FAM345) [27] was synthesized as reported previously by our group 
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[28]. All experiments were carried out using ultrapure water (18.2 
MΩ∙cm; Barnstead NANOpure Diamond). 

2.2. Instrumentation 

Electrochemical experiments were conducted using an electro
chemical workstation (ECO Chemie Autolab PASTAT 10) and GPES 4.9 
(General Purpose Electrochemical System) software. While performing 
electrochemical experiments (cyclic voltammetry) in an electrochemical 
cell, the potentials were measured using a BASi Ag|AgCl|KCl, 3 M, 
reference electrode, and a graphite slab was used as a counter electrode. 
The opto-electrochemical experiments (confocal microscope measure
ments) were performed using the internal Ag quasi-reference and 
counter electrodes associated with a screen-printed gold electrode 
(SPGE) assembly. Fluorescent images were obtained with a confocal 

microscope (Leica Confocal Microscope LM6, Leica Microsystems, Buf
falo Grove, IL, USA). ImageJ software was used for quantifying color 
intensity of images, color distributions, and pore size analysis. pH values 
of the solutions were adjusted using a Mettler Toledo S20 SevenEasy pH 
meter. The surface morphology of the gold unmodified (as supplied) and 
modified SPGEs were visualized by field emission scanning electron 
microscopy (FE-SEM) using a JEOL JSM-7400F instrument. 

2.3. Preparation of the porous gold electrodes 

The screen-printed gold electrodes (SPGEs) were purchased from 
DropSens Metrohm (DRP 220BT, see the electrode composition at the 
company website: http://www.dropsens.com/en/screen_printed_elect 
rodes_pag.html). The SPGE is composed of a Au working electrode (4 
mm diameter, geometrical area ca. 0.13 cm2) and include counter and 

Scheme 1. (A) Luciferin oxidative transformation catalyzed by luciferase (Lucif) enzyme resulting in the light emission (bioluminescence). (B) The bioluminescence 
catalyzed by the electrode-immobilized Lucif detected with a confocal microscope. Note that electrochemical reductive consumption of O2 results in its depletion 
near the electrode surface, then inhibiting the enzyme-catalyzed reaction. The electrochemical O2 reduction resulting in H2O production consumes H+ ions, then 
possibly increasing local pH, if the buffer concentration is not high enough. Abbreviation: AMP is adenosine monophosphate; other abbreviations are explained in 
the text. 

Fig. 1. Characterization of the highly porous gold (hPG) electrode used for immobilization of the luciferase enzyme. Scanning electron microscope (SEM) images of 
the original (as supplied) screen-printed gold electrode (SPGE) (A) and the highly porous gold (hPG) electrode (B). (C) The pore size distribution derived from the 
SEM image of the hPG electrode shown in (B). (D) 3D-surface mapping of the hPG electrode; the same electrode as shown in the SEM image in (B). Cyclic vol
tammograms obtained with the original SPGE (curve a in E and F) and with hPG electrode (curve b in F) in 0.5 M H2SO4, potential scan rate 100 mV/s. Note the 
different current scales in (E) and (F). The charge (integrated current) under the cathodic peaks in the cyclic voltammograms (E) and (F) is proportional to the real 
surface of the used Au electrodes. 
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quasi-reference electrodes. The Au working electrode is composed of 
inhomogeneous mixture of Au micro-particles (see a scanning electron 
microscopy (SEM) image of the Au surface at the company website: htt 
p://www.dropsens.com/en/pdfs_productos/new_brochures/gold_elect 
rodes.pdf). The DRP 220BT SPGEs are specifically designed to work in a 
solution by entirely immersing the sensing area. Prior to their modifi
cation, the SPGEs were pre-treated by cyclic voltammetry (30 cycles at 
100 mV/s) in the potential range of 0 and +1.6 V (vs. Ag|AgCl|KCl, 3 M, 
reference electrode) in 0.5 M H2SO4. Afterwards, SPGEs were modified 
by electrodeposition of highly porous gold (hPG) by initially sweeping 
the potential for 30 scans between +0.8 and 0 V at a scan rate of 50 mV 
s−1 and then applying a fixed potential of −3 V in a 10 mM HAuCl4
solution containing 2.5 M NH4Cl for 150 sec [29,30]. The color of the 
working electrode turned to black. Then, the electrode was immersed in 
water and shaken at low speed for one minute. The real surface area of 
the porous Au electrode was determined from the cathodic peak (at ca. 
0.8 V) corresponding to the reduction of the gold oxide layer upon 

performing cyclic voltammetry in 0.5 M H2SO4 solution and compared it 
with the original (as supplied) gold electrode. Cyclic voltammetry per
formed in 10 mM TRIS buffer, pH 7.8, with added 100 mM Na2SO4 in the 
potential range of 0 and −1.0 V at scan rate of 2 mV/s was used to 
analyze O2 electrochemical reduction under air and Ar. 

2.4. Immobilization of luciferase on the highly porous SPGEs 

The highly porous gold (hPG) electrodes were first modified by 
chemisorption of a self-assembled cysteamine monolayer [31], then 
introducing amino groups available for the next modification steps. The 
hPG electrodes were reacted with 50 µL of cysteamine solution (100 
mM) for 1 h and then rinsed with water to remove the unbound cyste
amine. Then, the cysteamine monolayer-modified electrodes were 
reacted with a glutaric dialdehyde solution, which was prepared by 
mixing 50 μL (2.5% v/v) aqueous glutaric dialdehyde with 950 μL 20 
mM HEPES buffer, pH 6.2, containing 30% v/v ethanol. After reacting 

Scheme 2. Stepwise immobilization of luciferase enzyme at the electrode surface. Another way of the luciferase immobilization used in control experiments is 
outlined in Figure SD2 in the Supplementary Data. 

Fig. 2. (A) The experimental setup used for the confocal microscope study of the bioluminescence controlled by the electrochemical reduction of O2. (B) Close view 
of the electrochemical cell located in the optical chamber of the confocal microscope. (C) Schematics of the electrochemical cell and optical system. Note that the 
electrode surface was arranged in parallel to the optical path, thus allowing fluorescent analysis of processes at the electrode surface. 
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the electrodes with the solution of glutaric dialdehyde for 2 hrs, the 
modified electrodes were rinsed with the HEPES buffer (20 mM, pH 6.2). 
The procedure resulted in the formation of aldehyde groups at the 

electrode surface available for the enzyme immobilization. Finally, the 
electrodes were reacted with a luciferase buffer solution (10 μL, 2 mg/ 
mL) for 2 hrs, resulting in the enzyme covalent immobilization as a 
monolayer. The enzyme-modified electrodes were rinsed with TRIS 
buffer (10 mM, pH 7.8) and kept overnight at 4 ◦C under dark prior to 
their use. Another way of luciferase immobilization used in control ex
periments is outlined in Figure SD2 in the Supplementary Data. 

2.5. Confocal microscope measurements 

The confocal microscope measurements were performed differently 
for the analysis of the local pH near the electrode surface and for mea
surements of the bioluminescence activity of the immobilized luciferase. 
The pH analysis near the electrode surface was performed by measuring 
fluorescence of the pH sensitive dye (FAM345) as detailed in our recent 
comprehensive study [28]. A solution of FAM345 (10 µM) in TRIS buffer 
(10 mM, pH 7.8) in the presence of 100 mM of Na2SO4 and O2 under 
equilibrium with air was used for the local (interfacial) pH analysis. The 
dye fluorescence was measured in the range of 500–700 nm with the 
excitation wavelength 405 nm. Quantitative analysis of the confocal 
microscope images was performed by analyzing the green color intensity 
and distribution using ImageJ software. The luciferase bioluminescence 
was measured in the solution composed of D-luciferin (10 µM), ATP 
(0.25 µM), and MgCl2 (5 µM) in TRIS buffer (10 mM, pH 7.8) in the 
presence of 100 mM of Na2SO4 and O2 under equilibrium with air (3 mL 
total volume). The confocal fluorescent images of the modified 

Fig. 3. A confocal microscope image of the luciferase-modified electrode with 
no potential applied and no substrates added (the background fluorescence). 
The inset shows the pore-size distribution derived from the image. 

Fig. 4. (A) Confocal microscope images obtained after different time-intervals of applying potential −0.9 V (vs. a quasi-reference electrode in the SPGE assembly). 
The solution included FAM345 (10 µM) in TRIS buffer (10 mM, pH 7.8) in the presence of 100 mM of Na2SO4 and O2 under equilibrium with air. (B) Analysis of the 
green color in the images shown in (A). (C) A bar-chart showing green color intensity after different time of applying potential −0.9 V (vs. a quasi-reference 
electrode). The bars were calculated from the color distribution plots shown in (B). (D) Schematics of the electrochemical reduction of O2 resulting in production 
of H2O2 or H2O depending on the potential applied. The 4-electron reduction resulting in the H2O formation is a dominating process at the potential of −0.9 V. (E) 
Cyclic voltammograms corresponding to the electrochemical reduction of O2: (a) in the presence of O2 under equilibrium with air recorded with the hPG electrode; 
(b) measured under Ar with the hPG electrode (note incomplete O2 removal because of the electrode porosity); (c-d) cyclic voltammograms recorded under air and Ar 
with the original SPGE (note indistinguishable current in the used current scale). The solution was composed of TRIS buffer (10 mM, pH 7.8) with 100 mM Na2SO4. 
Potential scan rate was 2 mV/s. The potentials are shown vs. Ag|AgCl|KCl, 3 M, reference electrode. (For interpretation of the references to color in this figure legend, 
the reader is referred to the web version of this article.) 
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luciferase/hPG electrode were recorded in the range of 500–700 nm and 
analyzed with the ImageJ software. The bioluminescence measurements 
were performed with the applied potential −0.9 V (vs. a quasi-reference 
electrode of the SPGE assembly) and upon releasing the applied 
potential. 

3. Results and discussion 

Oxidative decarboxylation of D-luciferin catalyzed by luciferase en
zymes results in formation of a singlet excited state of oxyluciferin, 
which then produces light emission (λmax = 560 nm) as it relaxes to the 
ground state [26], Scheme 1A. The biocatalytic reaction resulting in the 
luminescence requires presence of the enzyme co-substrates, ATP and 
molecular oxygen (O2), as well as Mg2+ cations as promoters. Obviously, 
the rate of the biocatalytic transformation and then the luminescence 
intensity both depend on concentrations of the reacting species. It is very 
difficult to change concentrations of D-luciferin or Mg2+ cations by any 
external signals, particularly electrochemically, however, it is very easy 
to decrease O2 concentration by its electrochemical reduction. While 
bulk reduction of dissolved O2 is a time-consuming process, its local 
depletion near an electrode surface is much faster. Therefore, the 
bioluminescence process controlled electrochemically was studied using 
an electrode-immobilized luciferase enzyme (Scheme 1B). The enzyme 
immobilization is also highly important for any of its bioelectronic 
application. 

The Au electrode support for the enzyme immobilization was pre- 
treated electrochemically (see the Experimental section 2.3), resulting 
in a highly porous interface with dramatically increased electrochemi
cally active surface (Fig. 1B) compared with the original screen printed 
Au electrode (SPGE) (Fig. 1A). The size of the produced pores was in the 
range of 15–40 µm (Fig. 1C). The corresponding 3D-surface mapping of 
the electrode surface confirmed the porosity (Fig. 1D), providing con
sistency with the obtained SEM image. The surface increase by factor ca. 
50 was determined electrochemically by performing cyclic voltammetry 
with oxidative deposition of a gold oxide monolayer on the electrode 
surface, then followed by its reductive striping [32]. The real electrode 
surface (taking into account its roughness) is measurable as a charge 
(integrated current) under the cathodic peak in the cyclic voltammo
grams (Fig. 1E and 1F for the initial and roughed electrodes, respec
tively). The electrode surface roughening allowed significant increase of 
the amount of the surface-bound luciferase enzyme. 

The luciferase immobilization proceeded in several steps, starting 
from self-assembling of a cysteamine monolayer, then continued with 
reacting amino groups with glutaric dealdehyde as a homobifunctional 
cross-linker (Scheme 2). Finally, the amino groups of the lysine residues 
of luciferase reacted with aldehyde groups of the surface-bound glutaric 
dialdehyde. Notably, the Schiff-base bonds produced at the surface upon 
reacting aliphatic amines and aldehydes are not stable (their formation 
is reversible) [33], however, the enzyme immobilization is stable due to 
the multiple-point binding [17]. The luciferase-modified electrodes 
were studied with a setup which included an electrochemical instrument 
for applying potential on the electrode and a confocal microscope for 
operando measurements of the luminescence generated at the electrode 
surface (Fig. 2). The background fluorescence emitted from the 

(caption on next column) 

Fig. 5. Confocal microscope images (A) and the corresponding green color 
intensity (B) obtained with the luciferase-modified electrode after different time 
of the −0.9 V potential applied (vs. a quasi-reference electrode). The solution 
included D-luciferin (10 µM), ATP (0.25 µM), and MgCl2 (5 µM) in TRIS buffer 
(10 mM, pH 7.8) in the presence of 100 mM of Na2SO4 and O2 under equilib
rium with air. (C) The bar-chart showing decrease of the bioluminescence in
tensity with the increasing time of the potential applied. The bars are derived 
from the plots shown in (B). Local (interfacial) O2 concentration decrease upon 
the potential application is shown in Figure SD1 in the Supplementary Data. 
(For interpretation of the references to color in this figure legend, the reader is 
referred to the web version of this article.) 
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luciferase-modified electrode surface reflected the electrode roughness, 
further confirming measurements with the SEM imaging and 3D-surface 
mapping analysis (Fig. 3). 

Remembering the goals of the project, one should note that the rate 
of the biocatalytic process and therefore the luminescence intensity both 
depend on the O2 local concentration near the electrode surface 
(Scheme 1B). However, there is another experimental parameter which 
can affect the reaction rate – it is the local pH value. Indeed, the elec
trochemical O2 reduction is accompanied with consumption of H+ ions 
potentially resulting in significant local pH increase [28]. It is known 
[34] that the biocatalytic activity of luciferase is pH dependent, 
increasing with the pH elevation. Therefore, the increase of the enzyme 
activity with the increasing local pH may compensate, at least partially, 
the O2 local concentration depletion upon its electrochemical reduction. 
Thus, special attention should be paid to avoiding the pH variation in the 
course of the experiments. The local pH changes produced by electro
chemical reactions are allowed only when a weak buffer is present in the 
solution. Increasing the buffer concentration suppresses the pH changes, 
as expected [28]. Therefore, the experiments were performed in the 
presence of TRIS buffer (10 mM, pH 7.8), assuming [28] that this buffer 
concentration should be high enough to preserve the local pH when O2 
reduction proceeds (Fig. 4D). Indeed, Fig. 4A-C shows the same (un
changed) fluorescence of the pH-sensitive dye (FAM345) during the 
electrochemical reduction of O2 upon applying potential −0.9 V on the 
working electrode. This control experiment confirmed that the used 
buffer concentration is high enough to keep the interfacial (near the 
electrode surface) pH unchanged. In case the local pH had changed, the 
dye fluorescence would have changed, as reported in our recent 
comprehensive study [28]. This result is important to confirm that only 
one experimental parameter (i.e. O2 concentration) is changing under 
the used experimental conditions, while the local pH is not affected due 
to the high buffer concentration. It should be noted that the effect of the 
electric field on the enzyme activity can be excluded due to the high 
ionic strength of the background electrolyte solution (control experi
ments are outlined in Figure SD3 in the Supplementary Data). 

Cyclic voltammograms demonstrated O2 reduction at the potentials 
more negative than −0.3 V (vs. Ag|AgCl|KCl, 3 M) (Fig. 4E). Notably, 
the O2 reduction was the only electrochemical process in the used po
tential range. Then, the constant potential electrochemical O2 reduction 
was performed at −0.9 V, when the current is large enough for the 

effective depletion of O2 near the electrode surface. It is well known [35] 
that electrochemical O2 reduction proceeds in several steps, where the 
major intermediate product is H2O2. The final product is H2O produced 
upon reduction of H2O2 (Fig. 4D). The confocal imaging of the interface 
in the presence of the pH-sensitive fluorescent dye confirmed the un
changed pH value in the presence of the used buffer, as explained above 
(Fig. 4A-C). Then, after confirming that the pH effect is excluded, the 
experiments were directed to the reversible control of the luciferase 
activity with the electrochemical signals applied. 

Fig. 5 shows decreasing luminescence with the increasing time of the 
potential (−0.9 V) applied. The result can be interpreted as the effect of 
decreasing local O2 concentration due to its reductive consumption. The 
experimental observation of the O2 depletion at the electrode surface 
was performed using chronoamperometric measurements of the O2 
reduction; see Figure SD1 in the Supplementary Data. It should be noted 
that the constant potential electrolysis (performed in the chro
noamperometric regime) demonstrated the measured current decay 
almost to the background current value, thus demonstrating the com
plete depletion of O2 near the electrode surface. Importantly, the 
experiment demonstrates tunable bioluminescence intensity controlled 
by the electrochemical signal applied over time. Even more impressive 
result was obtained when the potential was applied and released in a 
cyclic mode resulting in the reversible inhibition and then re-activation 
of the bioluminescence, respectively (Fig. 6). The cyclic ON-OFF 
changes of the luciferase luminescence was repeatable as long as O2 
local concentration could be variated. 

The enzyme-functionalized electrodes were stable for at least 10 days 
(data not shown) stored in the refrigerator (4–8 ◦C) and under dark 
conditions. 

4. Conclusions and perspectives 

The obtained results demonstrated reversible tuning and switching 
of the immobilized luciferase activity observed as the variable signal- 
controlled luminescence. The applied signal was an electric potential 
resulting in reversible depletion of O2 in a thin film near the electrode 
surface. The studied system is an additional example to the large 
collection of previously reported signal-controlled electrochemical sys
tems [13]. However, the use of the light emitting biochemical system 
has important difference from the previously studied enzymes. While 

Fig. 6. (A) Confocal microscope images showing the bioluminescence produced by the immobilized luciferase with no potential applied (ON state) for 5 min and 
after −0.9 V potential applied for 10 min (OFF state). (B) Green color intensity corresponding to the bioluminescence in the ON and OFF states. (C) The reversible 
inhibition and re-activation of the bioluminescence upon applying and removing −0.9 V potential applied. The solution included D-luciferin (10 µM), ATP (0.25 µM), 
and MgCl2 (5 µM) in TRIS buffer (10 mM, pH 7.8) in the presence of 100 mM of Na2SO4 and O2 under equilibrium with air. (For interpretation of the references to 
color in this figure legend, the reader is referred to the web version of this article.) 
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most of enzymes produce reactants in course of time and the products 
need to be accumulated in the bulk solution for their assay, the biolu
minescence can be detected immediately, directly from the modified 
interface, thus allowing the operando experiments. The tunable lucif
erase activity was studied by applying the reductive potential for 
different time-intervals (Fig. 5). In addition, the precise tuning of the 
luciferase activity can be achieved by changing the applied potential or 
current under potentiostatic or galvanostatic regimes, respectively. The 
relatively high reductive potential (−0.9 V) applied in the study can be 
significantly decreased when O2 reduction is biocatalyzed by bilirubin 
oxidase or laccase [36,37]. The bioelectrochemical reduction of O2 can 
proceed at very mild potentials near 0 V (vs. Ag/AgCl). This approach 
requires co-immobilization of the O2-reducing enzymes and luciferase. 
While recently we reported on enzyme activity reversibly controlled by 
local (interfacial) pH changes produced electrochemically [10], the 
present study demonstrated another than pH variation mechanism of 
switching and tuning enzyme activity. Overall, the present preliminary 
study has possible extensions to many other realizations of the switch
able and tunable bioluminescent systems and potential practical 
applications. 
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