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a b s t r a c t

During product isolation the received bioreceptors often do not exhibit a sufficient biochemical activity
due to multistep dissociation and loss of cofactors. However, for bioelectrochemical applications the
presence of cofactors is necessary for a successful oxidative or reductive conversion of the substrates
to the products.
Herein, we show how the immobilization of the required electroplated cofactors in a design of amper-

ometric electrodes can in situ assist the activity of apo-enzymes. Compared to conventional approaches
used in enzyme engineering this tailored nanoengineering methodology is superior from economic point
of view, labor and time costs, storage conditions, reduced amount of waste and can fill the gap in the
development of tuned bioelectrocatalysts.

� 2022 The Authors. Published by Elsevier B.V. on behalf of Research Network of Computational and
Structural Biotechnology. This is an open access article under the CC BY-NC-ND license (http://creative-

commons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Rapid degradation of cofactors often leads to low activity of
microbial enzymes.[1–3] In some cases, enzymes can be expressed
in apo-form and might require several reconstruction steps, i.e. the
addition of an external co-factor to complete their active holo-form
[2-5]. Although, apo-enzymes are known to bind the substrates
they cannot oxidase them [2] that makes a rapid search of the
high-yielding mutants due to false negative results in particular
by electroanalytical sensing tools almost impossible. Therefore,
the presence of cofactors (usually noncovalently bonded to the
protein to keep its active conformation) is necessary for successful
RedOx conversion of the substrates. [6-9]

To solve this problem, a modulation of enzyme activity by in-
situ cofactor introduction could be an efficient strategy for improv-
ing the rates of enzyme-driven biochemical reaction in a short per-
iod of time. In other words, all expressed amount of microbial or
apo-enzymes gets fully active directly on the electrode surface
after interactions with the co-immobilized cofactors.

In fact, native enzymes have a very massive structure with a
deeply buried active RedOx center causing numerous mass transfer
limitations.[6,10] As a result the obtained electrochemical signals
cannot be associated with bonded cofactors but more likely by
the free ones.[11,12] Hitherto, several attempts towards immobi-
lization of the exogenous unbound cofactors via entrapment into
membranes, physical adsorption from aqueous solutions or recy-
cling on porous surfaces aiming the improvements in enzymes
activity and efficiency of biochemical transformations were con-
ducted.[13,14] However, the use of porous materials is limited by
(i) the size of cofactors; (ii) their rapid leaching and (iii) significant
decrease in activity due to formation of new chemical bonds.[14]
Hence, the development of alternative strategies towards the
immobilization of cofactors in their intact form with a preservation
of function and specifity are strongly needed.

In case of successful electrochemical immobilization on the
electrode a direct communication between a target apo-enzyme
and RedOx cofactor will allow a minimal diffusion limitation and
a maximum surface area per unit mass.[10] In addition, a rapid
leaching of the immobilized electroplated cofactors can be
avoided.[15]

To this end, we propose a novel concept towards a heteroge-
neous bioelectrocatalysis and in situmodulation of enzyme activity
directly on the electrode by reaction with the electroplated cofac-
tors. Electroplating was performed at low currents from the multi-
ple electrolyte solutions containing target cofactors, polymer
binding agents and cations of noble metals. This approach results
in the formation of cofactors-doped hybrid nanocomposite layer
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with electroactive metal nanoparticles (NPs). The structure of
cofactor-containing complexes in the multiple solutions and archi-
tecture of the hybrid cofactor-doped electrodes was realized by
methods of quantum chemistry.

To test the proposed concept on model systems, first, we stud-
ied the impact of cofactors supplement (flavin adenine dinu-
cleotide (FAD) and flavin mononucleotide (FMN)) on the activity
of conventional glucose oxidase (GOx) and lactate oxidase (LOx)
in solutions (1). Afterwards, target cofactors in the required
amount were immobilized on the electrodes via electroplating fol-
lowed by evaluation of their analytical merit in the presence of cor-
responding enzymes (2). Finally, the concept of heterogeneous
biocatalysis utilizing electroplated immobilized cofactors was ver-
ified by electrochemical screening of apo-enzymes (apo-GOx as a
case study) in a droplet mode (3).

Since the electrodes can be modified by numerous cofactors in
the presence of different substrates and enzymes, the proposed
bioelectrochemical approach can find a wide utilization for the
screening of microbial apo-enzymes requiring the additional
reconstitution steps. The proposed methodology allows to avoid
the exogenous addition of cofactors in aqueous solutions and also
meets all requirements of Green Chemistry concept.
2. Experimental part

Used chemicals and reagents are detailed in the Supplementary
Material section.

Electroplating experiment. The synthesis of the hybrid cofactor-
doped functional layer on the surface of screen printed electrodes
(SPEs) was conducted from Ag- and Pd-salts containing elec-
trolytes mixed with polymer binding agents (0.9 % of alginate
(ALG), 0.1 % of pyrrole (Py), or 2.5 % of Nafion (Naf)) and a target
cofactor (FAD or FMN) in a ratio of 1:1:1 v/v/v. The immobilization
was conducted at pH 7. Concentration of cofactors in the multiple
electrolyte solution must not be below 0.4 mM. Electrolysis was
performed utilizing a VMP 3 (Biologic SAS, Claix, France) potentio-
stat. The following synthesis parameters were used: current,
Ik, -2.5 mA and, time, tel 90 s to form ALG-cofactor-NPs functional
layer; Ik, -2.5 mA and tel 30 s to form Naf-cofactor-NPs. For synthe-
sis of polypyrrole (PPy)-cofactor-doped layers an impulse deposi-
tion mode was optimized: -30 mA/cm2 for 10 s (step 1) followed
by 30 mA/cm2 for 10 s (step 2). This procedure was repeated 5
times. Finally, 0 mA/cm2 for 10 s was applied to the electrode.

Oxygen minisensor studies and cyclic experiment. The activity of
the intact and modulated by additives oxidases (GOx and LOx) in
solutions was controlled by OXR430 retractable needle-type
fiber-optic oxygen minisensor (Pyro Science GmbH, Aachen, Ger-
many) according to the previously reported protocol.[16]

The cyclic experiment utilizing optical oxygen minisensor was
conducted in the following mode: 100 lL of commercial GOx
(0.05 mg/mL) was mixed with 100 lL of 0.05 mg/mL of FAD and
added to the mixture of phosphate buffer (10.79 mL) and 110 lL
of 100 mM D-glucose (cycle I). After the reaction equilibrium was
reached, 110 lL of the additional amount of D-glucose were poured
into the reactant solution and the reaction equilibrium was evalu-
ated (cycle II). This experiment was carried out until the oxygen
consumption stopped changing (cycle III,.. n).

Scanning Electron Microscopy (SEM). SEM images were taken on
a Quanta 400 FEG (Hillsboro, OR, USA) at an accelerating voltage of
10 keV. The image size was 1024x884 pixels.

Electrochemical studies. Electrochemical studies were conducted
in both cyclic voltammetry (CV) and multistep chronoamperomet-
ric (MAM) mode.[17] CV plots were recorded in a droplet (150 lL)
of tested solutions at scan rate of 20 mV/s in the range from � 0.4 V
to + 0.4 V vs Ag/AgCl. For quantitative changes MAM mode was
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used: level 1 – polarization at the cathodic range of potentials (-
0.08 V unless otherwise specified); level 2 – read-out at the anodic
range of potentials (0.2 V). RAMAN spectroscopy. RAMAN studies of
the electrode surfaces were conducted on a HORIBA Jobin Yvon
(Longmujeau, France) Raman microscope equipped with Nd:YAG
laser (532 nm).

Laser desorption ionization mass spectrometry (LDI-MS). To con-
trol the immobilization of cofactors on the electrodes, LDI-MS
approach used in a bioscanner mode according to [18] was utilized.
LDI-MS studies were performed on a Bruker Esquire 3000+ ESI-ion
trap MS (Bruker Daltonics, Bremen, Germany) operated by Bruker
esquire control 5.3 software equipped with atmospheric pressure
AP-MALDI ion source and Nd:YAG solid-state laser with a length
of 355 nm and frequency of 3 ns.

Quantum-chemical studies. To verify the possibility of stable
cofactor-doped complexes formation in the multiple electrolyte
solutions as well as to realize the architecture of the hybrid elec-
trodes, methods of quantum chemistry were employed.
Quantum-chemical studies were carried out by Gaussian 09 pro-
gram and density functional theory B3LYP.[19] The calculations
were conducted for Pd-based electrolyte as a case study. The fol-
lowing basis set was used: 6-31G(d,p) for O, N, H, C atoms [20]
and LANL2DZ ECP with the added f-polarization function for Pd.
The polarizable continuum solvation model (PCM) was utilized
for evaluation of solvent impact on the results of modeling.[21]
During the simulation process the fragment of the (010) plane of
a PdO crystal and a layer of palladium atoms under it were used
as a model structure. The presence of PdO at 620 nm�1 [22] formed
on the surface of Pd-NPs after synthesis was confirmed by RAMAN
studies, ESI, Fig. S1.

The interaction energies of complex E12 between the consisting
fragments of 1 and 2 were calculated as follows:

Eint ¼ E12 � E1 þ E2ð Þ
where E1 and E2 are the energies of fragments 1 and 2, E12 – is

the energy of the system obtained by combining of these fragments
into a complex. If E12 < 0 complex formation is energetically advan-
tageous, at E12 > 0 - complex is not formed.
3. Results and discussion

3.1. From molecular interactions in the multiple electrolyte solutions
to design of the hybrid electrodes

The proposed concept can be achieved via electroplating of a
required cofactor from the multiple electrolyte solutions resulting
in the formation of cofactor-doped NPs on a surface of SPE, see
Scheme 1 (shown for Lumiflavin, LF, as a stable and representative
fragment of FAD, PdO/Pd-NPs and ALG used as a polymer binding
agent).

The immobilization of cofactor from the multiple electrolyte
solutions can undergo according to the following routes: deposi-
tion of Pd2+/cofactor or Pd2+/cofactor/polymer. Since Pd2+ (d8

cation) is a good complexing agent and target cofactors as well
as binding polymers (ALG, PPy, Naf) have donor atoms (N, O) in
their structure, the probability of complex formation between
Pd2+/cofactor and Pd2+/polymers is quite high. [23-26] Therefore,
the formation of complexes between Pd2+ and FAD or FMN in solu-
tions can be assumed based on the presence of a free electron pair
in nitrogen and oxygen atoms in the molecules of cofactors. During
the interaction in solutions this free electron pair occupies free
orbital of Pd2+ cation resulting in the formation of a donor–accep-
tor bond.

To validate the mechanism leading to a self-assembling of the
functional hybrid cofactor-doped layer, next, quantum-chemical



Scheme 1. Schematic work flow of the in situ modulation of enzyme activity directly on the electrode surface. (I) – the structure of 2Pd2+/3LF complex in solution; (II) – the
scheme of the functional layer on the electrode: particles with the same charge and lower mass move faster towards electrode surface at the applied polarization; (III) – the
architecture of the hybrid functional layer (PdO/Pd-NPs/ALG/FAD) on the electrode; (IV) –in situ reconstruction of enzymes structure and their simultaneous electrochemical
screening.
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studies were conducted. The optimized structures of complexes
between LF and Pd2+ cations are summarized in Fig. 1.

The inspection of Fig. 1 indicates that Pd2+ directed opposite to
–NCH3 group of LF (marked by the circle in Fig. 1A) and located clo-
ser to the atoms O and N of LF is the most energetically advanta-
geous complex between Pd2+ and LF. Due to the significant
interaction energy between Pd2+ and lumiflavin during formation
of this structure the appearance of a chain of FAD molecules bound
to each other by Pd2+is highly likely. For example, the addition of
2Pd2+/3LF structure (Scheme 1, I) to Pd2+/LF leads to the appear-
ance of 3Pd2+/4LF complex. In the course of computer modeling
it was found that a fixation of LF on PdO by hydrogen bonding or
the orientation of LF rings parallel to the PdO plane is energetically
disadvantageous (Eint > 0), see ESI, Fig. S2.

In contrast, the deposition of a chain of FAD molecules bonded
to each other by Pd2+ structure A (see Fig. 2) on PdO accomplished
by transformation of Pd2+ to Pd0 (cation reduction at the cathode)
is energetically favorable (-13.2 kcal/mol), Fig. 2, structure B. Apart
from this attachment model palladium cation can also form a com-
plex with LF and ALG anion (Fig. 2, structure C) which deposition
on the electrode is generically possible.

In this case the 1-st functional layer of the electrode after elec-
trolysis is represented by PdO/Pd-NPs/(see ESI, Fig. S1) followed by
attachment of ALG (layer 2) and LF (layer 3), Fig. 2, structure D. In
other words, two parallel routes, viz. route B and D can underlay
the attachment of FAD to the electrode surface. Notably, in both
cases the formation of new bonds in the structure of cofactor does
not occur.

Further it was important to (i) optimize electroplating condi-
tions allowing co-deposition of cofactors in their intact form with-
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out a degradation, conversation and formation of radicals [27-28];
to (ii) provide a sufficient cofactor diffusion rates [29]; to (iii)
define a ratio between the cofactor concentration in the electrolyte
and its co-deposited amount; as well as to (iv) study the impact of
the polymer binding agents (Naf, PPy and ALG) on cofactors attach-
ment, mechanical and electrochemical stability of the formed
hybrid electrodes.

Interestingly, that a co-deposition from the multiple elec-
trolytes not supplemented with a polymer binding agent (Naf,
PPy or ALG) was accompanied by a rapid leaching of a cofactor
from the electrode surface. More importantly, electrochemical
behavior of the hybrid electrodes produced in the absence of poly-
mer agents was unstable: analysis of Fig. S3A indicates a depen-
dency of the cathodic peak potential on scan rates with the
shifting of the peak potential >100 mV for Pd-NPs immobilized
on a SPE with the individual FAD. However, the addition of ALG
into the same electrolyte only in the amount of 0.9 % significantly
changed the stability of electrochemical responses of the hybrid
electrode, see ESI, Fig. S3B. Therefore, the usage of polymer bind-
ing agents during synthesis of cofactor-doped hybrid functional
layers appears to be essential.
3.2. The addition of non-covalently bonded cofactors significantly
impacts the efficiency of bioelectrocatalytic reactions in solutions

At first, the proof of concept towards modulation of enzyme
activity via the addition of cofactors was verified in aqueous solu-
tions. To this end, several experiments utilizing oxygen minisensor
were conducted. Fig. 3 (shown for electrolyte containing FAD
(GOx-based system) and FMN (LOx-based system)) clearly



A
Eint = - 74.8 kcal/mol

B
Eint = - 68.7 kcal/mol

C
Eint = - 51.7 kcal/mol

D
Eint = - 51.3 kcal/mol

E
Eint = - 44.2 kcal/mol

Fig. 1. The optimized structures of complexes between LF and Pd2+ cation and calculated energies of interaction between Pd2+ with LF (carbon – gray, hydrogen – white,
oxygen – red, nitrogen – blue, Pd – turquoise). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).
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indicates that the addition of a noncovalently bonded cofactor into
the multiple Pd-based electrolyte enhances the efficiency of bio-
electrocatalytic transformations regardless the composition of
the solution. Similar dependencies were obtained for the tested
enzymes and cofactors on a basis of Ag-electrolyte, ESI, Fig. S4.

Next, the efficiency of bioelectrocatalytic conversion of target
substrates after interactions with corresponding enzymes spiked
with the extra amount of aqueous cofactors was tested in a droplet
mode on the electrodes modified by individual electroplated noble
NPs. The efficiency of biocatalytic transformation of glucose on
PdO/Pd-NPs electrode immediately increased in the presence of
aqueous GOx spiked with a given amount of aqueous cofactor
(shown for FAD) in comparison with non-modified commercial
system, see Fig. 4 (see anodic range of potentials).

At the same time, the immobilization of FAD in the absence of
GOx did not lead to the current increase (reference system), see
ESI, Fig. S5 (see line a,b). In other words, the reduction of FAD does
not occur in the absence of a target protein. The reaction sequence
for oxidases occurring on the electrode in the range of 0.2 V – 0.4 V
can be summarized as follows [30] (shown for GOx(FAD) and
glucose):

D� Glucoseþ GOx FADð Þ ! GOx FADH2ð Þ þ Gluconic acid ð1Þ

GOx FADH2ð Þ þ O2 ! GOx FADð Þ þH2O2 ð2Þ

Electrodeð ÞH2O2 ! O2 þ 2Hþ þ 2e� ð3Þ
3827
Due to a common nature of the intermediate product (H2O2)
formed between the oxidases and a target substrate, similar
dependencies were obtained on the electrode surface for LOx sup-
plemented with the additional amount of FMN cofactor, ESI,
Fig. S6.

Furthermore, the subsequent cyclic experiment performed by
optical oxygen minisensor showed the possibility of continuous
cascade reactions occurring in the aqueous media after reaching
of a thermodynamic equilibrium with glucose without the needs
for cofactor refreshments, Fig. 5.

This effect observed in solutions can readily be explained in
terms of multiple hydrogen bonds formation between the added
cofactor, enzyme and a subtract which is enough for several oper-
ational cycles in continuous processes to provide the reactions cas-
cade according to the sequences (1) – (2). It means that in case of
successful FAD co-immobilization with noble NPs followed by a
slow and consecutive release of cofactor already on the electrode
can also assist biochemical transformations during several reaction
cycles.

The observed dependencies were confirmed by multi-step
chronoamperometric studies performed for the electrodes with
PdO/Pd-NPs electrocatalytic layer, added 10 lL of aqueous GOx
and the additional amount of aqueous FAD, Fig. S7. The detected
positive effect can be explained by incorporation of FAD into the
structure of enzyme, whereby its concentration becomes sufficient
for more effective reactions according to (1) – (3).



Stable complex in solution Structure on the electrode

A

System 2Pd2+/3LF 

Eint = - 217.2 kcal/mol

B

System PdO/Pd0/LF

Eint = - 13.2 kcal/mol

Stable complex  in solution Structure on the electrode

C

System Pd2+/ALG/LF

Eint = - 44.3 kcal/mol

D

System PdO/Pd0/ALG/LF,

Eint PdO/ALG = - 35.2 kcal/mol

Fig. 2. The optimized structures and interaction energies of the formed complexes in multiple electrolyte solutions and after attachment of these complexes to SPEs: carbon –
gray, hydrogen –white, oxygen – red, nitrogen - blue, Pd – turquoise. Note: dash lines – hydrogen bonds. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article).
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3.3. Cofactor remains retained and functional active after
immobilization on the electrode

Next, the dependencies approved in solutions were examined in
a solid state after immobilization of cofactors on the electrodes.
One of the key challenges on this step was to provide a correct bal-
ance between the RedOx forms of a cofactor seen in a solution and
after immobilization on the electrode. During electroplating the
changing in functionality of cofactors that could dramatically affect
the performance of the hybrid systems remains a major issue. We
assume, that the presence of a polymer binding agent in the mul-
tiple electrolyte solution can guarantee the preserving of the intact
structure of the cofactor during electroplating (see below).

The multilayered architecture of the hybrid electrode with co-
immobilized cofactor (FAD) and polymer binding agent (ALG) real-
izied by quantum-chemical studies (see section 3.1) was validated
by SEM investigations, Fig. 6A. Briefly, a first layer of assemblies
was represented by nanoparticles with an average diameter of 30
– 40 nm followed by deposition of the bigger organic–inorganic
hybrid nanoparticles (the lighter shade corresponds to the pres-
ence of organic component) ranged from 100 nm to 120 nm.
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Importantly, that distribution of the hybrid layer on the electrode
surface was quite homogeneous.

Furthermore, LDI-MS analysis of the surface of the hybrid PdO/
Pd-NPs/ALG/FAD-modified electrode revealed the presence of both
bioorganic components (ALG and FAD) in the structure of the func-
tional layer, Fig. 6B. Ionization of FAD in positive mode in addition
to the expected [M + H]+ atm/z 786 and [M + H]2+ atm/z 393.8 was
accompanied by the formation of abnormal spectral species: for
example, [M � H + Na + 2]+ detected at m/z 809. The similar trend
during FAD ionization was earlier observed by MALDI-MS.[31] The
ionization mechanism of FAD from the surface of the hybrid elec-
trode might be similar to what occurs in the biological RedOx sys-
tems.[31] The presence in the mass spectra repeatable units of
D14, D16 and D18 is more likely related to ALG ionization. [32,33]

The subsequently performed CV studies (Fig. 7) indicated a suc-
cessful oxidative conversion of glucose to the product in the pres-
ence of a target enzyme (in this model case GOx). The obtained
analytical merit for the glucose oxidation after GOx addition on
the PdO/Pd-NPs/ALG/FAD-modified electrode was at least two
times higher vs electrode with a pure PdO/Pd-NPs/ALG layer (pre-
pared in the absence of FAD). It means that FAD cofactor is present



Fig. 3. Tuning of enzymatic activity by composition of the multiple electrolyte solution. The results of optical oxygen minisensor studies (the activity, Units/mL, of the intact
and modulated oxidases was calculated according to algorithm introduced in [16]) performed for 1 mg/mL of commercial GOx (a) and GOx with different additives spiked
with the additional amount of FAD (A): b – Pd-electrolyte, c – Naf, d – Py and e – ALG (shown in the presence of 110 lL of 100 mM D-glucose). (B) – commercial LOx (a) as well
as modulated LOx spiked with FMN and additives: b – Pd-electrolyte, c – Naf, d – Py and e – ALG (evaluated in the presence of 110 lL of 100 mM L-lactate).

Fig. 4. CV plots obtained at 20 mV/s from PdO/Pd-NPs modified electrode in a
droplet of (a) 10 mM glucose, (b) 10 mM glucose spiked with 10 lL of aqueous GOx
(0.05 mg/mL) and (c) 10 mM glucose spiked with 10 lL of aqueous GOx (0.05 mg/
mL) with the additional 0.05 mg/mL amount of FAD cofactor.

Fig. 5. Cyclic oxygen-time-dependent diagram between GOx and glucose in buffer
solution. Oxygen consumption (lmol/L) is shown for the mixture of commercial
GOx (0.05 mg/mL) and 10 mM of glucose (a) in comparison with GOx (0.05 mg/mL)
spiked with the additional amount of FAD (0.05 mg/mL) at the beginning of the
experiment (b). Note: FAD and glucose concentration were optimized separately for
this set of experiments to make the observed trends pronounced. The arrows on the
diagram correspond to the time-periods of additional glucose injection.
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in enzymatically active form after immobilization that can support
protein function according to a conventional biochemical route.

Notably, the increase of current in the anodic range was accom-
panied with a current decrease in the cathodic branch of CV (the
cathodic peak charge 1.3 times less for the electrode with a hybrid
layer), see Fig. 7. The latter effect is due to a decrease of the active
area of Pd-NPs which is partially covered by organic components of
a hybrid layer. Therefore, the observed result in the anodic range of
potentials can only be explained by the impact of FAD cofactor
addition on the general electron transfer in this hybrid system.

3.4. Sensing of apo-enzymes by the hybrid electrodes

To demonstrate the possibility for in situ modulation of proper-
ties of enzymes directly on the electrode, cofactor FAD (as a case
study) was removed from the commercial GOx. Briefly, non-
covalently bonded FAD was split off from GOx via acidic hydrolysis,
and the yellow supernatant (depending on the form, i.e. FAD/
FADH2 UV–vis peak at 350 and 450 nm) was removed after cen-
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trifugation at 13000 rpm for 15 min.[34] The obtained precipitate
was re-dissolved in a phosphate buffer. Afterwards, GOx in its apo-
inactive form (apo-GOx) was received. It should be noted that in
the absence of cofactor apo-GOx can still bind the substrate (glu-
cose) but it cannot oxidize the sugar.

Further, the synthesized PdO/Pd-NPs/ALG/FAD-modified
electrode was explored in a mixture of apo-GOx and glucose. The
electroanalytical performance of the hybrid PdO/Pd-NPs/ALG/
FAD-modified electrode was compared with a reference system
prepared in the absence of FAD, i.e. PdO-NPs/Pd-NPs/ALG.

From Fig. 8A it is obvious that the transition of apo-GOx to holo-
GOx occurs directly on the hybrid electrode. The product of bio-
chemical interactions (H2O2) formed between holo-GOx and glu-
cose according to the equations (1) – (3) can be used to monitor
this process. Notably, the synthesized hybrid PdO/Pd-NPs/ALG/
FAD-modified electrode was electrochemically active at least dur-



Fig. 6. SEM images (A) and LDI-MS spectra (B) obtained from the hybrid PdO/Pd-NPs/ALG/FAD-modified electrode. Note: Frag. 1 and Frag. 2 correspond to FAD fragments at
m/z 439 and 136, respectively. LDI-MS experiments were performed at least in triplicate with the same results, laser fluence was 45%.

Fig. 7. CV plots obtained from PdO/Pd-NPs/ALG-modified (a) and PdO/Pd-NPs/ALG/
FAD- electrodes (b). The CV plots were obtained in a 150 lL droplet of 50 mM of
glucose and 0.06 mg/mL GOx; the immobilization of FAD was carried out at pH 7
from the Pd-electrolyte, supplemented with 1 mg/mL FAD and 0.9 % ALG in a ratio
of 1:1:1 v/v/v.
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ing 30 scans. This trend was in line with results obtained in cyclic
experiment by oxygen minisensor for the solutions spiked with the
extra amount of FAD (see Fig. 5). At the same time, no electrochem-
ical signal was recorded from the reference PdO/Pd-NPs/ALG elec-
trode in a droplet of apo-GOx and glucose, Fig. 8B. It means that in
3830
the absence of the immobilized FAD the electrochemical screening
is not possible.

To sum it up, this set of experiments approves that the immobi-
lized FAD remains biologically active and can readily be used for
reconstition of enzyme structure and activity. Moreover, these data
confirmed the successful implementation of heterogeneous bio-
catalysis occurring directly on the surface of the hybrid electrodes.

4. Conclusions

The proposed concept towards in situ modulation of enzymatic
activity on the electrodes is potentially useful for the development
of bioelectrochemical devices, enzyme nanoengineering, control
strategies in biotechnology and drug discovery in pharmacy. The
integration of this platform allows skipping several usual routine
laborious steps, viz. extraction, chromatographic separation and
mass spectrometry analysis conventionally used for monitoring
and detection of the expressed in apo-form enzymes. The proposed
electrodes with co-immobilized cofactors are very easy to store
without a risk of possible degradation of biocomponent typically
seen in classical biosensors, for example, with co-immobilized
enzymes.

Depending on the type of co-immobilized component, i.e. type
of cofactors, polymer binding agents, design and operational elec-
trochemical mode the proposed hybrid electrodes can serve as a (i)
tailored bioelectrochemical tool for in situmodulation of properties
of apo-enzymes, (ii) monitoring of natural products of interests or
for (iii) real-time screening of overproducers/mutants. In addition,



Fig. 8. CV plots obtained at 20 mV/s from the hybrid PdO/Pd-NPs/ALG/FAD (A) and PdO/Pd-NPs/ALG electrodes (B) in the presence of: a – phosphate buffer; b – 10 mM
glucose prepared in buffer; c – 0.75 mg/mL apo-GOx in phosphate buffer; d – 0.75 mg/mL apo-GOx + 10 mM glucose. Note: structures shown on the right are the models of the
functional layers formed on the electrodes.
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this platform can be implemented as a (iv) bio-scanner of appropri-
ate substrates for engineered modified enzymes, (v) as a search
tool for the inhibitors/activators of target enzymes or (vi) optimiza-
tion of the conditions/transporters providing the external expres-
3831
sion of the target enzyme. Moreover, by means of the proposed
concept the key factors affecting the environmental stability of
engineered enzymes versuswild-type analogues can be established
(vii).
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