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Abstract

The enzymatic strategy for methanol production starting from CO; involves the use of three
enzymes in series. The first enzyme of the series, which reduces CO, to formic acid, is formate
dehydrogenase (FDH). A problem with using free enzymes is their low stability. To overcome this
limitation, the use of immobilized enzymes has been extensively studied in literature. In
particular, porous supports such as silica or zeolite have been widely examined for covalent

immobilization.

This work presents a strategy of immobilization of the NADH dependent FDH from C. boidinii on
natural zeolite to study the CO, reduction reaction to formic acid. The support functionalization
was carried out with glyoxyl (Zg) or amino (Za) groups, to covalently bind the enzyme to the
support. To carry out a covalent immobilization with Za, glutaraldehyde was added after the
ionic bond between the enzyme and the support. The samples were evaluated in terms of
specific activity, immobilization yields and thermal stability. As a whole, the covalently
immobilized enzyme exhibited higher thermal stability than the free enzyme, with a stability
factor of ~15 with Zg and ~19 with Za. Finally, FDH immobilized on Zs and Zx supports were tested
for the production of formic acid in a CO; saturated medium. The conversion, referred to NADH,
was equal to 37 % with Z, and 34.6 % with Zs. Finally, the reusability of the biocatalysts was

studied. The residual activity after 12 cycles was 80% and 22% with Zs and Z,, respectively.
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1 Introduction

During 2016 the concentration of carbon dioxide in the atmosphere exceeded the threshold of
400 ppm, throughout the whole year. This threshold is defined as the point of no return [1]. As
a result, CO, capture and utilization systems are increasingly being studied. Currently, there is
no technology that can be used on a large scale for the conversion of CO,. Some of the most
studied methods of CO; reduction are heterogeneous, photocatalytic, electrochemical and
microbial catalysis, with which it is possible to obtain products of great interest such as CO,

formic acid, methane and methanol [2-5].

A further promising strategy is enzymatic reduction. Although productivity with this system is
not particularly high, enzymatic reduction is an interesting strategy because it allows a high
selectivity of CO, and thus making it possible to work at ambient temperature and pressure. The
products obtainable from enzyme catalysis are the same as those that can be obtained from the
other reduction processes, which will depend on the selection of the involved enzymes [2]. A
process of great interest is methanol production using three enzymes in series. The first reaction
is catalyzed by the enzyme formate dehydrogenase (FDH) which reduces the CO, to formic acid.
Subsequently, formaldehyde dehydrogenase (Fa.qDH) produces formaldehyde from formic acid
and finally alcohol dehydrogenase (ADH) reduces formaldehyde to methanol which can be used

directly as a fuel or as a starting point for many basic chemical reactions [3,6,7].



In recent years it has been increasingly studied for the CO, conversion reaction [2,8—10]. In the
reaction of CO; reduction, FDH requires nicotinamide adenine dinucleotide in the reduced form
(NADH) as cofactor, as shown in Figure 1. The dependence of these enzymes on this molecule
has been a limitation for the development of new technologies with dehydrogenases due to the
high cost of the cofactor, which is associated with the production and purification process.
However, in the literature there are various emerging techniques such as chemical, enzymatic,
electrocatalytic and photocatalytic regeneration methods that would make it possible to
overcome this issue, increase the productivity of the target reaction and to work in a continuous

system mode [9,11,12].
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Figure 1 — Conversion of CO; to formic acid catalyzed with formate dehydrogenase (FDH)

As shown in Figure 1, the reaction catalyzed by FDH is reversible. Several studies are focused on
finding the FDH source that shows the highest activity toward the reduction reaction. The most
effective enzyme in reducing CO; reported so far is FDH from Thiobacillus sp. [13]. However, the
vast majority of the studies found in literature use FDH from Candida boidinii for the CO,
reduction reaction due to its higher commercial availability even if the oxidation activity is higher

than that of the reduction activity.

A further problem using enzymes is their low stability. To overcome this limitation, the use of
immobilized enzymes has been studied in the literature. Moreover, thanks to immobilization,
the biocatalyst is easily separated from the final product of interest and can be reused for a new
cycle [14]. By comparing covalent and ionic immobilization strategies, different studies have
reported that highest immobilization yields are obtained with ionic adsorption but at the
expense of the stability. However, the use of covalent immobilization makes it possible to obtain
a good compromised between thermal stability and retained activity [15]. The same result was
confirmed by Bolivar et al. by using agarose particles activated with different functional groups
as support in the immobilization of FDH from C. boidinii [16]. By using amino activated supports
a covalent bonding can be obtained by adding glutaraldehyde, this is a bifunctional molecule
that react with the amino groups of the lysine residues and the amino groups of the support.

The covalent bond with glutaraldehyde can be performed in two forms: (i) before the



immobilization by activating the amino functionalized supports or (ii) after the ionic
immobilization to avoid enzyme leakage. Lépez-Gallego et al. demonstrated that between these
two strategies, the treatment of the adsorbed enzymes with glutaraldehyde yields to a higher
stabilization factor with respect to the use of a pre-activated support [17]. In addition, the
subsequent addition of glutaraldehyde could have also a stabilizing effect by cross-linking the
two subunits of multimeric enzymes, similarly to that reported with polymeric cross-linkers [18].
Despite ionic polymers higher concentrations of glutaraldehyde could also yield to a

rigidification of the protein, which is observed in a lower retained activity [19].

Some of the most studied materials for carrying out a covalent immobilization are agarose [20],
chitosan [21], mesoporous silica [22] and zeolite [23-25]. However, the use of zeolite as support
for the FDH enzyme has not been reported so far. Zeolite is a hierarchical mesoporous material
with a high surface area that can be found in nature or can be produced artificially by means of
different preparation procedures [26,27]. The use of natural zeolite is very relevant because it
is possible to obtain a significant increase in thermal and mechanical stability with a very low
cost in raw materials. Another advantage of this material, is that zeolite is a very versatile

material, similar to silica, and its surface can be modified with several functional groups [23].

This work presents a biocatalyst made of an FDH immobilized on natural zeolites for the reaction
of production of formic acid from carbon dioxide. Different immobilization methods were
studied and untreated and functionalized zeolites with amino and glyoxyl groups were used. The
physicochemical properties of the zeolite were characterized by FTIR, XRD and FESEM analyses.
Moreover, the thermal stability of the immobilized enzyme was evaluated and compared with
the free enzyme, as well as the temperature, pH profile and operational stability of the different

biocatalysts.

In this work, FDH form Candida boidinii was selected due to its greater availability. However, this
work gives a choice of low-cost support and immobilization procedure that can be replicated

with FDH from other sources.

2 Materials and methods
2.1 Materials

(3-Glycidyloxypropyl)trimethoxysilane (GPTMS, >98%), (3-Aminopropyl)triethoxysilane (APTES,
>98%), sulfuric acid (298%), sodium borohydride (298%) were purchased from Sigma-Aldrich.
Sodium metaperiodate, glycerol, glutaraldehyde (25%), sodium formate were supplied from

Merck. Formate dehydrogenase (FDH) from Candida boidinii with a protein concentration of 43



+ 1 mg/ml (according to Bradford assay [28]) was purchased from Megazyme. NAD*(99.6%) and
NADH (97.1%) were supplied from GERBU Biotechnik and natural zeolite (Z) was obtained from

Minera Formas (Chile).
2.2. Zeolite activated with glyoxyl groups (Zc)

The modification with glyoxyl groups was carried out with three reactions in series, as modified
from literature [22]. For the generation of epoxy groups 1.0 g of support is put in contact with a
GPTMS solution (5% v/v in toluene) at 105 °C for 5 h under vigorous stirring in a balloon with a
cooling column. After filtration and washing with acetone and distilled water, the epoxy group
hydrolysis is carried out using a 0.1 M H,SO4 solution for 2 h at 85 °C under stirring in a balloon
with a cooling column. After filtrating and washing with distilled water, an oxidation is carried
out using a 0.1 M NalO, solution at room temperature for 2 h to finally obtain glyoxyl groups.
Subsequently, the support was filtrated and washed with distilled water/phosphate buffer 0.1
M pH 7.5 and dried at room temperature. The volume of the three solutions used was equal to
30 ml. The moles of glyoxyl groups generated were quantified by back titration with NaHCO3/KI,
as described by Guisan [29]. The absorbance of the supernatant at 405 nm before and after the
oxidation process, carried out with NalO4, was measured and related to the glyoxyl groups

produced. The content of glyoxyl groups of the Zg samples was equal to 375 pumol/gsupport.
2.3 Zeolite activated with amino groups (Za)

For the generation of amino groups 1.0 g of support was put in contact with 30 ml of APTES
solution (5% v/v in toluene) at 105 °C for 5 h in a balloon with a cooling column under strong
stirring. The protocol was modified from literature [30]. After filtration and washing with
acetone, distilled water and phosphate buffer 0.1 M pH 7.5, the support was dried at room

temperature.
2.4 Characterization of supports

An x-ray diffraction (XRD) analysis was performed to characterize the structure of the zeolite.
The XRD spectrum was obtained with a Philips PW3040 X'Pert diffractometer, using Cu Ka
radiation (20 range = 5°-50°; step = 0.013° 28). The diffraction peaks were assigned according to
the Powder Data File database (PDF 2004, International Centre of Diffraction Data,

Pennsylvania).

FTIR spectra were obtained using a Jasco FT/IR-4600 spectrophotometer with an ATR module at
room temperature over the range of 4000-600 cm™ with a resolution of 2 cm™ and using a
number of scan equal to 64. The functions of noise elimination, H,O and CO; reduction and auto

baseline correction have been used.



The specific surface area (Sger) of zeolite was calculated using the Brunauer—-Emmett—Teller
method via N, physisorption at 77K with a Micromeritics TriStar Il 3020 instrument. The pore
volume (V) and pore diameter (Dy) were estimated with the Barrett-Joyner-Halenda method,

during the desorption phase. Before the analysis, the samples were outgassed at 200 °C for 2h.

The morphology of the zeolite samples was observed with a field emission scanning electron

microscope (FESEM Zeiss MERLIN, Gemini-Il column).
2.5 Enzymatic activity assay

A solution consisting of 2.3 ml of phosphate buffer 100 mM pH 7.5, 0.5 ml of sodium formate
300 mM, 0.1 ml of NAD* 50 mM was used. Then 0.1 ml of commercial FDH solution with a 1:100
dilution (for the activity of the free enzyme) or 10 mg of support (for the activity of the
immobilized enzyme) was added. A milling process on zeolite with a mortar was carried out to
measure the activity of the immobilized enzyme. The change in absorbance at 340 nm
dependent on the formation of NADH, which is generated during the oxidation of formate, is
measured using a Jasco V-730 UV-visible spectrophotometer. The activity is expressed in IU
(international units) and corresponds to the amount of enzyme necessary to produce one
pumol/min of NADH at pH 7.5 and 30 °C. The specific activity is the activity referred to the amount
of enzyme in solution in the case of the free enzyme or to the quantity of support in the case of

immobilized enzyme.
2.6 Immobilization of the enzyme

For the immobilization of FDH, three different support were studied, the untreated zeolite (Z)
and the zeolites activated with glyoxyl (Zs) or amino groups (Za). In addition, the immobilization
with the three supports was performed with both the as made and milled samples (Zn). The
milling was performed with a mortar. Generally, 30 mL of a solution containing 2 mg of FDH was
put in contact with 1 g of support for 5 h. In the course of the immobilization process, samples
of supernatants were taken to perform the activity assay and the quantification of the protein
concentration with the Bradford assay [28]. In order to control the stability of the soluble
enzyme at the immobilization conditions, the enzyme activity of a blank, without support, was
measured during the immobilization. FDH was immobilized on functionalized and non-
functionalized zeolite. The immobilization yield (1Y) was obtained from the difference of the
mass of enzyme protein in the immobilization solution between the beginning (mew) and the

end (me) of the process, as expressed in equation (1).
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The immobilization was also evaluated according to the retained activity (Rat), which is
calculated as the division of the specific activity of the biocatalyst (A in 1U-gsupport ) by the
contacted activity (Cact), as expressed in equation (2). G, represent the maximum specific
activity that the support would show, if all the contacted protein was immobilized and full active.
Cact is calculated as the product of the initial enzyme load in the immobilization solution (gein
MEorotein*Bsupport -) PEr the specific activity of the free enzyme at time zero of the immobilization

process (Are, w0 in 1U-Mgprotein >):

(2)
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To determine if the enzyme can be immobilized within the channels of the zeolite, the diameter
of the enzyme was calculated by using the equation (3). This equation considered that the shape
of the protein approximates to a sphere [31]. M represent the molecular weight of the enzyme

in Da.

1
Ry = 0.066 - M3 (3)

2.6.1 Immobilization on non-functionalized support

Two different conditions were evaluated to carried out the immobilization with the non-
functionalized support by incubating the zeolite in the enzymatic solution prepared in (i) a
carbonate buffer 100 mM pH 10.05 solution or in (ii) a phosphate buffer 5 mM pH 7, at 4 °C
under gently stirring. In this case there is no covalent bond, but the enzyme is adsorbed on the
zeolite surface. After 5 h, the supports were separated from the solutions by filtration and were

dried at 4 °C.
2.6.2 Immobilization on glyoxyl support

Immobilization with glyoxyl supports was carried out in a solution of carbonate buffer 100 mM
pH 10.05, with 15% v/v of glycerol at 4 °C under gently stirring. After 5 h of reaction, sodium

borohydride was added (0.5% v/v in the buffer solution) to stabilize the bond between the



support and the enzyme. Finally, a washing was carried out with distilled water/phosphate
buffer 100 mM pH 7.5 and the support was dried at 4 °C. This method was adapted from

literature [22].
2.6.3 Immobilization on amino support

Immobilization with amino supports was carried out in a solution of phosphate buffer 5 mM pH
7 at a temperature of 4 °C under gently stirring. After 5 h of incubation, the support was
separated from the enzymatic solution and was added to a 0.1% v/v glutaraldehyde solution,
prepared in 25 mM buffer solution pH 7, for 30 min at 4 °C. Finally, a washing was carried out
with phosphate buffer 5 mM pH 7 and the support was dried at 4 °C. This method was adapted

from procedure reported in literature [16,32].
2.2.6 Temperature and pH profile of FDH derivates

The influence of pH and temperature on the soluble and immobilized enzyme was carried out
with the activity test as described in section 2.5. Modifications were made to the activity test to
evaluate the influence of temperature, incubating the biocatalysts at the following
temperatures: 30 °C, 40 °C, 50 °C and 60 °C with a fixed pH of 7.5. The influence of pH was carried
out with the activity test keeping the T fixed at 30 °C and varying only the pH in the range of 6
and 9. A phosphate buffer was used for the solutions at pH 6, 7, 7.5 and 8, while a carbonate
buffer for the solution at pH 9. The relative activities are expressed as a percentage of the

maximum value obtained for each set of experiments.
2.2.7 Thermal stability

The free enzyme (with a dilution of 1:300 from the original commercial solution) and the support
with the immobilized enzyme were incubated in a 100 mM phosphate buffer solution pH 7.5 at
50 °C. Activity (A) was measured at different times and expressed as percentage of the starting
activity in both the cases. A first order deactivation model with no residual activity (equation (4))
and with residual activity (equation (5)) was used to describe the decrease in activity of the free
enzyme and the immobilized enzymes, respectively. Ao is the initial activity (IU), kp is the
deactivation constant (h?), t is the time (h), a is the ratio between the final and initial states of

the enzyme [33].

The half-lifetime of the free (ti2 re) and immobilized enzyme (ti1/2 ) was calculated from the
respective models and was used to determine the stabilization factor (Fs), as shown in equation

(6) [34].
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2.2.8 CO; reduction

A 14 mM solution of NADH dissolved in a phosphate buffer was added in a sealed glass bottle.
The biocatalyst was introduced and subsequently CO, was blown, for the all the duration of the
test. The reaction was carried out at room temperature and pH 7. The concentration of NADH
was measured spectrophotometrically at 340 nm. Formic acid was analyzed in a Jasco HPLC
equipped with a Photometric Diode Array Detector (MD-4010), a quaternary pump (Jasco PU-
4180-LPG) and autosampler (Jasco AS-4050), at 210 nm UV and using a C18 column (150mm x
4.6mm x 5um, Sciences). Samples were eluted with H,SO, 5mM at a flow-rate of 0.6 mL/min.
The processing and analysis of the results was made in the software Jasco Chromnav 2.0. Formic
acid (HPLC grade) was used to determine the retention time and check the linear range of the

measurements.
2.2.9 Reusability of the immobilized FDH

Several batch reactions were performed to study the reuse of the immobilized enzyme. A
solution with NaHCO3 34mM and NADH 14mM in a phosphate buffer 0.1M at pH 7 was put in
contact with the immobilized enzyme. After each batch, the immobilized enzyme was filtered
and washed with distilled water. Subsequently, activity was measured at pH 7.5 and T = 30 °C,

as described in section 2.5. Each batch had a duration of 1 h.

3 Results and discussions
3.1 Characterization of the free enzyme

The activity assay was performed on the commercial FDH from C. boidinii. The specific activity
turns out to be 3.02 £ 0.1 1U/Mgprotein. Replacing the reported molecular weight of the FDH

enzyme of M=74000 Da [35] in equation (3), a diameter equal to D=5.54 nm was estimated.

3.2 Characterization of supports



With the XRD analysis, 2 phases were identified in the support: mordenite (M, card no: 00-049-
0924) and quartz (Q, card no: 01-083-0539). The spectrum is presented in the figure 2-a. The

predominant phase was identified with mordenite.

FTIR analyzes were performed on the support as it is (Z) and functionalized with amino (Za) or
glyoxyl groups (Zg), as can be observed in Fig. 2-b. From the curve of the Z sample, the
transmittance peak at 780 and 1015 cm™ correspond respectively to the symmetric and
asymmetric vibration band of the T-O-T group (where T represents Si or Al) [25,36,37]. The
transmittance bands between 600-780 cm™ are attributed to exchangeable cations due to
pseudo-crystallinic vibrations, which are typical reported with natural zeolites. The bands at 910
cm™ and 875 cm™ are associated with bending vibrations of Al** hydroxyl groups [38,39]. It is

also present a peak around 1650 cm?, corresponding to the zeolitic water [40].

The intensities of the zeolitic bands observed with the Zg sample were lower to those obtained
with Z and Z, samples. The latter is attributed to the acidic treatment performed during the
glyoxyl functionalization process, which has reported to yield to decationisation, dealumination

and loss of crystallinity [41].

For the Z, sample the peak at around 3430 cm™ corresponds to the stretching vibration of amino
groups [36,37,42]. From the FTIR spectrum it was not possible to see a peak related to the glyoxyl
group (expected at ~1715 cm®) probably because of the low glyoxyl content obtained per gram

of zeolite (375 umol/gsupport.)-
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Figure 2 - (a) XRD spectrum of the untreated zeolite. (b) FTIR spectra of the untreated zeolite

(2) and of the zeolite functionalized with amino (Za) and glyoxyl (Zs) groups.



Table 1 shows the results obtained by the nitrogen physisorption at 77K. In both the
functionalized samples the BET surface area (Sger) and total pore volume (V1) decreased. Sger
corresponds to the sum of Smicro (specific surface of micropores) and Sex: (specific surface of meso
and macropores). Using APTES, Sger becomes about half of the untreated zeolite, probably
because this molecule blocks smaller pores [43]. Sext is very similar to the unmodified zeolite,
while the surface decrease occurred with Smicro. Moreover, the volume of the micropores (Vmicro)
of the Zx decreased by an order of magnitude. On the other hand, the volume of the larger pores
(V1-Vmicro), is approximately constant. The pore average diameter (Dp) increased slightly in the
Za, probably because the smaller pores have been occluded (data of pore distribution not
shown). In the case of the Zg, Dy decreased slightly due to the steric footprint of the GPTMS. In
the three cases, the pore average diameter of the samples was greater than the diameter of the
enzyme resulting from equation (3). So even after functionalization, it can be assumed that the

enzyme was immobilized within the pores of the zeolite.

Table 1 - Surface area, pore volume and average mean diameter of the samples

BET External Total pore  Micropore Pore
Micropore
surface surface volume volume average
Sample Area (Smicro)
area (Seer) area (Sext) (Vr) (Vimicro) diameter
2 (mZ/g) 2 3 3
(m?/g) (m?/g) (cm’/g) (cm*/g) D (nm)
Z 72.55 52.22 20.33 0.078 0.027 13.55
Z 62.17 40.38 21.78 0.068 0.022 12.17
Za 29.19 10.87 18.32 0.053 0.003 14.75

The figure 3-a presents the typical channels with the diameter in the order of nm. The figure 3-
b shows the distribution of zeolite particles after grinding. Particles ranging from tenths of a

micrometer to a few micrometers are detectable.



Figure 3 — FESEM images of (a) nanometric structure of the natural zeolite and of (b) zeolite
particles after milling.

3.3 Characterization of the immobilized enzyme

Three different supports were studied for the immobilization of FDH, the zeolite as it is and two
functionalized zeolites, Zgand Zx. On the one hand, the mechanism of immobilization of the non-
functionalized zeolite was simple adsorption of the enzyme on the zeolite surface. On the other
hand, the immobilization of FDH on the functionalized zeolites was covalently. In the case of Zg,
the covalent bonds occur due to the reaction of the amino groups of the lysine residues with the
aldehyde groups of the support. In the case of Za, the immobilization mechanism was divided in
two steps. In a first part, an ionic immobilization took place. Then, when the enzyme was already
inside the support pores, a bifunctional crosslinker (i.e. glutaraldehyde) was added to permit a
covalent bond between the lysine residues of the protein structure and the support or between

two adjacent lysine residues.

Fig. 4 shows the kinetics of the immobilization processes with Zcand Z,, as exemplification mode,
since the course of enzymatic activity was very similar in the various cases studied. In the case

of Za, the kinetic presented (Fig. 4-b) corresponds only to the first immobilization step related



to ionic adsorption. Generally, as time passed, the activity of the supernatant decreased as the
enzyme moved from the liquid phase (solution) to the solid phase (support). The activity of
blank, thus, of the solution containing only the enzyme and not the support, remained constant
during the whole process. The concentration of protein in solution was measured subsequently
using the Bradford assay, from which it was therefore possible to derive the Y. The
immobilization time was set at 5 h hours for all tests. For the Z, samples, this time was
considered for the immobilization step associated to the ionic bonding. In all cases there was a
final activity of the supernatant lower than 40% of the initial activity. As can be seen in figure 4-
a (Zs), there was still 50% of protein in solution, with an activity of the supernatant lower than
10% of the initial activity. Instead, with Z the decrease in supernatant activity was similar to

that of the protein in solution (fig. 4-b).

The differences of the immobilization rates observed between Zs and Z, were attributed both to
the use of glycerol in the covalent immobilization and the ionic strength used in the case of ionic
immobilization. The addition of glycerol for Zc had the scope of protecting FDH from the
damaging effect that has been reported for sodium borohydride with such enzyme, which was
necessary to stabilize the covalent bond between the enzyme and the glyoxyl groups of the
support [44]. However, the addition of glycerol reduced the mobility of the enzyme in the
immobilization solution. In the case of Zs, a high ionic strength was used during the
immobilization, which was possible thanks to the low buffer concentration (5 mM) and the
difference between the pH of immobilization solution (pH 7.0) and the isoelectric point of FDH

(5.4, [45]).
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Figure 4 — Immobilization kinetics of FDH on (a) Zg and (b) Za

To evaluate the immobilization, the various methods were evaluated based on IY and Rgc
expressed by the biocatalyst. In all immobilization tests, 1 g of support was contacted with 2 mg
of FDH. The results obtained are reported in table 2. In all cases where the zeolite was milled
before immobilization (tests 3, 4, 7 and 8), there was an increase of the IY with respect to the
non-milled supports. This is attributed to the higher contact that the protein has to the surface
of the internal pores of the particle. In addition, when a milling support is used, there is a
reduction of the problem of pore blocking that the same protein can caused, when the enzyme
is immobilized near of the entrance of the pores. Contrary to the results of 1Y, Ry values were
higher in non-milled zeolite samples. It is worth to mention, that the measurement of enzymatic
activity of the samples of the tests 1, 2, 5 and 6 was carried out on the samples milled after the
immobilization process. Without the milling process after immobilization, in fact, these samples
do not show activity in the time determined for the activity tests (120 s). This evidenced the
presence of mixing problems inside the reaction medium and the necessity of performing a
milling process afterimmobilization. As observed in literature, the internal diffusional restriction
(IDR) depends on the particle size. As the size increases, the IDR increases and the activity
decreases [46]. Thus, the difference on Rq:cannot be attributed to the size of the particles used
in the activity measurements. Probably, since the IYs assets are smaller, there are less mass
transfer limitations and sodium formate can arrive to the enzymes that are immobilized deeper
into the pore pores. When instead the immobilization yield reaches 100%, the pore is completely
occluded, thus preventing the passage of formate molecules and thus lowering the activity. This
supposition is in line with results reported by Suarez et al., where the authors demonstrated
that the internal diffusional restriction (IDR) depends on the amount of enzyme loading; as the

amount of enzyme increases, the IDR increases [46].



By comparing the two covalent immobilization strategies, the two-step strategy (Z») yields to
higher 1Y (65 % with Zx and 100 % with Zam) in comparison with those obtained with Zg (49 %
with Zg and 76% with Zgm). The results of IY are in line with those reported in literature with
amino agarose (100 %) and glyoxyl agarose (50% to 100%) [16,47] and glyoxyl silica (75 %) [48].
In the case of Ract, the highest value was obtained with Zg, which is the opposite as that reported
in literature. For instance, Bolivar et al. reported a retained activity of 50 % and 30 % for amino
agarose cross-linked with glutaraldehyde and glyoxyl agarose supports, respectively [16]. This
result is attributed to the high value of IY obtained with Z,, which could yield to higher IDR with
respect to the Zg sample. Furthermore, crosslinking with glutaraldehyde could result in high
stiffness of the immobilized protein, which reportedly with other enzymes, reduces retained

activity [19].

Table 2 - Immobilization yield (1Y) and Retained activity (Ract) for the different FDH derivates.

Immobilization

Test Support 1Y [%] Roct [%)]
pH
1 z 7 100 9
2 Za 7 65 26
3 Zn 7 100 5
4 Zam 7 100 4
5 Z 10 86 28
6 Zs 10 49 40
7 Zn 10 95 14
8 ZG,m 10 76 14

3.4 Thermal stability

To evaluate thermal stability, the biocatalysts made of FDH immobilized on Zs and Z, and the
free enzyme were incubated at 50 °C. The residual activity in function of time is shown in Fig. 5.
The solid lines were obtained by interpolating the experimental data by using a first order
deactivation model with no residual activity for the free enzyme (Eq. 4) and a first order
deactivation model with residual activity (Eqg. 5) for the immobilized FDH. From those models it
was therefore possible to obtain the inactivation kinetic parameters, like the deactivation
constant (kp), the half-life time (ti2) and the stabilization factor (Fs) [34]. The results are

summarized in the table 3.



The free enzyme lost about 62 % of its initial activity after 24 h and no more activity was present
after 48 h, whereas both the two biocatalyst samples, still showed activities above 50 % of the
initial activity after 96 h. A similar stabilization factor was obtained with Zs (14.8) and Zx (18.9),
as reported in table 3. This result is in line with the Fs values reported in literature, which varies
from 4 with FDH CLEAs [49] to 150 with a FDH immobilized on glyoxyl-agarose [16]. The
immobilization conditions of time and temperature could be optimized to have a further

increment in the Fs.
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Figure 5 - Thermal stability at 50 °C for FDH immobilized on Zs and Z and free FDH.

Table 3 — Inactivation kinetic parameters of the FDH derivates at 50 2C by using a first order
deactivation model with no residual activity for the free enzyme and with residual activity for
the immobilized FDH samples.

Sample ko (hY) a t12 (h) Fs R?
Free FDH 0.05 - 13.8 - 0.99
FDH on Zg 0.016 0.48 203.6 14.8 0.97
FDH on Za 0.011 0.47 261.1 18.9 0.96

3.5 Effect of pH and temperature on FDH activity

The optimal pH study was carried out on Zg and Z,, in both cases the immobilization was carried

out on the unground zeolite. In Fig. 6-a it was possible to see how the optimal pH varied for the



free enzyme and the two biocatalyst samples. In the case of FDH immobilized on Zg, the optimal
pH did not differ from that of the soluble enzyme. For the enzyme immobilized on Z,, there was
a shift of the maximum at higher pH. Probably inside the micropores of Z,, due to the surface
amino groups, a microenvironment with a different pH than that of the bulk was created, as also
observed by Ottone et al. [50] in a agarose support with amino groups. Fig. 6-b shows similar
trends of the temperature profile for the three cases with the same optimal temperature. This
indicates that the structure of the enzyme surrounding the active site did not change during
immobilization [22]. Moreover, at 60 °C in both immobilized enzyme samples the percentage
activity is higher than that of the free enzyme, since the immobilization allows a greater stability
and decreasing denaturation of the enzyme inside the microenvironment. Furthermore, in the

40 - 60 °C range, the fall in activity from the maximum value is less marked.
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Figure 6 — Optimum pH (a) and T (b) for FDH immobilized on Zg and Zx and free FDH

3.6 Reaction of CO; reduction



The CO; reduction reaction was carried out in a sealed glass bottle and for the duration of the
test CO, was blown in solution. A neutral pH was used to avoid NADH oxidation phenomena at
more basic pH [51]. Even if the highest activity was observed at 50 2C, the reaction was carried
out at room temperature and atmospheric pressure. Highest temperatures have the drawback

of reducing substantially the CO, concentration in aqueous media [52].

In both cases, 1 g of support with immobilized FDH was used. The specific activity of FDH on Zg

WaS 3-54 i 0.1 IU/gsupport, and On ZA WaS 3.2 i 0.1 IU/gsupport.

Figure 7 shows the reaction kinetics of NADH consumption and formic acid production. The
conversion of NADH was 37 % with Z, and 34.6 % with Zs. The production of formic acid was in
accordance with the NADH consumed during the CO; reduction reaction. FDH immobilized both
on Zs and Z, showed similar performance. The lowest NADH concentration (maximum
conversion) was obtained at 45 minutes with Zg and 90 minutes with Za. After that time and up
to the end of the reaction, there was an increase of NADH concentration of about 30 % with Zg
and 10 % with Za. This phenomenon was attributed to the reverse reaction of oxidation of formic
acid to CO,, which is also catalyzed by FDH. In literature it was reported that the oxidation
reaction is thermodynamically favored with respect to the reduction reaction [9]. Thus, at the
beginning of the reaction, where no NAD* was present in the reaction media, only the reduced
reaction was carried out. After 45 min, the NAD* concentration increased (minimum value of
NADH) and the undesired reverse reaction occurred, in a lower proportion. The results are in
line with those obtained by Kim et al. with free FDH from Candida boidinii (28% conversion
referred to NADH, at pH 7 and 25 °C) [53]. Thus, covalently immobilized enzymes show no

decrease in CO, reduction compared to the free enzyme and have the advantage of the

reusability.
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Figure 7 — Reaction kinetics of NADH consumption and formic acid production with FDH from
C. boidinii on Z » (a) and on Zg (b).

3.6 Reusability of the immobilized FDH

The reusability of the biocatalysts was studied by performing repeated batch reactions. These
tests were performed by using NaHCOs instead of CO; to simulate the reaction conditions. The
concentration of NaHCOs; used (34 mM) was equivalent to that which would be obtained with
CO; at equilibrium according to Henry’s law (Ky = 3.39- 1072 mol - L™ - P~1) [52]. After 8
cycles the residual activity was constant near to 100%, see Fig. 8. From cycle 8 there was a
decrease in activity in both cases, more noticeable with the FDH on Za. After 12 cycles, with FDH
on Za there is a residual activity of 22% while with FDH on Z¢ there is a residual activity of 80%.
The stability observed during the first cycles was attributed to IDR. During the first cycles, the
substrate reacted faster with the enzymes located on the outside of the zeolite channels, but
over time the enzymes lost activity and the substrate was accessible to the enzymes immobilized
in the deeper areas of the channels. A similar behavior was reported for alcohol dehydrogenase
[50]. This result confirms that the highest IDRs were obtained with the Z, than with the Zs. Alagoz
et al. reported a 60 % of residual activity after 10 cycles of use by using a FDH immobilized on
glyoxyl silica [48]. By using other immobilization methods, such as CLEAs [49] or encapsulation

[54], no loss of activity was observed after 10 cycles.
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Figure 8 - Reuse test of FDH immobilized on Zx and Zg

4 Conclusions



The enzymatic conversion of CO, to formic acid was evaluated with FDH from Candida boidinii

immobilized on natural zeolite by two different covalent immobilization methods.

FESEM and XRD analyses were carried out on the support, highlighting that the zeolite used
corresponds to mordenite. Through the FTIR and BET analyses it was measured how the physical

properties of the support changed after functionalization.

FDH was covalently immobilized on zeolite functionalized with glyoxyl (Zs) or amino (Za) groups
with glutaraldehyde cross-linking. This work reports for the first time the immobilization of FDH
on zeolite support. The activity of the immobilized enzyme, compared to that of the free
enzyme, was characterized as a function of pH and temperature. According to the pH tests, the
Z» sample showed a higher optimal pH (pH 9) with respect to the free enzyme and Zg sample
(pH 7.5). With regard to temperature, a similar trend was obtained with the immobilized and
the free enzyme derivates, being the optimal temperature equal to 50 2C. From the stability test
performed at 509C, a Fs of ~15 and ~19 with the Zs and the Za supports, respectively, was
calculated. Finally, the two systems were studied on the CO, reduction reaction, obtaining
conversion yields equal to 34.6 % with Zg and 37 % with Za. Both biocatalysts can be used for at
least 8 cycles without loss of activity, making them very interesting for the development of a

continuous process.

To work continuously and to avoid reverse reaction, it would be necessary to implement a NADH
regeneration system. To increase the CO; conversion yields, the procedure developed in this
work can be replicated with FDH from other sources. In conclusion, this study shows a low-cost
support option to obtain stable biocatalysts for the first step of a multi-enzymatic approach to

produce molecules with a higher added value such as methanol.
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