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Abstract  

This work studied the influence of the pore size and morphology of the mesoporous silica as 

support for formate dehydrogenase (FDH), the first enzyme of a multi-enzymatic cascade 

system to produce methanol, which catalyzes the reduction of carbon dioxide to formic acid. 

Specifically, a set of mesoporous silicas was modified with glyoxyl groups to immobilize 

covalently the FDH obtained from Candida boidinii. Three types of mesoporous silicas with 

different textural properties were synthesized and used as supports: i) SBA-15 (DP = 4 nm); ii) 

MCF with 0.5 wt.% mesitylene/pluronic ratio (DP = 20 nm) and iii) MCF with 0.75 wt.% 

mesitylene/pluronic ratio (DP = 25 nm). As a whole, the immobilized FDH on MCF0.75 exhibited 

higher thermal stability than the free enzyme, with 75% of residual activity after 24 hours at 50 

°C. FDH/MCF0.5 exhibited the best immobilization yields: 69.4% of the enzyme supplied was 

covalently bound to the support. Interestingly, the specific activity increased as a function of the 

pore size of support and then the FDH/MCF0.75 exhibited the highest specific activity (namely, 

1.05 UI/gMCF0.75) with an immobilization yield of 52.1%. Furthermore, it was noted that the 

immobilization yield and the specific activity of the FDH/MCF0.75 varied as a function of the 

supported enzyme: as the enzyme loading increased the immobilization yield decreased while 
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the specific activity increased. Finally, the reuse test has been carried out, and a residual activity 

greater than 70% was found after five cycles of reaction.  
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1. Introduction 

 

The IPCC (International Panel on Climate Change) established that the increasing 

concentration of atmospheric carbon dioxide (CO2) is the principal cause of Global Warming 

[1]. Therefore, this issue has recently received a great deal of attention and new approaches 

have been developed, such as biological CO2 conversion through enzymatic routes [2–4]. 

These new biotechnological approaches have some attractive advantages compared to the 

traditional inorganic ways of reducing CO2 to chemicals, such as milder reaction conditions, 

higher yields and selectivity, and eco-friendliness [3,5]. In particular, the enzymatic process of 

CO2 reduction to methanol exploiting enzyme-catalyzed cascade reactions with different 

dehydrogenases (Figure 1) appears very promising, with a methanol yield (referring to the initial 

amount of NADH) which may be greater than 95% [6,7]. This bioprocess is formed by three 

reactions in series: i) reduction of CO2 to formic acid by formate dehydrogenase (FDH), ii) 

reduction of formic acid to formaldehyde by formaldehyde dehydrogenase (FaldDH) and iii) 

reduction of formaldehyde to methanol by alcohol dehydrogenase (ADH). The cofactor 

nicotinamide adenine dinucleotide (NADH) acts as the electron donor for each reaction 

catalyzed by the dehydrogenases [8,9]. High concentrations of NADH cofactor are necessary 

to carry out the reactions of interest. NADH regeneration on a laboratory scale can be 

performed with different techniques, such as enzymatic or chemical regeneration [6,10,11]. 

Another promising strategy is the electrochemical regeneration, which may allow to work in a 

semi-continuous way [12] and achieving active NADH regeneration yields greater than 75% 

[13]. Moreover,  this technique also permits to simultaneously carry out the reaction of interest 

and the cofactor’s regeneration [14]. 

Each enzyme of the series can be extracted from more than one organism, and this choice 

could allow higher values of specific activity [15]. For instance, FDH enzymes from C. boidinii, 

Thiobacillus sp. and Paracoccus sp. have been studied for the CO2 reduction reaction, showing 

different performances, both in the reduction of CO2 and in the oxidation of formic acid [2]. 

Similarly, the enzyme of interest in this work is the FDH enzyme. To the best of our knowledge, 

the most active enzyme in the CO2 reduction reaction is the one extracted from Thiobacillus sp 

[2]. However, it is more common to find studies with that extracted from Candida boidinii due to 

its large presence on the market. Several works showed that the three dehydrogenases’ 

confinement in a solid porous matrix increases the yield of the total reaction compared to a 
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homogeneous system. This is due to an overall local increase in the concentration of the 

reactants within the support’s pores where the enzymes are located [8,16]. Moreover, 

immobilization is pivotal for future industrial developments because it increases the enzyme’s 

stability [17]. Therefore, it is essential to find out the optimal support for the immobilization of 

the three enzymes (FDH, FaldDH, ADH) to enhance the reduction of CO2 and enable maximum 

enzyme reuse. Different techniques and materials have been applied for the immobilization of 

these enzymes (both co-immobilized and separately immobilized): encapsulation in silica sol-

gel matrix [8], encapsulation in an alginate-silica matrix [7], entrapment in PVA hydrogel or 

alginate gel [18], hybrid microcapsules with different immobilization techniques for each 

enzyme [19] and many others. As a study strategy, each enzyme can be immobilized 

independently of the others to optimize each immobilization condition.  

In this scenario, a promising immobilization technique on hierarchical porous materials is the 

multipoint covalent attachment, which has led to great results with a broad group of enzymes 

[20–22]. In order to enable the formation of covalent bonds between the enzyme and the 

support, the latter is previously activated with surface aldehyde groups that are highly reactive 

with enzyme’s non-ionized amine groups. Such aldehyde-activated supports are commonly 

named glyoxyl supports. Hence, this method guarantees strong enzyme-support interactions, 

which prevent enzyme leaching and stabilize the biocatalyst (support with enzyme) at higher 

temperatures.  

The support choice  is another fundamental aspect for the immobilization process: it should 

consider some of its essential characteristics, such as a high surface to volume ratio, 

compatibility and insolubility in the reaction medium, high mechanical and chemical stability 

[17]. Mesoporous silicas (e.g. SBA-15, MCM-41, MCM-48 and MCF) have been used for the 

immobilization of different enzymes with successful results [23,24],with their applications as 

supports also for FDH, FalDH and ADH [9,25–27]. These materials can be synthesized in 

different ways resulting in diverse pore structures (e.g. hexagonal, cubic, foam-like) with tunable 

pore sizes (from 2 to 50 nm) [9,28]. The structure, the dimension and the accessibility of the 

support’s pores are key parameters for the immobilization of an enzyme. Therefore, there is an 

urgent need to evaluate which specific supports are optimal for the immobilization of each 

specific enzyme. Zezzi do Valle Gomes and Palmqvist [9] and Nabavi Zadeh and colleagues 

[27], used mesoporous silica (MCF-type material) for the immobilization of FaldDH and both 

FaldDH and FDH, respectively. They obtained successful results with MCF modified with 
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functional groups (octyl, mercaptopropyl and chloromethyl) using physical adsorption to 

immobilize the enzymes. This immobilization strategy has often given good results with lipases 

since they display a high number of non-polar amino acid residues [29]. On the other hand, 

enzymes such as FDH, having fewer apolar groups on the surface, would form a weaker bond 

with the support and be desorbed in solution. 

As mentioned before, a crucial problem in biocatalysis is the stability of enzymes. Thus, the 

development of an immobilization process that increases the enzymatic stability and ensures 

the use of the biocatalyst for more reaction cycles is essential. Furthermore, the support must 

have a low production cost. To this aim, three different low-cost mesoporous siliceous materials 

were synthesized and used as support for FDH immobilization. In order to obtain a good 

increase in thermal stability and a high number of reuse cycles, these supports were 

functionalized with glyoxyl groups for the covalent immobilization of the FDH enzyme. Glyoxyl 

modification on commercial mesoporous silica has already been used to immobilize FDH from 

Candida methylica [30]. To the best of authors’ knowledge, synthesized silica functionalized 

with glyoxyl groups has never been used to immobilize FDH from Candida boidinii. 

Furthermore, the effect of the pore size of the support on the activity of the FDH enzyme has 

never been evaluated. For this purpose, three different synthesized mesoporous silica (SBA-

15, MCF0.5 and MCF0.75) were analyzed. So, the ability to control and tune the average pore 

diameter of the support allowed the study of the influence of the pore size and morphology of 

the mesoporous silicas on immobilization yield and specific activity of FDH. All the synthesized 

materials were characterized by complementary techniques such as X-ray Diffraction (XRD), 

Field Emission Scanning Electron Microscopy (FESEM) and N2 physisorption at -196 °C. 

The thermal stability was measured for the most promising porous support, namely the MCF0.75. 

The variation of the immobilization yield and the specific activity as a function of the enzymatic 

load were evaluated on this support. Furthermore, optical fluorescence microscopy allowed to 

verify the presence of the immobilized enzyme directly. The variation of specific activity as a 

function of pH and temperature was also evaluated. Finally, a reuse test was carried out to 

assess the residual activity of the enzyme.  

The use of these tailor-made materials and the modification with glyoxyl groups could be 

replicated with other FDHs exhibiting a greater activity towards CO2 reduction. Another 

fascinating perspective is the implementation of the co-immobilization of the three enzymes to 

produce methanol from CO2. Lastly, these materials are good candidates for the immobilization 
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of any other type of enzyme different in size and shape from Candida boidinii FDH since their 

synthesis strategies allows the fine control of their pores size. 

 

 

2. Materials and methods 

 

2.1 Materials 

 

(3-Glycidyloxypropyl)trimethoxysilane (GPTMS, ≥98%), sulfuric acid (≥98%), sodium 

borohydride (≥98%), hydrochloric acid (37% wt.), poly(ethylene glycol)-block-poly(propylene 

glycol)-block-poly(ethylene glycol) (Pluronic P-123), tetraethylorthosilicate (TEOS, 99% wt.), 

1,3,5-trimethylbenzene (mesitylene, 98% wt.), sodium metaperiodate, glycerol and sodium 

formate were supplied from Merck. Formate Dehydrogenase (FDH) from Candida boidinii was 

purchased from Megazyme. NAD+ (99.6%) was supplied from PanReach AppliChem and 

NADH (97.1%) from Acros Organics. 

  

2.2 Methods  

 

2.2.1 Synthesis of the supports 

 

SBA-15 was synthesized according to the procedure reported in Ref. [31]. Briefly, 30 mL of 

deionized water and 160 mL of 2 M HCl were mixed into a beaker. Then, 4 g of P-123 

(templating agent) were softened into the solution and mixed under vigorous stirring at room 

temperature (r.t) for 5 h in order to create a homogeneous solution. Next, 8.5 g of TEOS were 

drop-wised into the solution to guarantee a proper dispersion of the components during the 

mixing phase. After that, the solution was stirred at r.t. for 24 h. Then, the suspension was 

transferred into a Teflon autoclave and aged at 100 °C for other 24 h. Finally, the precipitated 

was filtered by a vacuum pump, washed with deionized water, dried overnight at 100 °C and 

calcined at 550 °C (heating rate 10 °C min-1) for 5 h.  

The MCF support was synthesized by modifying a literature procedure [31,32] in which P-123 

is the templating agent and mesitylene is the organic swelling agent, with mesitylene-to-P-123 

ratio 0.5 or 0.75 (wt./wt.). In a typical synthesis, 4 g of Pluronic P-123 were softened into a 
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beaker with 150 mL of HCl (1.6 M) and mixed at 40 °C for 1 h. Then, 2 or 3 mL of mesitylene 

were drop-wised into solution (if the final mesytilene-to-P-123 ratio were respectively 0.5 or 

0.75) [28,33,34].  

After that, 8.5 g of TEOS were added by drop-wising into the previous solution and maintained 

under constant stirring at 40 °C for 24 h. Then, the suspension was put inside a Teflon autoclave 

for a hydrothermal treatment at 100 °C for 24 h in order to increase both window size and the 

cell of the foam. Finally, the suspension was filtered by vacuum pump, washed with deionized 

water and dried overnight at 100 °C. Subsequently, the MCF obtained was calcined at 500 °C 

for 6 h, with a heating rate of 10 °C min-1 [33–35]. 

Two MCF samples were synthesized and herein were labelled as “MCF0.5” and “MCF0.75” in 

which the subscript indicates the mesytilene-to-P-123 ratio. 

 

2.2.2 Structural and textural characterization of the supports 

 

Powder X-ray diffractograms of the supports were recorded on an X’Pert Philips PW3040 

diffractometer using Cu Kα radiation (2θ < 2°; step = 0.014° 2θ; time per step = 0.2 s). The 

diffraction peaks were indexed according to the Powder Data File database (PDF 2000, 

International Centre of Diffraction Data, Pennsylvania). 

The textural properties of the supports were investigated as follows: the BET (Brunauer–

Emmett–Teller) specific surface area (SBET) was measured by means of N2 physisorption 

isotherms at −196 °C on 70 mg sample previously outgassed at 200 °C for 2 h to remove 

molecular water and other atmospheric contaminants (Micrometrics Tristar II, USA instrument); 

the total pore volume (Vp) was calculated at P/P0 = 0.97; the micropore volume (Vmicro) was 

evaluated by the t-plot method; the average pore diameter (Dp) was calculated by either 

applying the Barrett–Joyner–Halenda (BJH) algorithm to the isotherm desorption branch (SBA-

15) or according to a modified Broekhoff de Boer (BdB) method using Hill’s approximation for 

the adsorbed layer thickness (MCF materials) [36]. 

Sample morphology was analyzed through FESEM microscopy (Zeiss MERLIN, Gemini-II 

column).  

 

2.2.3 Functionalization of supports 
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Covalent binding of the enzymes on the support was conducted with a functionalization step to 

create glyoxyl groups on the support using the GPTMS reagent [20,37]. The protocol was 

modified from the literature [20]. First, epoxy groups were created, putting the support in contact 

with GPTMS (1% v/v in toluene) at 105 °C for 5 h. Subsequently, the epoxy ring was opened, 

carrying out a hydrolysis reaction to generate diol groups with a 0.1 M sulfuric acid solution for 

2 h at 85 °C [38]. Finally, oxidation of the diol groups to glyoxyl occurred using a 0.1 M sodium 

periodate solution for 2 h at r.t. [20]. The amount of glyoxyl groups generated was obtained by 

back titration, as described by Guisan [39]. The content of glyoxyl groups on the three 

functionalized support was about 250 μmol/gsupp. The three reaction steps were carried out 

under strong stirring.  

 

2.2.4 Enzymatic activity assay 

 

Activity tests were performed using a Jasco V-730 UV-visible spectrophotometer. A cuvette 

containing 2.3 mL of phosphate buffer at pH 7.5 (0.1 M), 0.5 mL of sodium formate (0.3 M) and 

0.1 mL of NAD+ (50 mM) was used. To test the activity of the free enzyme, 0.05 mL of FDH 

dilute solution (1:100 from the commercial solution: 25 ± 1 mgprotein/ml) were added. Instead, in 

the case of the immobilized enzyme, 10 mg of support were added. The change in absorbance 

at 340 nm was used to monitor the NADH formation. The activity is expressed in IU 

(international unit) and corresponds to the amount of enzyme necessary to produce one µmol 

per minute of NADH at pH 7.5 and 30 °C [40]. The specific activity (A) is the activity referred to 

one mg of protein in solution in the case of the free enzyme. In the case of immobilized FDH, 

the specific activity (A) can be referred to one g of biocatalyst (Ag. supp.) or one mg of protein 

immobilized on the support (Amg. imm. prot.). 

The size of the enzyme was calculated by approximating its shape to a sphere, and the 

minimum diameter that can contain the enzyme was calculated using equation (1) [41]: 

 

 𝑅𝑚𝑖𝑛 = 0.066 ⋅ 𝑀
1

3    (1) 

 

where M is enzyme weight in Da and Rmin is enzyme radius in nm. 
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2.2.5 Enzyme immobilization 

 

The functionalized support and the enzyme FDH were put in contact in a 0.1 M phosphate 

buffer solution at pH 10.05 with 15% v/v glycerol at T = 4 °C. As reported in the literature, 

immobilization was carried out under mild agitation to avoid denaturation of the enzyme [42]. 

An enzymatic load of q = 2 mgprot/gsupp in the immobilization solution was used. 

Samples of supernatants were taken in a time-course analysis to perform the activity assay and 

the quantification of the protein with the Bradford assay [43]. Simultaneously, activity tests were 

also carried out on the blank (solution of FDH in the same condition of the immobilization 

solution, but without support) to control the stability of the free enzyme in the conditions of 

immobilization. After 1 h, sodium borohydride (0.5 mg/mL) was added in order to stabilize and 

create a covalent bond between enzyme and support. To quantify the immobilization yield (IY), 

the concentration of protein in solution was measured, through the Bradford assay [43], at the 

beginning (Cprot,t0) and the end (Cprot,tf) of the process. Thus, IY is expressed in equation (2) 

[17]: 

 

 
𝐼𝑌 (%) =

𝐶𝑝𝑟𝑜𝑡,𝑡0
− 𝐶𝑝𝑟𝑜𝑡,𝑡𝑓

𝐶𝑝𝑟𝑜𝑡,𝑡0

· 100 
(2) 

 

The specific activity can be expressed as a percentage in the form of the retained activity (Ract) 

[44] by equation (3) as: 

 

 
𝑅𝑎𝑐𝑡 (%) =

𝐴𝑔 𝑠𝑢𝑝𝑝.

𝑞 ⋅ 𝐴𝐹𝐸,𝑡0

⋅ 100 =
𝐴𝑔 𝑠𝑢𝑝𝑝.

𝐶𝑎𝑐𝑡
· 100 

(3) 

 

where Ag. supp. is the specific activity of the immobilized enzyme, q is the enzymatic load 

provided, AFE,t0 is the specific activity of the free enzyme at the beginning of the immobilization. 

 

2.2.6 Thermal stability  

 

The free and the immobilized enzyme were incubated in a bath at T = 50 °C. The activity test 

was carried out at different times to see the decrease in activity over time. The residual activity 
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(A) is expressed as a percentage of starting activity (A0). A first-order deactivation model with 

no residual activity was used to describe the deactivation of the free and the immobilized 

enzyme [17], expressed in equation (4) as: 

 

 𝐴 = 𝐴0 ⋅ 𝑒−𝑘𝐷⋅𝑡 (4) 

 

where kD represents the deactivation constant (h-1) and t the time (h). It was, therefore, possible 

to obtain the half-life (𝑡1/2) and finally the stabilization factor (𝐹𝑆), expressed in the equation (5): 

 

 
𝐹𝑆 =

𝑡1
2

,𝑖𝑚𝑚.𝑒𝑛𝑧.

𝑡1
2

,𝑠𝑜𝑙.𝑒𝑛𝑧.

 
(5) 

 

2.2.7 Fluorescence labelling and microscopy 

 

Fluorescent labelling was performed to visualize the enzyme immobilized on the mesoporous 

silica sample MCF0.75. Operatively, 1 mg of MCF0.75 sample was dispersed in 1 mL of a 100 

mM sodium bicarbonate buffer solution (pH 9.5) at room temperature. A solution of 1 mg/ml 

fluorescein isothiocyanate (FITC, λexcitation=488 nm, λemission= 525nm) in dimethylsulfoxide 

(DMSO) was then added to obtain a molar ratio of 20:1 FITC-to- enzyme immobilized in the 

silica sample. The solution was then orbitally shaken at 300 rpm at r.t. for 1 hour. Reasonably, 

the isothiocyanate groups of FITC covalently bound the amine terminations present in the FDH 

enzymes. As a control experiment, 1 mg of MCF0.75 mesoporous silica without enzyme was 

also combined with the same amount of dye. In the end, both samples were washed three 

times, centrifuging the silica solution at 1000 rcf for 5 minutes in a benchtop centrifuge and 

redispersed in 1 mL of the sodium carbonate buffer. To successfully remove the unbound or 

only physically retained FITC from the silica, 1 mL of fresh bicarbonate solution was added to 

each sample after the last washing step and left overnight under orbital shaking at r.t.. 

Afterwards, both silica samples were centrifuged and washed twice as described above and 

finally dispersed in 1 mL of fresh buffer each. The samples were then analyzed through 

fluorescence microscopy. A 10-μl drop of each sample solution was deposited on a glass 

microscope slide, covered with a cover glass slip (0.17-mm thick; VWR) and analyzed with a 
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wide-field fluorescence-inverted microscope (Eclipse Ti-E, Nikon, Tokyo, Japan), equipped with 

a super bright wide-spectrum source (Shutter Lambda XL), a high-resolution camera (Zyla 4.2 

Plus, 4098 × 3264 pixels, Andor Technology, Belfast, UK) using an immersion oil 60× 

objective (Apo 1.40, Nikon). The NIS-Element software (NIS-Elements AR 4.5, Nikon) was used 

to acquire the picture. Images were acquired in the brightfield channel and in the green channel, 

modifying the protocol present in the literature [45].  

 

2.2.8 Variation of enzymatic activity with pH and temperature 

 

The dependence of the enzymatic activity on temperature and pH was evaluated by carrying 

out the activity test, as described in section 2.2.4. The tests were carried out changing the buffer 

pH and the incubation temperature. In particular, to evaluate the influence of temperature, the 

pH was kept fixed at 7.5, and the activity test was conducted at 30 °C, 40 °C, 50 °C, 60 °C. To 

evaluate the influence of pH, at a fixed temperature of 30 °C, the following buffers were used: 

a 0.1 M phosphate buffer at pH 6, 7, 7.5 and 8, and a 0.1 M carbonate buffer for the solution at 

pH 9 and 10. The values obtained were expressed as a percentage of the maximum value for 

each series of experiments.  

 

 

2.2.9 CO2 reduction 

 

The reaction was carried out at r.t. under shaking (300 rpm) in 30 mL of 0.1 M phosphate buffer 

at pH 7 in a sealed glass bottle, pre-saturated with CO2, in presence of NADH 10 mM and 1.0 

g of FDH/MCF0.75. The reaction conditions used are the same as those used in our previous 

work [22]. Formic acid was analyzed in a Shimadzu Prominence HPLC equipped with a 

refractive index detector using a Rezex ROA-Organic acid H+ (8%) column (300 mm × 7.8 mm). 

Samples were eluted with H2SO4 5 mM at a flow rate of 0.6 mL/min, and the column 

temperature was fixed at 50 °C. Formic acid (HPLC grade) was used to determine the retention 

time and to check the linear range of the measurements. 

 

2.2.10 Reusability of the immobilized FDH 
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Several closed batch reactions, carried out at 300 rpm, were performed as described in section 

2.2.10 to study the reuse of 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 2.2.4. Activity after each reaction was expressed as a 

percentage of the initial value.  

 

2.2.11 Statistical analysis 

 

Immobilization yields, specific activities, deactivation constants and half-life times were 

analyzed by one-way ANOVA (analysis of variance) with a Tukey's post hoc test (P ≤ 0.05). 

ANOVA was run after the assessment of its fundamental assumptions, namely the normality of 

distributions (Shapiro-Wilk test, p-value > 0.05) and the homogeneity of the variances of the 

residuals (Levene's test with P(>F) > 0.05). The statistical software R (version 4.0.3 - “Bunny-

Wunnies Freak Out”) was used for all statistical analysis. 

 

3. Results and discussions  

 

3.1 Characterization of supports 

 

3.1.1 X-ray Diffraction (XRD) and N2 physisorption at -196 °C 

 

Figure 2 shows the XRD spectrum of the SBA-15 sample at low 2θ angles. As a whole, the 

XRD pattern of the synthesized SBA-15 is in agreement with the literature [46–49]. 

Indeed, the SBA-15 exhibits the (100), (110) and (200) reflection peaks attributed to the typical 

hexagonal space group (p6mm) symmetry characteristic of mesoporous SBA-15 [32].  

Thanks to the regular structure of SBA-15 it is possible to evaluate interesting cell parameters: 

the inter-reticular distance (d0) the cell parameter (a0) and the wall thickness (δ) (scheme in 

Figure 2). Specifically, the d0 can be evaluated by equation (6): 

 

 
𝑑0 =

𝜆

2sin(𝜃)

 

 
(6) 
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where λ is the Kα1 of Cu XRD source (1.540598 Å) and θ is the half-angle of (100) peak position 

(0.955/2= 0.4775°). Thus, d0 is 9.2 nm. The a0 can be evaluated by equation (7): 

 

 
𝑎0 =

2𝑑0

√3

 

 
(7) 

 

The a0 is 10.7 nm. The wall thickness (δ) is evaluated by equation (8): 

 

 𝛿 = 𝑎0 −  𝐷𝐵𝐽𝐻
 
 (8) 

where DBJH (= 4 nm) is the pore diameter evaluated by the BJH-method (see Table 1). Thus, 

the wall thickness δ is 6.7. 

Conversely, the XRD patterns for the MCF-type supports do not exhibit any diffraction peaks 

because this material has not a long-range order structure (spectra not reported for the sake of 

brevity).  

In Table 1, the main textural properties derived from the N2 physisorption at -196 °C are 

reported. As a whole, SBA-15 exhibits the higher surface area (674 m2 g-1) in the set of the 

prepared materials (MCF0.5 = 573 m2 g-1, MCF0.75 = 600 m2 g-1). Moreover, the higher the 

mesitylene-to-P-123 ratio, the better the textural properties for the MCF, in agreement with 

previous studies [31,32,50]. 

Figure 3 shows the N2 sorption isotherms for the prepared materials. As a whole, they display 

type IV profiles typical of mesostructured materials [32,51–53].  

SBA-15 (curve a) shows H1 hysteresis loop, which is characteristic for this material [48,54]. 

The increase in the p/p0 range 0.4-0.6 is due to the capillarity condensation phenomenon in the 

mesoporous channels. Also, the presence of larger pores (about 4 nm) is in accordance with 

the shift at a higher relative pressure (p/p0 ~ 0.6) that corresponds to the N2 primary 

condensation in the mesopores [51,55]. 

Interestingly, the MCF supports (curves b and c) exhibit type H1 hysteresis loops shifted to 

higher relative pressures, thus indicating the presence of larger pores, known as “closed cells” 

(average diameter 20-25 nm), connected each other with small windows (about 14 nm) [46]. 

Moreover, the MCF0.75 hysteresis loop represents a higher area comparing with that for MCF0.5.  

Our previous studies indicated that the pore sizes of MCF0.5 and MCF0.75 evaluated by the BdB-

FHH method correspond to 20 and 25 nm, respectively [31,32]. 
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3.1.2 FESEM analysis 

 

The typical worm-like array of SBA-15-type material is shown in Figure 4a, along with its 

magnification. In the magnification, it is possible to observe the parallel channels peculiar of 

this material [31]. 

Moreover, the MCF supports exhibit the typical spongy-like structure with cavities (Figures 4b 

and 4c). In particular, when the mesitylene/P-123 ratio is higher (0.75), the cavities are larger 

(magnification in Figure 4c) than the ones obtained with the lower mesitylene/P-123 ratio 

(magnification in Figure 4b). These morphological features confirm the textural results achieved 

with N2 physisorption (Table 1) and are in fair agreement with previous studies [31,32,50].  

 

3.2 Characterization and testing of the free and immobilized formate dehydrogenase  

 

The specific activity of the commercial enzyme solution was 5.2 ± 0.1 IU/mgprot. The Bradford 

test was carried out to obtain the quantity of protein inside the commercial solution of FDH, 

which turned out to be equal to 25 mg/ml.  

It is possible to approximate the enzyme shape to a sphere in order to calculate an indicative 

size of the enzyme. The molecular weight of the enzyme (M) is equal to 74000 Da [56]. Using 

the equation (1), a diameter equal to D = 5.54 nm is obtained.  

 

3.2.1 Comparison between different support materials 

 

In the immobilization solution, all the supports were put in contact with an enzymatic load q = 2 

mgprot/gsupp. The duration of the immobilization process was the same for all tests, namely one 

hour. In this way, it was possible to compare the different supports, having different textural and 

structural properties. As a result, the immobilization yields varied significantly with the (average) 

pore size of the particles (Table 2). Using the SBA-15, (average pore diameter of about 4 nm) 

the immobilization yields were lower than in other cases since the enzyme has a diameter of 

about 6 nm. Indeed, it could only bind the support external surface, without diffusing inside the 

pores. With this support, the specific activity per mg of immobilized protein is higher than with 

MCF0.5. In fact, when the enzyme was immobilized only on the external surface of the channels, 
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it was less sensitive to limitations due to mass transfer. After exceeding the enzyme’s diameter 

(6 nm), IY decreases along with the increase of the mean pore diameter.  

The larger the pores, the higher the activity values as the reagents and the products can diffuse 

more easily inside and outside the pores, respectively. In particular, as reported in Table 2, the 

differences in activity (both per mg of enzyme and per g of support) are significant. Therefore, 

MCF0.75 was the support allowing higher enzyme activity. Considering that the FDH/MCF0.75 

showed the best specific activity values related to the immobilized enzyme, subsequent tests 

were carried out only with this support. The immobilization yield results with MCF0.5 and MCF0.75 

are in line with other ones reported in the literature, obtained with supports modified with glyoxyl 

groups. For example, immobilization yields ranging from 50 to 100% with glyoxyl agarose 

[40,42], from 50% to 76% with glyoxyl natural zeolite [22] and 75% with glyoxyl silica [30] are 

obtained.   

The retained activity, defined according to equation (3), was 14% for MCF0.75 and 10% for 

MCF0.5 are obtained. These values are comparable to those of other works where the 

expressed activity ranged from 5% to 90% and from 14% to 40% with FDH from Candida 

boidinii respectively immobilized on glyoxyl agarose [42] and glyoxyl natural zeolite [22]. 

Conversely, both the specific activity and the immobilization yield obtained with FDH/SBA-15 

are lower and probably attributable to the reduced size of the pores of this support, thus not 

suitable for the immobilization of the FDH enzyme. 

 

 

3.2.2 Fluorescence microscopy imaging of the enzyme immobilization 

 

In order to verify the enzyme presence on the immobilized silica support, a clear and unique 

proof can be provided by optical fluorescence microscopy, after labelling the enzyme with a 

fluorescent dye. For this experiment, only the mesoporous silica MCF0.75 showing the highest 

FDH specific activity was used, as reported in Table 2.  

As previously described in the Materials and Method section, the biocatalyst was combined 

with a green-emitting fluorescent dye, FITC, which should specifically bind the enzyme’s amino 

groups. Figure 5 exhibits FDH/MCF0.75 after FITC labelling; the sample shows a bright 

fluorescence emission in the green channel (Figure 5b) which colocalizes with the silica 

particles position in the brightfield (Figure 5a). The negative control, the same silica MCF0.75 
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without FDH enzyme, does not show any green fluorescence emission (Figures 5c and 5d). 

This observation confirms that the enzyme FDH is properly immobilized on the MCF0.75 support. 

 

3.2.3 Evaluation of the enzyme loading 

 

In the case of MCF0.75 support, the yield of the immobilization and the specific activity varied 

along with the enzymatic load supplied. Indeed, Figure 6a lends support to this thesis, showing 

that the yield of immobilization decreases while the amount of immobilized enzyme increases, 

with a constant immobilization time of 1 h. Although the specific activity per gram of the 

biocatalysts made with the different supports varies, the specific activity per mg of immobilized 

enzyme is approximately the same in the 5 cases analyzed (1.1 ± 0.1 IU/mgenz). The specific 

activity per gram of support increases along with the amount of immobilized protein, suggesting 

that the pore size is large enough to avoid mass transfer limitations related to the diffusion of 

NAD+/NADH cofactor (much larger molecules than CO2 and formic acid), as shown in the Figure 

6b. Also, the increase in immobilized protein does not affect this aspect. Previous studies 

reported that the activity decreased as the quantity of immobilized enzyme increased using 

FDH on natural zeolite (Dp = 13 nm) [22]. In that case, the pore size was probably too narrow, 

resulting in mass transfer problems due to higher amounts of immobilized protein blocking the 

cofactor’s passage. A major advantage of the synthesis process of this type of mesoporous 

silica is the possibility to tune the pore size according to the type of enzyme to be immobilized. 

 

3.2.4 Thermal stability 

  

The stability test was carried out only on MCF0.75 with an enzymatic load of q = 2 mgprot/gsupp. 

The residual activity (A) of free and immobilized enzyme varied as a function of time, at a 

temperature of 50 °C (Figure 7). After 24 h of incubation, the free enzyme and immobilized 

enzyme showed a residual activity of 35% and 75%, respectively. Table 3 reports that the 

differences between the deactivation constants and the half-life are significantly different. 

Hence, the obtained stabilization factor (around 3.7) is comparable with those present in the 

literature. For instance, Binay and colleagues [10] got a FS of 3.6 for FDH from Candida 

methylica immobilized on Immobead 150 functionalized with aldehyde groups, while Yildirim 

and co-workers [18] obtained a FS of 5.3 with FDH from Candida boidinii adsorbed 
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montmorillonite K 10. Covalent immobilization with glyoxyl groups allows achieving very high 

FS values, reaching up to 150 in the case of FDH on glyoxyl agarose studied by Bolivar and 

colleagues [42]. To increase the stability factor and obtain a more stable biocatalyst, the 

immobilization time could be optimized as observed by Mateo and co-workers with penicillin G 

acylase [57]. 

 

3.2.5 Effect of pH and temperature on FDH activity 

 

The tests to assess the optimal pH and temperature were carried out on free and immobilized 

FDH on MCF0.75. Figure 8a shows a slight decrease in the optimal pH of FDH/MCF0.75, from 7.5 

(for the free enzyme) to 7. Figure 8b displays no change in the optimum temperature. This 

observation probably indicates that the conformation of the immobilized enzyme has not 

changed. However, it should be noted that both the temperature and the pH change in the 

activity of the immobilized enzyme is less marked than that of the free enzyme, confirming that 

immobilization makes the enzyme more stable under conditions different from the optimal one.  

 

3.2.6 Reaction of CO2 reduction and reusability of FDH/MCF0.75 

 

The CO2 reduction reaction was carried out with 1.0 g of FDH/MCF0.75 in a sealed glass bottle 

with [NADH]=10mM in a 0.1 M phosphate buffer and pre-saturated with CO2. A pH of 7 was 

used to avoid deactivation of the NADH cofactor, in particular to avoid oxidation at more basic 

pH and rapid destruction at more acidic pH [58]. The reaction was carried out at room 

temperature and atmospheric pressure because higher temperatures have the drawback of 

reducing the CO2 concentration substantially in aqueous media [59]. The duration was set at 2 

h. A concentration of formic acid of 0.08±0.02 mM was obtained, which is very low and it should 

correspond to a conversion of 0.8% referred to the initial NADH. A similar result was obtained 

by Alagoz and colleagues using sodium bicarbonate instead of CO2 for the reduction reaction 

[30]. Since the reduction reaction is reversible, the formic acid produced is likely converted back 

into CO2. The system should be studied more in detail to increase formic acid production and 

achieve a conversion comparable to free FDH, which is about 30% higher [60].  

The results on the reusability of immobilized FDH are shown in Figure 9. After 5 reaction cycles, 

the residual activity is greater than 70%, which is a value similar to those found in the literature. 
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Barin and co-workers demonstrated that FDH from Candida boidinii immobilized on modified 

EPSNF retained a residual activity of about 60% after 5 reaction cycles [13]. Furthermore, Binay 

and colleagues reported that FDH from Candida methylica immobilized on modified Immobead 

150 kept a residual activity of about 70% after 5 reaction cycles [10].  

 

4. Conclusions 

 

FDH from Candida boidinii was covalently immobilized on synthesized mesoporous silica using 

glyoxyl groups for the first time. Three different types of mesoporous silicas (SBA-15, MCF0.5 

and MCF0.75) were synthesized and used to immobilize the FDH enzyme. The different supports 

were characterized by FESEM, XRD and N2 physisorption at -196 °C. In order to bind covalently 

the enzyme to the different mesoporous silicas, functionalization with glyoxyl groups was 

performed on the three supports. The immobilized enzyme on the three different supports was 

characterized in terms of immobilization yield and specific activity. The highest specific activity 

(1.05 UI gsupp.
-1) was achieved with the FDH/MCF0.75, with an immobilization yield of 52.2%. 

The enzyme immobilization was also verified by optical fluorescence microscopy after the 

effective dye fluorescence labelling of the enzyme. The yield of immobilization obtained was 

not very high and most likely by increasing the immobilization times by a few hours it can be 

boosted up to 100%. However, longer times at the immobilization pH (10.05) could inactivate 

the enzyme. Thus, another strategy to increase the immobilization yield may be the use of 

heterofunctional supports, such as amino-glyoxyl silicas. In this form, the enzyme is first 

immobilized by ionic interactions, which occurs at neutral pH, and then the covalent bond is 

formed in a short-time reaction at basic pH. Using MCF0.75 as support, the immobilization yield 

and the specific activity vary as the enzymatic load varies. The thermal stability at 50 °C was 

evaluated and, with FDH/MCF0.75, an FS=4 was reached. Finally, the residual activity of 70% 

was achieved after 5 cycles of reuse.  

The studied biocatalyst turned out to be really promising since it can be used for CO2 reduction 

to produce high value-added molecules such as formic acid or, in enzyme-catalyzed cascade 

reactions, methanol. However, future work should include a smart optimization of the system 

since it needs further improvement to be exploited in industrial applications. Furthermore, this 

immobilization technique and the synthesized MCF supports are versatile, and the pore 

diameter could be finely tuned to immobilize even different enzymes.  
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Table 1 Textural properties of the prepared materials derived from the N2 physisorption at -196 

°C. 

 

Sample SBET (m2 g-1)a Vp (cm3 g-1)b Vmicro (cm3 g-1)c Dp (nm) 

 SBA-15 674 0.71 4.34·10-2 4 d 

MCF0.5 573 0.91 3.93·10-2 20 e 

MCF0.75 600 1.40 4.43·10-2 25 e 

 

a Surface area derived by the BET method. 
b Pore volume evaluated by the BJH method, during the desorption phase. 
c Micropore volume. 
d Average pore diameter evaluated by the BJH method, during the desorption phase. 
e Cell diameter determined from adsorption branches of the N2 isotherms (BdB–FHH method). 
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Table 2 - Specific activities and immobilization yields for the FDH over different supports. 

Different letters (x,y and z) indicate significant differences (P < 0.05, Tukey HSD) in IY and 

specific activities of immobilized FDH between different supports. 

Sample Dp(nm)a 

Ag supp. 

(µmol min-1 

gsupp. 
-1)b 

Amg imm.prot. 

(µmol min-1 

mgimm.prot.
-1)c 

IY (%) 

FDH/SBA-15 4 0.37 ± 0.05 z 0.63 ± 0.02 y 29.3 ± 4.3 z 

FDH/MCF0.5 20 0.75 ± 0.06 y 0.54 ± 0.01 z 69.4 ± 6.1 x 

FDH/MCF0.75 25 1.05 ± 0.05 x 1.01 ± 0.02 x 52.2 ± 3.6 y 

 

a Average pore diameter evaluated by the BJH method, during the desorption phase. 
b Specific activity of FDH reffered to g of support. 
c Specific activity of FDH reffered to mg of immobilized enzyme. 
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Table 3 Deactivation constant (kD), half-life (t1/2) and stabilization factor (Fs) obtained from the 

first-order deactivation model with no residual activity. Different letters (x,y) indicate significant 

differences (P < 0.05, Tukey HSD) in kD and t1/2 between free and immobilized enzyme. 

 

Sample 𝒌𝑫 (h-1) 𝒕𝟏/𝟐 (h) 𝑭𝑺 𝑹𝟐 

Free FDH 0.052 ± 0.006 x 13.6 ± 1.6 y - 0.99 

FDH/MCF0.75 0.014 ± 0.002 y 50.2.0 ± 5.91 x 3.69 0.93 
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Figure 1. Conversion of CO2 to methanol using three enzymes in cascade 

Figure 2. XRD pattern of the SBA-15-type support. 

Figure 3. N2 sorption isotherms for SBA-15 (a), MCF0.5 (b) and MCF0.75 (c) materials. 

Figure 4. FESEM images of the supports: A) SBA-15, B) MCF0.5 and C) MCF0.75. 

Figure 5. Optical fluorescence microscopy images of the FITC-labelled (a-b) FDH/MCF0.75 

sample and (c-d) MCF0.75. Images (a) and (c) are in brightfiels, showing the silica particles on 

the glass slides, while images (b) and (d) depicts the green channel, showing the fluorescence 

emitted by the FITC dye. 

Figure 6. a) Immobilization yield (IY) as a function of mg of enzyme offered (qoff). b) Specific 

activity (A) as a function of effective mg of enzyme loaded (qeff).  

Figure 7. Residual activity of free and immobilized enzyme incubated at 50°C. 

Figure 8. Optimum pH (a) and T (b) for FDH immobilized on MCF0.75 and free FDH. 

Figure 9. Reusability test of FDH/MCF0.75 
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