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Abstract: Lytic polysaccharide monooxygenases (LPMOs) consist of a class of enzymes that boost
the release of oxidised products from plant biomass, in an approach that is more eco-friendly than the
traditional ones, employing harsh chemicals. Since LPMOs are redox enzymes, they could possibly
be exploited by immobilisation on electrode surfaces. Such an approach requires knowledge of
kinetic and thermodynamic information for the interaction of the enzyme with the electrode surface.
In this work, a novel methodology is applied for the determination of such parameters for an LPMO
from the filamentous fungus Thermothelomyces thermophila, MtLPMO9H.

Keywords: LPMO; Fourier Transform ac Voltammetry (FTacV); cyclic voltammetry; Direct Electron
Transfer (DET)

1. Introduction

The exploitation of lignocellulosic biomass, such as wood and agricultural residues,
towards the production of fermentable sugars for the production of second-generation
biofuels in an environmentally friendly way, requires of enzymatic degradation. This step
has low energy requirements, selectivity, mild processing environment and no need of harsh
chemicals, in contrast to classical chemical methods, and it is catalyzed by a combination
of hydrolytic and oxidative enzymes [1,2]. Regarding the oxidation reactions, performing
these steps in an electrochemical reactor, i.e., electroenzymatic synthesis of sugars, is a
promising approach for the production of such chemicals. In principle, when electrolysis is
combined with enzyme reactions, a redox enzyme is maintained in its active state through
an electrode process. This can be achieved by oxidation of or a reduction in a cofactor or a
mediator on the electrode surface, or by direct electron transfer to the enzyme. Therefore,
applying enzyme immobilization onto the electrode and combining bioelectrocatalysis
with traditional enzymatic hydrolysis offer perspectives for developing novel processes for
the production of biofuels and other value-added materials from lignocellulose.

Lytic polysaccharide monooxygenases (LPMOs) are copper-dependent enzymes that
have the capacity to cleave polysaccharides via an oxidative mechanism [3]. They are
classified as Auxiliary Activities (AAs) in the Carbohydrate Active enZyme database
(CAZy). More specifically, they are divided into seven families (AA9–11 and AA13–16)
based on their sequence similarities, with the majority of those that are studied thoroughly
belonging to the AA9 and AA10 families [4]. LPMOs act synergistically with other biomass-
degrading enzymes and significantly boost the hydrolytic performance of cellulase and
hemicellulase cocktails, primarily by improving the accessibility of the enzymes to the
substrate [5,6].

Until recently, the main theory regarding the mechanism of action of LPMOs involved
the introduction of a single oxygen atom from molecular oxygen into the substrate, while
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taking electrons from an external electron donor for their action [7]. More recently, Bis-
saro et al., while examining an LPMO belonging to the AA10 family, supported the idea
that the chemically relevant co-substrate of LPMO catalyzed oxidation is H2O2 [8]. Regard-
less of the mechanism of the oxidative cleavage of the polysaccharidic substrate, in both
cases, the reaction is initiated when the active center of the enzyme takes an electron from
an external electron donor. The nature of the donors used in laboratory experimental
setups include ascorbic acid, cysteine and reduced glutathione, but also a wide range of
plant-derived phenols [9,10], lignin compounds [11] and photocatalytic and enzymatic
systems [12]. The reported mechanisms for the initial reduction in LPMOs do not implicate
any chemical steps other than a one-step, one-electron reaction.

One interesting point regarding these enzymes, which could possibly be an advantage
for their electrochemical exploitation, is that their copper-containing active center is not
“buried” inside their structure but can be found on a solvent-exposed, flat surface [13]. This
could facilitate their use as electrode coatings, by directly providing them with electrons
from an electrode surface, while immobilized on the electrode surface. Other than their
study, this characteristic could lead to the exploitation of the bioelectrocatalytic action of
LPMOs towards the production of oxidised products (oligosaccharides and glucans) from
biomass, in concert with hydrolytic enzymes, in the absence of any external reducing agent.
This means that by providing electrons directly from an electrode surface to an immobilised
LPMO, the enzyme could be utilised in bioconversions through bioelectrocatalysis focusing
on product life cycles. The developed bioconversions will be carried out in predominantly
aqueous media using enzymes, and therefore be characterised by a limited use of toxic
reagents or solvents, requiring only an ambient temperature, in the absence of any reducing
agent [14].

In order to test if the above task is feasible, a parameter that should be mentioned
is the standard electron transfer rate constant (k0) between the immobilized electrode
and the enzyme. This electron transfer rate should be rather fast, so that the electrocat-
alytic current measured represents the rate of substrate turnover at the enzyme active
site [15]. Among the electroanalytical methods, a technique that is very promising for the
study of immobilised LPMOs is that of large amplitude fast Fourier transform alternat-
ing current voltammetry (FTacV), with which one can study both free and immobilised
species, eliminating capacitance currents, a problem common in immobilised-on-electrode
species [16–19]. In the past, this technique has been employed for the determination of the
formal potential of immobilised LPMOs [20], as well as for the study of the direct electron
transfer of multi-copper laccase like oxidases [6] and the interaction with epinephrine as a
substrate [21]. Recently, a methodology for the extraction of the transfer coefficient a and
the k0 for immobilised species has been proposed, but has yet to be applied experimen-
tally [17]. In this work, this particular methology shall be employed for the extraction of
the k0 an LPMO from the filamentous fungus Thermothelomyces thermophila, MtLPMO9H,
and the calulated value of k0 shall be verified by numerical simulation. To our knowledge,
k0 values for the interaction of an immobilized LPMO with an electrode surface is reported
for the first time.

2. Materials and Methods

Voltammetric experiments were performed in a single-compartment three-electrode
cell consisting of a working electrode, a Pt wire as a counter electrode, and a Ag|AgCl, KCl
sat. reference electrode (+0.197 V vs. NHE). The aqueous solutions of about 5 mL consisted
of 0.5 M acetate buffer (pH 6) as a supporting electrolyte.

The working electrode consisted of a cobalt functionalised multi-walled carbon nan-
otubes modified glassy carbon (GC) electrode, of 3 mm diameter. The immobilisation
matrix was prepared as follows: A total of 1 g of commercial functionalised multi-wall
carbon nanotubes (MWCNTs) (Hongwu Material, item No: C933-MC, Guangzhou, China)
were added in a 150 mL solution with 20 % v/v. The suspension was stirred for 20 min at
120 ◦C for further functionalization, until the liquid phase was evaporated. The solution



Appl. Sci. 2021, 11, 4715 3 of 11

was left to dry overnight at 90 ◦C until dry powder was collected. The powder was washed,
then centrifuged 5 times with deionised water until the supernatant had a pH value of
'7.0. This step ensured the removal of acetic acid excess. The obtained functionalised
commercial MWCNTs (f-MWCNT) were left to dry at 90 ◦C. Subsequently, the f-MWCNTs
were mixed with 150 mL deionised water and 0.4227 g of (CH3COO)2Co·4H2O (MERCK)
leading to a loading 10 atom% Co on f-MWCNTs, which was then subjected to sonication
at a low frequency (20 kHz) using a Hielscher (UIP500hd) sonicator (probe tip diameter of
22 mm) for 1 h. The solution was further left to dry and centrifuged (as described above)
for the collection of the final product. The cobalt-functionalised MWCNTs (Co-f-MWCNTs)
were stored in a desiccator at room temperature.

For the immobilisation of the enzyme on the electrode, the following procedure was
followed: A total of 0.005 g of Co-f-MWCNTs were suspended in 500 µL of NafionTM

perfluorinated resin solution (concentration 5 wt% in lower aliphatic alcohols and water,
Aldrich). Then, 8 µL of the enzyme were mixed with 2 µL of Co-f-MWCNTs suspension.
Finally, 2 µL of the resulting mix were left to dry on the GC electrode surface.

MtLPMO9H was produced and purified to homogeneity as previously described [22].
After the purification the enzyme was divided in aliquots of 500 µL, and stored at −15 ◦C
until use. Each aliquot was stored for a maximum time of 2 days at 4 ◦C after its first use.
The concentration of the purified enzyme was about 5.5 mg/mL, identified by the method
introduced by Lowry et al. [23].

3. Results
3.1. Cyclic Voltammetry

As a first step in the examination of the interaction of the immobilised MtLPMO9H
with the electrode surface via direct electron transfer, cyclic voltammetry was performed.
MtLPMO9H was immobilised on a Co-f-MWCNTs modified GC electrode and the potential
was scanned between 0.6 and −0.1 V at a scan rate of 0.1 V s−1. The voltammogram is
presented in Figure 1 (black curve). Two rather faint peaks appear, one during the cathodic
scan appearing at 0.252 V and one during the anodic scan at 0.281 V. Capacitance currents
are evident in this voltammogram. The peak separation is estimated at 0.029 V, indicating
a quasi-reversible reaction. The cyclic voltammetry of the Co-f-MWCNTs modified GC
electrode in the absence of the enzyme is also present in Figure 1 (red curve). In this case,
no redox peaks are detected, indicating that the redox peaks can indeed be attributed to
the redox reaction of the enzyme and not any interference of the matrix.

In order to extract the kinetic constant k0 and the transfer coefficient a from a cyclic
voltammogram, assuming Butler–Volmer kinetics [24], one would take advantage of the
correlation of the anodic and cathodic peak shift by varying the scan rate. However, these
equations do not take the capacitance current and how it might affect the dependence of the
peak shift into account. Moreover, at the higher scan rates which would be necessary in such
a case, the capacitance would be more dominant, thus rendering the analysis even more
difficult. One option would be to subtract the capacitance current from the total current in
order to have only the Faradaic component and base the analysis on that alone. However,
uncertainty rises for the precision of this approach in cases of non-ideal capacitance. The
same uncertainty arises in case one would attempt to extract other magnitudes from the
cyclic voltammogram, such as the surface coverage of the enzyme immobilised on the
electrode surface.
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Figure 1. Experimental results: Cyclic voltammetry of MtLPMO9H immobilised on a Co-f-MWCNTs
modified GC electrode (black) and Co-f-MWCNTs modified GC electrode without enzyme (red) at
25 ◦C. Experimental conditions: acetate buffer 500 mM (pH 6) and v = 0.1 V s−1.

Nonetheless, an interesting first approach to making an estimation of the value of the
k0 would be to solve the equations for the immobilised species numerically in the case of
cyclic voltammetry for different standard electron transfer kinetic constants. In order to do
so, the problem has to be formulated, by considering an electrochemical reaction having
formal electrode potential E0′, where both oxidised (EOx) and reduced (ERed) form of the
enzyme are immobilised on the electrode surface

EOx + e
kc

GGGGGBFGGGGG

ka

ERed (1)

where kc the cathodic kinetic constant and ka the anodic one. The units for both kinetic
constants are 1/s. Let us denote as Γ0 the initial surface concentration of EOx species and
assume a Butler–Volmer law for the rate constants

kc = k0e−
aF
RT (E−E0′) (2)

ka = k0e
(1−a)F

RT (E−E0′) (3)

Thus, the current density expression of the Faradaic current during the redox reaction
of the immobilised species can be given from Equation (4) as a funtion of the surface
coverage of the Ox species θ = ΓOx

Γ0 , with ΓOx the surface coverage of the EOx species

iF = Γ0Fk0[(1− θ)e
(1−a)F

RT (E−E0′) − θe−
aF
RT (E−E0′)] (4)

where F is the Faraday constant and the coverage is found by solving the following
differential equation,

dθ

dt
=

iF
F

(5)

Assuming a cyclic voltammetry experiment where the potential starts from an initial
value EI and is scanned linearly towards more cathodic potentials against time at a certain
scan rate v , and the scan is reversed at a time tR, the applied potential can be expressed as
in Equation (6)

E = EI − vtR + v|t− tR| (6)

In order to also include capacitance in the problem, we shall assume a contribution to
the current, which can be expressed as follows

iC = Cdl
dE
dt

(7)
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where Cdl is the specific capacitance of the double layer. The total current density, i, shall
be expressed as a sum of the Faradaic and the capacitance contributions,

i(t) = iF(t) + Cdl

(
v

t− tR

| t− tR |

)
(8)

By solving the problem numerically, the cyclic voltammograms are presented in
Figure 2, for different k0 values. The other parameteres used for this example are
Γ0 = 5.1× 10−6 mol m−2, Cdl = 1 F m−2, E0′ = 0 V, v = 0.1 V s−1. For the different
k0 values, the peak separation values are presented in Table 1. From these values, one
would expect that based on the peak separation of the experimental results at 0.1 V s−1 at
0.029 V, a rough estimation of the k0 value should be around 5 s−1.

−0.2 0 0.2

E /  V

−2

−1

0
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i 
 /

  
A
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Figure 2. Computational results: Cyclic voltammetry for different k0 values. Parameter values:
Γ0 = 5.1× 10−6 mol m−2, Cdl = 1 F m−2, E0′ = 0 V, v = 0.1 V s−1 and k0 = 100 (black), 20 (red),
10 (blue), 5 (green), 2 (orange) and 1 s−1 (orange).

Table 1. Peak separation values for an immobilised species assuming v = 0.1 V s−1 and ideal capacitance.

k0/s−1 ∆E/V

100 0.000
20 0.008
10 0.014
5 0.026
2 0.059
1 0.098

3.2. FT Alternating Current Voltammetry

Before attempting to extract the k0, FTacV was performed on a Co-f-MWCNTs mod-
ified GC electrode with and without MtLPMO9H. The cathodic 5th harmonic in acetate
buffer 500 mM, pH 6 for A0 = 0.2 V and f = 5 is presented in Figure 3. In the case of the
immobilised enzyme (black curve) a set of intense peaks around the principle peak at 0.25 V.
On the other hand, in the absence of the MtLPMO9H, a faint peak of small amplitude
appears at 0.2 V (red curve), leading to the conclusion that the high amplitude harmonic is
indeed due to the enzyme and not the immobilization matrix.

Then, FTacV was performed so as to apply the methodology introduced [17] for the
extraction of the k0. At this point, the methodology is summarized:

1. A harmonic h is chosen, being free of capacitance currents. This harmonic is recorded
at a fixed amplitude and decreasing frequencies;

2. The limiting value of the normalized peak height, I(rev)
p,h / f , of the principal peak is

determined. For this frequency, f , the reaction is at the reversible region;
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3. If the transfer coefficient is to be determined, the shift in the potential of the principal
peak is plotted as a function of the logarithm of the inverse frequency, 1/ f . Linear
regression is performed in the region of high frequencies and the transfer coefficient
is determined;

4. The principal peak height Ip,h of a quasi-reversible harmonic is determined and the

value Ip,h/I(rev)
p,h is calculated;

5. The kinetic constant is determined from the graph representing the dependance of

Ip,h/I(rev)
p,h on log(k0/ f ).
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Figure 3. Experimental results: 5th harmonics of MtLPMO9Himmobilised on a Co-f-MWCNTs
modified GC electrode (black) and Co-f-MWCNTs modified GC electrode without the enzyme (red)
at 25 ◦C. Experimental conditions: acetate buffer 500 mM, pH 6, A0 = 0.20 V and f = 5.

Therefore, as a first step, FTacV was performed for two amplitudes, 0.2 and 0.25 V,
at frequencies of 5, 3, 1, 0.5, 0.2 and 0.1 Hz. The scan rate was adjusted at each case
accordingly in order to fullfill the slow scan rate approximation and render the experiment
independent of this factor [16,19]. The cathodic scan of the 4th and the 5th harmonics
are presented in Figures 4 and 5, respectively, for A0 = 0.2 and 0.25 V. Looking at both
the amplitudes employed, there is no intense deformation in the harmonics that would
suggest a transfer coefficient that would deviate beyond the range of 0.4–0.6; thus, regard-
ing the dominant peak [17], no significant errors would be inserted in the preliminary
analysis in case an a = 0.5 is assumed. Moreover, both 4th and 5th harmonic seem free of
capacitance contribution.

As a second step, the trend of the main observable, i.e., the peak height of the prin-
ciple peaks, is to be observed. In both cases, typical 4th and 5th harmonics for quasi-
reversible reactions of immobilised species are presented for the higher applied frequencies
(Figures 4a,c and 5a,c). Apparently, as the frequency is decreased, the amplitude of the
harmonics decreases, as predicted theoretically. The trend of the normalized peak height
of the principle peaks, Ip,h/ f , on frequency is presented in Figures 4b,d and 5b,d. By ob-
serving these figures, it is evident that a saturation in the peak height of the dominant
peak is observed for a frequency of 0.1 Hz. This indicates that reversibility is reached
by that point, and the height of the dominant peak of the reversible harmonic, I(rev)

p,h has
been determined.

As a next step, a quasi-reversible harmonic is chosen and the ratio Ip,h/I(rev)
p,h is calcu-

lated, where Ip,h is the normalised peak current for a quasi-reversible harmonic and I(rev)
p,h

the normalised peak current for the reversible harmonic at a certain A0 and a. For all the
combinations of amplitudes and harmonics, the chosen frequency for the quasi-reversible
harmonic is that of 5 Hz, while for the peak of the reversible harmonic, it is 0.1 Hz. Let
us now use the example of Ip,4/I(rev)

p,4 and Ip,5/I(rev)
p,5 for 0.25 V. The respective estimated

values are 0.57 and 0.6, respectively.
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As a final step, these values shall be used for the estimation of the k0 from the nomo-
grams of Ip,h/I(rev)

p,h against the log(k0 f−1). These nomograms are calculated for a = 0.5
(Figure 6a for the 4th harmonic and Figure 6b for the 5th). The same procedure is done
for the amplitude of A0 = 0.2 V. By taking an average of the extracted values, the k0 is
estimated at 4.6 ± 2.6 s−1.
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Figure 4. Experimental results: (a) 4th harmonics, (b) normalised peak height of the 4th harmonic,
(c) 5th harmonics and (d) normalised peak height of the 5th harmonic, of MtLPMO9H immobilised
on a Co-f-MWCNTs modified GC electrode at 25 ◦C. Experimental conditions: acetate buffer 500 mM,
pH 6, A0 = 0.2 V, and f = 5 (black), 3 (red), 1 (blue), 0.5 (green), 0.2 (orange) and 0.1 (magenta) Hz.
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Figure 5. Experimental results: (a) 4th harmonics, (b) normalised peak height of the 4th harmonic,
(c) 5th harmonics and (d) normalised peak height of the 5th harmonic, of MtLPMO9H immobilised
on a Co-f-MWCNTs modified GC electrode at 25 ◦C. Experimental conditions: acetate buffer 500 mM,
pH 6, A0 = 0.25 V, and f = 5 (black), 3 (red), 1 (blue), 0.5 (green), 0.2 (orange) and 0.1 (magenta) Hz.
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Figure 6. Computational results: Dependence of the normalised principal peak height for the (a)
4th and (b) 5th harmonic of an immobilised species. Parameters: a = 0.5 and A0 = 0.2 (black) and
0.25 V (red).

In order to validate the value of k0, found experimentally, FTacV experiments were
simulated numerically for k0 equal to 4.6 s−1 and a equal to 0.57. In order to do so,
Equation (5) was solved numerically where the potential ramp is perturbed by a sinusoidal
of amplitude A0 and frequency f ,

E = EI − vtR + v|t− tR|+ A0 sin 2π f t (9)

and the harmonics where calculated from the current obtained by multiplying the current
density, Equation (4) with the electrode surface S. Apparently, both the surface area S
and the surface concentration of the oxidized form of the enzyme Γ0 are unknown and
are expected to vary between different immobilisation experiments. Therefore, the factor
Γ0S was chosen by trial-and-error. The simulation results (red curves) together with the
corresponding experimental plots (black curves) for A0 = 0.2, Γ0S = 3× 10−13 mol and
A0 = 0.25 V, Γ0S = 1.2× 10−12 mol and f = 1 Hz, are presented in Figure 7a,b, respectively.
A rather good agreement is observed, implying a satisfactory estimation of k0.
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Figure 7. Experimental (black) versus computational (red dashed line) of the 5th harmonic of
MtLPMO9H immobilised on a Co-f-MWCNTs modified GC electrode at 25 ◦C. Experimental condi-
tions: acetate buffer 500 mM, pH 6, f = 1 Hz and (a) A0 = 0.2 and (b) 0.25 V. Computational
parameters: a=0.57, f = 1 Hz, (a) A0 = 0.2 V, Γ0S = 3 × 10−13 mol and (b) A0 = 0.25 V,
Γ0S = 1.2× 10−12 mol.

4. Discussion

MtLPMO9H was immobilised on an electrode surface, ensuring that direct electron
transfer is indeed possible for this enzyme with the immobilisation method used with
an indication that, for the conventional scan, rated when using cyclic voltammetry, the
kinetics were quasi-reversible. The signal was governed by capacitance, a common feature
for immobilised enzymes on electrode surfaces. Despite this, still, an initial estimation
of the standard electron transfer rate constant was intented through the computational
reproduction of cyclic voltammograms. From the peak separation, it was predicted that
the k0 would be around 5 s−1, assuming an a equal to 0.5.

Then FTacV was performed for two different amplitudes as various frequencies in
order to assure that both quasi-reversibility and reversibility are achieved in order to apply
the methodology to extract the k0 of immobilised species using FTacV. The extracted value
was at 4.6± 2.6 s−1 being in good accordance with what was expected from cyclic voltammetry.

In order to validate the k0 value obtained experimentally, FTacV experiments were
simulated numerically and a rather good agreement was found for transfer coefficient a
equal to 0.57. In order to approximate the peak heights of the voltammograms, different
values of Γ0S were used for the two different amplitudes. At this point, the validity of
the Γ0S used shall be ascertained. Since the enzyme concentration is 5.5 mg mL−1 and
8 µL were utilised, and they were dilluted in 10 µL to a final concentration of 4.4 mg mL−1.
From this, 2 µL were used, and, taking into consideration that the molecular weight of the
enzyme is 65 kDa [22], the maximum moles that can be 1.35 × 10−10. Considering that
not all of the enzymes would be bound to the matrix and from what was bound, not all
would be oriented in such a way so as to interact with the enzyme, the values used for
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the simulation seem to be valid. Nevertheless, it has to be pointed out that the proposed
experimental methodology for obtaining kinetic parameters does not require knowledge of
the surface concentration of the immobilised species or the the value of the surface area.

In general, it is common practice to compare computational with experimental results
in order to ascertain the validity of the parameters used for the computational ones.
The computational fits tend to reproduce most of the features of the voltammogram,
just as in this case, where the basic features of the harmonics presented are fitted rather
well [25,26]. Regarding the precision of the comparison of the computational harmonics
with the experimental ones, it should also be taken into account that the above analysis
is valid only if the assumptions of the model are closely met, where the immobilised
species must behave as a Langmuirian monolayer and a dispersion of the electrochemical
transfer rates should be absent. Otherwise, where kinetic or thermodynamic dispersion
is present, more elaborate models have to be considered [27–29]. The influence of kinetic
and thermodynamic dispersion might affect the waveform of the voltammograms [30],
and other theories such as that of Marcus–Hush can applied, instead of the Butler–Volmer
law [31]. Yet, in this case, the Butler–Volmer law seems to be rather sufficient for this case.

To conclude, with the k0 value that was estimated, it seems that, under the right
conditions, it is feasible to render the system reversible and take advantage of it for
bioelectrocatalytic purposes. Thus, it could be proven to be rather resourceful in such
applications.
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