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Scalability, process control, and modularity are some of the advantages that make flow 

biocatalysis a key enabling technology for green and sustainable chemistry. In this 

context, rigid porous solid membranes hold the promise to expand the toolbox of flow-

biocatalysis due to their chemical stability and inertness. Yttrium-stabilized zirconia 

(YSZ) fulfills these properties, however, it has been scarcely exploited as a carrier for 

enzymes. Here, we discovered an unprecedented interaction between YSZ materials and 

His-tagged enzymes that enables the fabrication of multi-functional biocatalytic 

membranes for bioredox cascades. X-photon electron spectroscopy suggests that enzyme 

immobilization is driven by coordination interactions between the imidazole groups of 

His-tags and both Zr and Y atoms. As model enzymes, we co-immobilized in-flow a 

thermophilic hydroxybutyryl-CoA dehydrogenase (TtHBDH-His) and a formate 

dehydrogenase (His-CbFDH) for the continuous asymmetric reduction of ethyl 

acetoacetate with in situ redox cofactor recycling. Fluorescence confocal microcopy 

deciphered the spatial organization of the two co-immobilized enzymes, pointing out the 

importance of the co-immobilization sequence. Finally, the co-immobilized system 

succeeded in situ recycling the redox cofactor maintaining the specific productivity using 

only 0.05 mM NADH and accumulating a total enzyme turnover number of 4000 in 24 

h. This work presents YSZ materials as ready-to-use carriers for the site-directed enzyme 

in-flow immobilization and the application of the resulting heterogeneous biocatalysts for 

continuous biomanufacturing. 

 

Keywords:   Flow biocatalysis, protein immobilization, inorganic membranes, YSZ, 

multi-enzyme system 
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INTRODUCTION 

 

In the last decade, biocatalysis and flow chemistry has met to intensify a myriad 

of synthetic processes from bulk synthesis to fine chemistry.1-3 Enzymatic reactions in 

flow, or what is more recently dubbed as flow-biocatalysis, emerge as an alternative to 

traditional batch processes to further intensify biotransformations, boosting their reaction 

productivity and favoring their scale-up and work-up.4 For all these reasons, flow 

biocatalysis has become a reference in green and sustainable chemistry.2, 3, 5 The vast 

majority of enzymatic reactions in flow involve immobilized biocatalysts as they are 

easily integrated into a diversity of plug-flow reactor designs and effortlessly replaced 

once the enzymes are inactive upon their operational use. The successful completion of 

this transition requires parallel breakthroughs in diverse fields from biocatalyst 

development to reactor design. Here, material sciences have enormously contributed to 

the advance of flow-biocatalysis through synthesizing new solid carriers and surfaces that 

immobilize enzymes with high activity and stability retention. To that end, material 

architecture and surface functionality have been engineered to optimize the interfaces 

between the enzyme and the carrier, and between the biocatalytic material and the reactor 

configuration.6  

Although macroporous membranes have been mainly exploited for 

chromatographic bioseparation and proteomics,7 flow-biocatalysis has also harnessed 

these architectures as an alternative to packed-bed reactors (PBRs). This is mainly 

because membranes present a suitable porosity to immobilize enzymes and operate them 

through convective flow dynamics that allow an efficient mass transfer.8 In particular, 

inorganic membranes formed by solid oxides or carbides exhibit excellent thermal, 

chemical, and mechanical endurance in long operational runs.9 For enzyme 

immobilization purposes, the most studied inorganic materials are alumina, silica, titania 

and to a lesser extent yttria-stabilized zirconia (YSZ)10-12. In particular, YSZ delivers one 

of the highest toughness found in solid oxide materials due to its inherent martensitic 

transformation toughening which makes it highly resistant to crack propagation.13, 14 In 

fact, this material has been denoted as “ceramic steel”. YSZ’s mechanical stability in 

combination with its high chemical resistivity, wear resistance, tailored hierarchical 

porosity, and biocompatibility make it an excellent material as a carrier for enzyme 

immobilization.  However, direct immobilization of enzymes on the surface of these 

inorganic membranes is often challenging due to their inert nature. Consequently, the 
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physical adsorption of enzymes on the surface of plain inorganic membranes often result 

in heterogeneous biocatalysts with low enzyme loads for practical purposes.15  Hence, 

upon conformation and sintering, most inorganic membranes need to be functionalized 

with organic molecules to efficiently immobilize enzymes. A vast chemical diversity is 

available for activating inorganic materials, however, the use of 3-

aminopropyltriethoxysilane (APTES) and glutaraldehyde dominate functionalization 

strategies over using other reactive groups such epoxides or alkenes.11 These 

immobilization chemistries immobilize proteins randomly, controlling poorly their 

orientation unless the protein surface is engineered.16-18 To advance in site-selective 

immobilization of enzymes across the porous inorganic membrane surfaces, these 

materials can be functionalized with metal chelates (i.e., Ni-NTA) that selectively 

immobilize His-tagged enzymes through affinity interactions.19 Unfortunately, the 

functionalization of inorganic membranes with organic reactive groups is precluded 

during the fabrication process (high-temperature sintering conditions), and thus post-

manufacturing functionalization is required. However, membrane functionalization upon 

manufacturing does not assure uniform coverage of the reactive groups across the 

membrane surface. 

As an alternative to membrane functionalization with organic elements, inorganic 

reactive elements can be in situ added during the membrane manufacturing to further 

enable the enzyme anchoring.20 Precipitated metal hydroxides have been sintered with 

solid oxides to form composites able to immobilize enzymes yet in a random manner.21, 

22 Inorganic membranes have also been functionalized with metal oxide nanoparticles 

during their fabrication process. This latter strategy has been exploited for supporting 

inorganic nanocatalysts,23 but rarely intended for site-selective enzyme immobilization,24 

despite some nanoparticles (i.e., Nickel Oxide (NiO) nanoparticles) have shown a high 

affinity towards His-tagged proteins.24, 25  

In this work, we report the preparation of naked YSZ porous membranes and their 

further functionalization with NiO nanoparticles (NiOnp). The sintered disk-shaped YSZ 

membranes were evaluated for the site-selective co-immobilization of His-tagged 

industrially relevant enzymes. Beyond the glucose oxidase/peroxidase system 

exhaustively used in material engineering for glucose detection,26 we select the NADH-

dependent and His-tagged 3-hydroxybutyryl-CoA dehydrogenase from Thermus 

thermophilus HB27 (TtHBDH-His) and a formate dehydrogenase from Candida boidinii 

(His-CbFDH) as a bi-enzyme model system (Figure 1).27, 28 We found that these two His-
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tagged enzymes were selectively immobilized on naked YSZ membranes without 

requiring the surface activation with NiO nanoparticles. Finally, we studied the effect of 

flow rate and cofactor concentration on the overall specific productivity of the co-

immobilized multi-enzyme system for the continuous asymmetric reduction of -

ketoesters with in situ NADH recycling.27  

 

 

Figure 1: Scheme of the flow reactor set up for the continuous asymmetric reduction of 

-ketoesters with in-situ cofactor recycling catalyzed by the TtHBDH-His and His-

CbFDH co-immobilized on YSZ membranes.  

 

 

RESULTS AND DISCUSSION 

 

YSZ based membrane fabrication and characterization 

 

Figure 2 shows the SEM backscattered images that illustrate the main steps of the 

synthesis of the YSZ based membranes herein fabricated according to a protocol 

described elsewhere.29 

 

 

Figure 2. SEM micrographs and schematic representation of YSZ based membrane 

microstructure evolution through its preparation. The black holes within SEM images 

correspond to the microstructural porosity. (a) SEM micrograph of sintered YSZ-NiO 

composite. (b) naked YSZ membrane after acid leaching of Ni phase (c) SEM micrograph 

after the 4 infiltration cycles of naked YSZ membrane with NiO nanoparticles followed 
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by a thermal treatment. The inlets in the bottom left corner of all SEM micrographs depict 

the fabrication process where YSZ, NiO, and porous phases appear as light gray, white, 

and black respectively.  

 

First, we sintered YSZ–NiO composites (Figure 2a) which present evenly 

distributed YSZ and NiO phases with relatively low structural porosity (15%) as detected 

by mercury intrusion porosimetry (Figure S1). After NiO reduction and leaching of Ni 

metallic phase, highly porous YSZ membranes were achieved (Figure 2b). Complete 

elimination of the Ni phase resulted in naked YSZ membranes with 60% porosity and the 

presence of macropores (> 0.5 µm) (Table 1, Figure S1). Despite such relatively high 

porosity, the manipulation of ~300 µm thin naked YSZ membranes was possible due to 

their high structural robustness and interconnectivity of the YSZ phase. The naked YSZ 

membranes were then functionalized with nickel oxide nanoparticles (NiOnp) of 5-7 nm 

through step-wise vacuum infiltration and thermal treatment. We performed up to 4 

consecutive infiltration cycles to increase YSZ functionality with NiO (Figure 2c). As 

expected, high magnification SEM images showed the presence of NiO nanoparticles at 

the walls of the YSZ porous scaffolds (Figure S2). EDX analysis of YSZ membranes 

confirmed the co-localization of Zr, Y, and Ni atom (Figure S3). 

Initial observation through SEM images (Figure 2c) show that the macropores 

range of YSZ based membranes appeared almost unaltered even after 4 infiltration cycles. 

Nevertheless, the specific surface area, the overall porosity, and pore size distribution are 

slightly modified upon the consecutive infiltration cycles (see Table 1 and Figure S1). 

Surface area values were doubled after the first infiltration cycle as expected, and then it 

was slightly reduced with consecutive infiltration cycles mainly due to the microstructural 

porosity/void filling effect. Hence, a highly porous and permeable network of YSZ 

membranes (either naked or NiOnp functionalized) with porosity values above 50% were 

achieved. Depending on the number of infiltration cycles, we named the resulting YSZ 

membranes as YSZ-NiOnp x1, YSZ-NiOnp x2, and YSZ-NiOnp x4 for one, two, and 

four cycles, respectively.  

 

In-flow immobilization of His-tagged enzymes on YSZ based membrane reactors 

 

We evaluated different YSZ materials (naked YSZ and YSZ-NiOnp x1-4) as 

supports for the immobilization of a thermophilic NADH dependent hydroxybutyryl-CoA 

dehydrogenase tagged with a poly-His at its C-terminus (TtHBDH-His). This enzyme has 
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been proven to be very efficient for the asymmetric reduction of β-ketoesters27 to yield 

the corresponding enantiopure (S)-β-hydroxy esters. For all YSZ materials, we prepared 

membrane reactors with a circular shape of 20 mm diameter and 0,3 mm thickness into a 

polycarbonate filter holder. Next, we flushed 1 mg of TtHBDH-His through the 

membrane reactor. First, we determined the enzyme load upon the in-flow immobilization 

through measuring the enzyme concentration in the outlet of the flow reactor and then 

calculating the mass balance regarding the inlet enzyme concentration (Table 1). 

 

Table 1. Enzyme load and activities with different YSZ supports.  

       YSZ 
YSZ- 

NiOnp x1 
YSZ-

NiOnp x2 
YSZ- 

NiOnp x4 

Membrane  weight (g) 0.20 0.28 0.31 0.38 

Specific area  (m
2 x g

-1
)

 
 2.02 4.20 3.73 3.39 

Porosity (%)  60 57 56 51 

Load per 

weight 
(a)

 
(mg × g

-1
) 4.10 0.79 0.71 0.68 

Load per surface (mg × m
-2

) 2.031 0.190 0.191 0.201 

Specific 

immobilized  

activity 
(b) 

 

(U × mg 
-1

) 
0.095 ± 

0.007 

0.111 ±  

0.021 

0.098 ± 

0.012 

0.031 ± 

 0.004 

Relative 

recovered activity 
(c) 

 

(%) 67 ± 1 80 ± 12 71 ± 15 23 ± 9 

Surface activity  (U × m
-2

)  0.190 0.020 0.019 0.006 

(a): 1 mL of 1mg × mL-1 enzyme solution was flushed through the membrane (inlet concentration) 

(b): Activity experiments were carried out with membranes in which 0.1mg TtHBDH-His was 

immobilized. The reaction flow rate was 0.2 mL × min-1 (c): Relative recovered activity = 

(Recovered specific activity of immobilized enzyme / Specific activity of soluble enzyme).  The 

activity of soluble enzyme: 0.14 U × mg-1.  

 

When we assessed the immobilization of TtHBDH-His on naked YSZ 

membranes, we found that such material loaded 4 and 10 times more protein per mass 

and surface of the material, respectively than those infiltrated with NiO nanoparticles 

(Table 1). Despite lacking the nickel atoms that favor the enzyme immobilization through 

the His-tag and exhibiting a smaller specific area, the YSZ scaffold is also able to load a 

larger amount of protein per surface than YSZ-NiOnp x1-4 membranes. Furthermore, the 

high protein load exhibited by naked YSZ breaks the trend that a higher surface area loads 

more protein per mass of material. This result indicates that the infiltration of NiO 

nanoparticles provides the material with a larger specific surface area which might be 
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ineffective for the enzyme immobilization. We suggest that the newly created pores 

within mesoporous range (< 100 nm) by the nanometric NiO phase are too small to be 

colonized by large macromolecules like TtHBDH-His (Mw:192 kDa) (see Figure S1).  

Therefore, the extra surface created by the nanoparticle infiltration seems to be inefficient 

and underutilized for the immobilization of relatively large enzymes. 

Besides the protein loading, we also analyzed the activity of TtHBDH-His 

immobilized on the different membranes loaded with 0.1 mg of enzyme.  To that aim, we 

determined the conversion of NADH by measuring spectrophotometrically the remaining 

concentration of NADH at the outlet of the flow-reactor operated at 0.2 mL × min-1.  In 

the continuous activity assay of TtHBDH-His immobilized on YSZ-NiOnp (x1, x2, x4) 

membranes, we found an inverse correlation between the amount of infiltrated 

nanoparticles and the recovered specific activity. This drop was dramatic for YSZ-NiOnp 

x4 where the recovered specific activity of TtHBDH-His was only 23% of that measured 

for the soluble enzyme (Table 1), resulting in an immobilized biocatalyst with the lowest 

surface activity (0.006 U × m-2) of those herein tested. This data suggests that the high 

density of NiO nanoparticles may establish surface-enzyme contacts that drive 

detrimental structural rearrangements on the enzyme functionality. 30 

When a naked YSZ membrane was used as the carrier, the immobilized TtHBDH-

His exhibited 67% of the free enzyme specific activity but presented the highest surface 

activity (0.190 U × m-2) herein reported. Hence, the naked YSZ membrane loads up to 10 

times more protein and exhibits 10-fold highest surface activity than the YSZ scaffolds 

functionalized with NiOnp.  All in all, these results suggest that the YSZ surface plays a 

major role in binding His-tagged enzymes. When YSZ dominates the immobilization 

process over the NiO nanoparticles, both enzyme loading and recovered activity increase. 

As the immobilization mechanism of TtHBDH-His on naked YSZ remains unknown but 

this immobilization protocol shows excellent results, we further investigate the 

immobilization process and optimize the continuous biocatalytic reaction using naked 

YSZ. 

Understanding the immobilization chemistry of His-tagged enzymes on naked YSZ 

membranes 

 

Intrigued by the unexpected immobilization of TtHBDH-His on naked YSZ 

membranes, we interrogated which protein residues drive the immobilization.  First, we 

analyzed the role of the His-tag in the immobilization chemistry. To that end, we 

constructed an untagged variant of TtHBDH and tested its immobilization on naked YSZ 
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under the same conditions used for TtHBDH-His.  Table 2 shows the protein loadings of 

both His-tagged and untagged enzymes immobilized under different conditions.  In the 

absence of His-tag, the protein load was only 15% of the offered enzyme compared to the 

82% achieved with its His-tagged counterpart. This insight points out the main role of 

His-tag during the immobilization process although the interaction of such polypeptide 

with the YSZ surface remains elusive. Proteins are known to be immobilized on YSZ 

surface through electrostatic interactions,31 but His-tag driven immobilization has never 

been reported on this type of materials to the best of our knowledge.   

 

Table 2.  Enzyme immobilization of non-tagged and His-tagged enzyme on YSZ  

  TtHBDH  TtHBDH-His 

  (Buffer) (Buffer) (1M NaCl) (1M Imidazole) 

Max. Load 
(a)

 
(mg enzyme × 

membrane
-1

) 
0.15 0.82 0.43 0.05 

Load per 

weight 
(b)

 
(mg enzyme × g

-1
) 0.75 4.1 2.1 0.25 

Load per 

surface 
(c)

 
(mg enzyme × m

-2
) 0.37 2.03 1.06 0.12 

(a) Maximum load offering 1 mg of enzyme per membrane (b) YSZ membrane weight: 0.2 g 

(c) Specific area of YSZ: 2.02 m
2
 × g

-1
 

 

To decipher the nature of the interactions that drive the protein immobilization on 

YSZ, we immobilized in-flow TtHBDH-His on YSZ disks in presence of 1M NaCl to 

avoid electrostatic interactions (1M NaCl), and with 1 M imidazole to preclude the 

histidine coordination chemistry with Y and Zr atoms at the membrane surface (Table 2). 

The samples collected from the outlet of the reactor were analyzed by Bradford assay. 

We observed that the high ionic strength reduced the immobilization yield to 50%, 

whereas the immobilization was almost abolished (6% immobilization yield) in presence 

of imidazole. Furthermore, the proteins bound to those membranes were desorbed 

through flushing with 1M NaCl and 1M imidazole. The eluted protein fractions recovered 

from the reactor outlet were analyzed by SDS-PAGE (Figure S4), confirming the results 

obtained with the Bradford assay (Table 2).  This set of experiments demonstrates that 

the untagged enzyme was only eluted with high salt concentration, while the His-tagged 

enzyme was fully released with 1M imidazole (Figure S4a-b). In those materials where 

electrostatic interactions were avoided during the immobilization process, proteins were 
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only eluted with imidazole (Figure S4c-d). These data reveal that the immobilization 

chemistry of His-tagged enzymes on naked YSZ involves a complex mechanism 

dominated by the metal-coordination between His-tag and the YSZ surface but also 

favored by electrostatic interactions between the protein surface and the YSZ scaffold. 

Remarkably, when we incubated naked YSZ with a crude extract containing TtHBDH-

His, we demonstrated that the His-tagged enzyme was preferentially bound to this 

material, allowing the protein purification upon imidazole elution (Figure S5). Hence, 

YSZ materials enable the one-step purification/immobilization of His-tagged enzymes 

similarly to the previously described controlled porosity glass (CPG) particles 

functionalized with cobalt (II) complexes. 32 

Once we evidenced the key role of His-tag for the protein immobilization on 

naked YSZ materials, we further characterized the enzyme-YSZ interactions through X-

ray photoelectron spectroscopy analysis (XPS) to understand the contribution of Yttrium 

and Zirconium to the enzyme binding.33  To gain resolution in the XPS measurements, 

we performed the immobilization of untagged TtHBDH and TtHBDH-His on non-porous 

YSZ surfaces. XPS spectra, allowed us to determine the relative chemical composition of 

the samples (Table S1). A larger percentage of carbon and the detection of nitrogen 

confirm the presence of proteins on the surface of YSZ. Moreover, the atomic ratio 

(Zr+Y)/N was 3 times smaller for the His-tagged enzyme than for its untagged 

counterpart (Table S2), supporting the essential role of the His-tag in the immobilization 

mechanism.  Figure 3 illustrates the changes in N 1s, Zr 3d, and Y 3d regions of XPS 

spectra when TtHBDH-His is bound to naked YSZ (YSZ@TtHBDH-His) compared to 

YSZ just incubated with the immobilization buffer (25 mM sodium phosphate, pH 7). 

The analysis of N1s signal (Figure 3a and Figure S6) and the relative peak fitting confirms 

the presence of organic nitrogen species (-N=; -N-; NH+) corresponding to protein amino 

acids, including histidines. 34-36 
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Figure 3: X-ray photoelectron spectra of non-porous YSZ (black) and YSZ@TtHBDH-

His (red) surfaces. (a): Nitrogen 1s spectra, (b) Zirconium 3d spectrum and (c) Yttrium 

3d spectrum. The inlet of B and C correspond to the black dashed squares to better 

visualize the peak shift of Zr and Y when the enzyme is immobilized.   

 

In both YSZ and YSZ@TtHBDH-His, we detected two peaks 3d5/2 and 3d3/2  at 

184.8 and 182.4 eV corresponding to the signals of Zr 3d orbitals (Figure 3b and Figure 

S7).34, 36 Likewise, the signal of Y 3d orbitals appeared as two peaks at 159.4 eV (Y 3d5/2) 

and 157.2 eV (Y 3d3/2) (Figure 3c and Figure S8).  Zr and Y 3d signals are associated 

with Zr4+ and Y3+ states respectively, which are linked to its corresponding oxides (Figure 

S9).37 Remarkably, the Zr and Y 3d peaks of the YSZ@TtHBDH-His sample are slightly 

shifted towards lower binding energies (Figure 3b-c), indicating significant changes in 

the chemical environment of Zr and Y when the protein is bound to YSZ.  Jeon et al. 

reported a similar shift in Mo 3d orbital of Molybdophosphoric acid when bound to 

imidazole.38 Hence, we suggest that the imidazole rings of the Histidine-tag can 

coordinate both Y and Zr displayed at the surface of the YSZ, enabling the enzyme 

immobilization. Both the presence of nitrogen and the shifts of Zr and Y were also 

observed in the XPS spectra of YSZ@TtHBDH-His using the porous materials that will 

be implemented as heterogeneous biocatalysts for further process developments.  

The XPS together with the mass balance of the immobilization process using both 

tagged and untagged enzymes demonstrate that the His-tag drives the enzyme 

immobilization on YSZ without requiring other directing groups such as nickel oxides as 

occurs with other porous materials such as cellulose25 or silica39.  As far as we know, this 

is the first evidence of the direct and selective immobilization of His-tagged enzymes on 

non-functionalized YSZ porous materials.  

 

Co-immobilization and spatial distribution of His-tagged enzymes on naked YSZ  

 

Once we proved the site-directed immobilization of TtHBDH-His on naked YSZ 

and the excellent functional properties of such immobilized system for the asymmetric 

reduction of ethyl acetoacetate (EAA), we expanded this method to other His-tagged 

proteins. Formate dehydrogenase from Candida bodiini tagged with a His-tag in its N-

terminus (His-CbFDH) was immobilized on YSZ membranes as a redox partner for 

TtHBDH-His, achieving a 100% immobilization yield with a loading of 0.5 mgHisFDH x 

gYSZ
-1. Furthermore, we first immobilized TtHBDH-His labeled with FITC (Fluorescein 

isothiocyanate) followed by the immobilization of His-CbFDH labelled with Rhodamine 
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B (RhB) on the same naked YSZ membrane and studied their enzyme spatial organization 

through confocal laser scanning microscopy (CLSM). The resulting images were 

analyzed to provide both qualitative and quantitative data about the enzyme co-

localization on the YSZ scaffold. CLSM images show that both enzymes are distributed 

over the entire surface (Figure 4a-c). Although the Manders coefficient (Table S3) 

revealed that 95% of TtHBDH-His co-localizes with His-CbFDH in the analyzed region, 

 

Figure 4: Confocal laser scanning microscopy images of the distribution of co-

immobilized fluorophore-labeled enzymes on YSZ. (a) YSZ fragment overview where 

the region (white square) of imaging of panels (b) and (c) is depicted. (b) TtHBDH-His 

labeled with Fluorescein isothiocyanate (FITC, green channel) immobilized on YSZ. (c) 

His-CbFDH la with Rhodamine B (RhB, red channel) and co-immobilized on the same 

YSZ fragment. (d) Ortho-representation of CLSM z-stack images from YSZ with 

immobilized TtHBDH-His(FITC) and His- CbFDH(RhB) (merged channel). 

 

the spatial correlation of signal intensity is very low and non-uniformly distributed across 

the YSZ surface (Figure S10).  The lack of correlation between the signal of both enzymes 

points out that both enzymes follow different organization patterns across the YSZ 

surface. While TtHBDH-His(FITC) mainly localizes in small clusters with high density 

spotted through the surface, His-CbFDH(RhB) is less densely and more uniformly 

distributed across the surface. This different spatial distribution is supported by the low 

Pearson coefficient (0.281) (Table S3).  

To further investigate the position of both enzymes across the 3D structure of the 

YSZ membrane, we performed a Z-stack of the sample through digitally reconstructing 

confocal planes at different heights of the sample (Figure 4d and Video S1). Figure 4d 

unveils that the first immobilized enzyme, TtHBDH-His(FITC) colonized the most 

TtHBDH-His(FITC)

(a)

His-CbFDH(RhB)(c)

(d)

XY

XZ

YZ

Flow 

Flow 

(b) MERGED

MERGED
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proximal regions to the inlet of the flow reactor and the pores with preferential fluid paths 

(larger pore size).  On the contrary, the second enzyme (Rhodamine B labellabeled His-

CbFDH) colonized the deeper and the inner regions of the YSZ membrane as the most 

accessible surface is already occupied by the first enzyme. The sequential immobilization 

of the two enzymes in flow explains this pattern, where the flow direction and the material 

design determine the final spatial organization of the heterogeneous biocatalyst. Although 

non investigated in this work, the immobilization kinetics also can control the enzyme 

spatial distribution across the surface as demonstrated for the batch immobilization of 

many proteins and enzymes.40, 41 Likewise, our group previously showed that the 

immobilization kinetics can also be controlled by tunning the flow rate. In these studies, 

we demonstrated that flow rate is also another fundamental parameter to control the 

protein spatial distribution across the volume of a reactor bed formed by packed porous 

agarose microbeads.42 Therefore, tunning the immobilization conditions in flow (flow 

rate and direction) emerges as an alternative to some lithographies for controlling the 

microscopic spatial distribution of immobilized multi-enzyme systems across flow 

reactors.42, 43 Besides the immobilization sequence and flow rates, the spatial distribution 

of enzymes across porous carriers can also be tailored using  tailoring of materials 

physicochemical   

 

Continuous operational performance of dehydrogenases co-immobilized on naked 

YSZ 

Before testing the orthogonal cooperation of His-CbFDH and TtHBDH-His co-

immobilized on YSZ for bioredox cascades, we optimized the flow rate for each enzyme.  

YSZ membranes were loaded with 0.1 mg of each enzyme and operated at different flow 

rates 0.01 - 0.2 mL × min-1 to determine the operational limits and the optimal conditions 

for both enzymes. The range of residence time (τ) for the tested flow rates was 10-0.5 

min. Figures 5a-b show the NADH and NAD+ conversion catalyzed by the co-

immobilized TtHBDH-His and His-CbFDH on naked YSZ membranes, respectively, as 

well as their corresponding recovered specific activity upon the immobilization process. 

We firstly assessed the reductive activity of the TtHBDH-His on the YSZ co-immobilized 

system by feeding the reaction with a reaction mix containing NADH and EAA. 

Immobilized TtHBDH-His exhibits high conversion rates (up to 90% of cofactor 

conversion) at a low flow rate and consequently longer residence time. Maximal 

immobilized specific activity was achieved at flow rates higher than 0.05 mL × min-1, 
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where immobilized TtHBDH-His recovered 70% of that specific activity measured for its 

free counterpart (Figure 5a). Therefore, the optimal balance between productivity and 

product conversion was found at 0.05 ml × min-1. Likewise, we tested the oxidative 

performance of the co-immobilized His-CbFDH on YSZ by feeding the reactor with a 

reaction mix containing NAD+ and formic acid. Unlike for TtHBDH-His, the conversion 

decay was less dramatic at increasing flow rate, and the recovered specific activity of co-

immobilized His-CbFDH increased with the flow without reaching a plateau (Figure 5b). 

 

Figure 5: Continuous asymmetric reduction of EAA catalyzed by the TtHBDH-His and 

His-CbFDH co-immobilized on naked YSZ with in situ NADH recycling. (a)  TtHBDH-

His activity at different flow rates through measuring the conversion of NADH oxidation 

(%) and the relative recovered specific activity (%) regarding the soluble enzyme (0.14 

U × mg-1).  (b) His-CbFDH activity at different flow rates through measuring the 

conversion of NAD+ reduction (%) and the relative recovered specific activity (%) 

regarding the soluble enzyme (1 U × mg-1) (c) Specific productivity of the bi-enzymatic 

system for the reduction of 10mM EAA to ethyl (S)-3-hydroxybutyrate with different 

NADH concentrations (0.05 - 0.5 mM) at 0.01 ml × min-1. The accumulated NADH TTN 

value was calculated as the concentration of obtained (S)-3-hydroxybutyrate divided by 

the concentration of NADH. (d) Operational stability and TTN of TtHBDH-His and His-

CbFDH immobilized on YSZ membrane tracked by NADH and NAD+ conversion during 

the reduction of 10mM EAA and the oxidation of 100mM formic acid respectively.  
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At the highest flow rate tested, His-CbFDH recovered only 20% of the specific activity 

measured for the soluble enzyme. These results indicate that even at 0.2 mL × min-1, His-

CbFDH is far from its maximal productivity. This low productivity suggests that an 

important population of immobilized His-CbFDH molecules are underutilized.   

Nevertheless, using 0.05 mL × min-1 as consensus flow rate, we guarantee an efficient 

redox cofactor recycling as His-CbFDH converts up to 90% of NAD+ into NADH, 

assuring the maximal productivity of TtHBDH-His.  When using lower flow rates, the 

longer residence times allow quantitatively converting 0.2 mM of nicotinamide cofactor 

in both reduction and oxidation directions, although both enzymes work far from their 

optimal conditions.  

Next, we fed the reactor with a reaction mix containing 10 mM EAA, 100 mM 

sodium formate, and 0.2 mM NADH at 0.05 mL × min-1 to assess the orthogonality of 

this bi-functional heterogeneous biocatalyst in continuous operation. In this context, the 

co-immobilized His-CbFDH acts as the NADH recycling partner for TtHBDH-His to 

reduce EAA into ethyl (S)-3-hydroxybutyrate, oxidizing formic acid as an ancillary 

electron donor. Under those conditions, we achieved 0.37 mM of ethyl (S)-3-

hydroxybutyrate, giving rise to a total NADH turnover number (TTNNADH = mol of 

product/mol of NADH) of 1.84. When we decreased the flow rate to 0.01 mL × min-1, the 

product yield raised to 0.43 mM and the TTNNADH slightly increased to a value of 2. 

Although individual operational tests for co-immobilized TtHBDH-His and His-CbFDH 

suggested 0.05 mL × min-1 as flow rate, the orthogonal cascade reaction seems to demand 

5 times slower flows as the cofactor must diffuse from one enzyme to the other within the 

porous microenvironment of the YSZ membrane. Such transport phenomena were missed 

when analyzing the activity of both enzymes individually. Thus, longer residence times 

(lower flow rate) enhance the final yield of the product when cofactor regeneration is 

needed.  

 

Like in other immobilized bio-redox cascades,41, 43, 44 the redox cofactor 

concentration affects both the specific cascade productivity and the TTNNADH. To stress 

our redox enzyme cascade co-immobilized on YSZ membranes under limiting cofactor 

conditions, we analyzed the system performance in flow, using different cofactor 

concentrations. By determining the conversion of EAA into ethyl (S)-3-hydroxybutyrate 

at the reactor outlet using a flow rate of 0.01 mL × min-1, we calculated the specific 

productivity and the TTNNADH of the heterogeneous biocatalyst at different NADH 
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concentrations (Figure 5c). We found that the heterogeneous biocatalyst exhibits a 

specific productivity of roughly 8.4 mgproduct × mgTtHBDH-His
-1 × day-1 regardless of the 

NADH concentration. Furthermore, these data prove that the in situ cofactor regeneration 

works efficiently as the bulk cofactor concentration barely affects the overall system 

productivity. In fact, NADH molecules were recycled up to 9 times when cofactor 

concentration was as low as 0.05 mM. Similar TTNNADH values have been previously 

reported for heterogeneous biocatalysts where the NADH was co-immobilized with 

different systems of dehydrogenases.45, 46 To further demonstrate the versatility of YSZ 

membranes to site-selectively immobilized multi-enzyme systems, we co-immobilized an 

Alanine dehydrogenase from Bacillus subtilis (His-BsAlaDH) with His-CbFDH (Figure 

S11a).  We analyzed the conversion of pyruvate into L-alanine using a flow rate of 0.01 

mL × min-1 by HPLC (Figure S11b). As result, the YSZ reactor exhibited a specific 

productivity of 64 mgproduct × mgHis-BsAlaDH
-1 × day-1 recycling each NADH molecule up 

to 5 times.   

 

Finally, we tested the operational stability of TtHBDH-His as a standalone 

enzyme immobilized on the YSZ membrane. To that aim, we performed the asymmetric 

reduction of EAA without cofactor recycling. Figure 5d shows that after a sharp initial 

drop in NADH conversion, more than 60% of TtHBDH-His initial activity is retained 

after 24h of continuous operation at room temperature. As a result, the accumulated TTN 

of the immobilized Tt27-HBDH almost reached a value of 4000 in 24h of continuous use. 

This value is similar to that one obtained for consecutive recycling of the untagged 

TtHBDH on agarose beads activated with aldehyde groups and coated with 

polyethyleneimine.25 This suggests that immobilization on YSZ supports is not 

detrimental to the intrinsic stability of the thermostable TtHBDH-His. Unfortunately, 

such good operational stability cannot be matched by the His-CbFDH immobilized on 

naked YSZ (Figure 5d, 50% activity lost after 24 h with a maximum TTNCb-FDH of 1500)), 

suggesting that the mesophilic origin of the recycling dehydrogenase is the Achilles’ heel 

of the herein presented systems. Further efforts to search for more thermostable Formate 

dehydrogenase must be done to match the operational stability of both dehydrogenases 

within the YSZ porous surface.   

 

CONCLUSION  
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Co-immobilization of reaction cascades is an attractive solution for modern 

chemical manufacturing. Hence new cost-efficient and robust materials are in demand to 

achieve site-selective immobilization of several enzymes within the same porous surface. 

In this work, we have fabricated a YSZ scaffold with a thin disk shape to co-immobilize 

a bioredox cascade formed by two dehydrogenases. Although our first intention was 

infiltrating the YSZ material with nickel oxide nanoparticles to drive the immobilization 

through a His-tag fused to either terminus of the enzymes, we discovered that His-tagged 

enzymes were not only immobilized but also did it more efficiently on naked YSZ 

surfaces than on NiO infiltrated YSZ. After deeper investigations based on competitive 

assays and XPS, we found that the imidazole rings of the His-tag selectively interact with 

the Zr and Y atoms at the surface of YSZ scaffolds. The mechanism of this interaction 

needs further investigation to better understand the nature of the coordination bonds. 

Nevertheless, these results prove for the first time that YSZ porous scaffolds can directly 

immobilize His-tagged enzymes in flow, without previous functionalization, and in a very 

selective manner. We then expanded the utility of these YSZ materials to the co-

immobilization of two His-tagged dehydrogenases in flow to assemble a parallel bioredox 

cascade with in situ cofactor recycling. Besides characterizing the specific productivity 

of each immobilized enzyme, confocal fluorescence microscopy analysis revealed a non-

uniform distribution and poor microscopic co-localization of both enzymes through the 

3D porous surface of the YSZ membrane. In view of these studies, we conclude that the 

immobilization sequence and the direction of the flow are fundamental parameters to 

control the spatial patterns of the co-immobilized enzymes. Finally, we optimized the 

flow rate and the NADH concentration to maximize the specific productivity of the bi-

enzymatic cascade as well as the total turnover number of the cofactor.  This new YSZ-

material has demonstrated an extraordinary versatility to efficiently immobilize His-

tagged enzyme cascades for their application in the continuous manufacturing of high-

added value chemicals. Although the productivity achieved with one single membrane 

disk is still too low for practical purposes, the versatility of this system to be telescoped 

forecasts its scalability without losing control of the convective-diffusive flow. Moreover, 

an advanced design of the internal morphology can give us further control over the flow 

dynamics of the system to improve the spatial enzyme distribution and thus the 

performance of the immobilized enzyme. Hence, we foresee that the simplicity and the 

selectivity of this immobilization protocol will encourage other scientists to use this 
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inorganic material as a carrier for assembling heterogeneous biocatalysts in flow-reactors 

for continuous processes.  

 

 

 

MATERIALS AND METHODS 

 

Materials  

8 mol.% Y2O3 stabilized zirconia (TZ-8YS®) was acquired from TOSOH (Japan) 

and nickel oxide (NiO) from Alfa Aesar GmbH (Kandel, Germany). Ammonium salt 

of poly(methacrylic acid) (PMMA) was supplied as 25 wt.% active matter concentration 

solution in water (Darvan® C-N) by Vanderbilt Minerals LLC (Gouverneur, NY, USA).  

Acrylic polymer-based binders (Duramax® B-1000 with Tg = −26 and Duramax® B-

1022 with Tg = 39) were acquired from Rohm and Haas Company (Philadelphia, 

Pennsylvania, USA). Graphite powder (UF-2) with particle size of dV50=4–5 µm, was 

purchased from Graphit Kropfmühl GmbH (Hauzenberg, Germany). Marfey´s reagent 

(Thermo Scientific, Whatlman, MA, USA) 

Ethyl acetoacetate (EAA), pyruvate, nickel (II) nitrate hexahydrate, sodium formate, and 

other reagents were supplied by Sigma-Aldrich (St. Louis, IL, USA).  Nicotinamide 

adenine dinucleotides (NAD+, NADH) were purchased from GERBU Biotechnik GmbH 

(Heidelberg, Ger). Protein concentrations were determined using Bradford Assay from 

Bio-Rad Laboratories Inc. (Hercules, CA, USA). Absorbance measures were carried out 

with an Epoch 2 Microplate Spectrophotometer from Biotek® Instruments Inc. 

(Winooski, VT, USA). Inject® Syringes were purchased from Braun (Melsungen, Ger). 

Genes encoding an N-term His-tagged formate dehydrogenase (His-CbFDH) 

from Candida boidinii and L-Alanine dehydrogenase from Bacillus 

stearothermophilus,28 and a C-terminus His-tagged 3-hydroxybutyryl-CoA 

dehydrogenase from Thermus thermophilus HB2727 (TtHBDH-His) were E.coli codon 

optimized and synthesizedinus by GenScript (Piscataway, USA) and cloned into pET28b 

plasmid. The protein sequences of these proteins are provided in Figure S12. 

Preparation of YSZ based membranes   

Planar geometry highly porous yttrium stabilized zirconia (YSZ) materials as a 

starting scaffold for YSZ based membranes were prepared through tape casting technique. 

For this purpose, water based colloidal suspension with commercial YSZ, NiO, and 

graphite powders were prepared. As received YSZ and NiO powders were mixed in the 
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proportion of solid matter (70 vol.% YSZ– 30 vol.% NiO) and dispersed in distilled water 

at an initial solid loading of 50 vol.% with 1.8 wt.% Darvan® C-N as surfactant. The 

obtained suspension was ball milled for 24 h with zirconia ball milling media.  The two 

binders (Duramax® B-1000 and B-1022) were added (7 wt.% of solids, each) and the 

suspension was homogenized with centrifugal mixer (Thinky ARE-250, Japan). Finally, 

the graphite powder UF-2 was added (20 vol.% of solids) and the suspension 

was further homogenized with cena trifugalhe mixer.  Tape casting of obtained 

suspension was performed on Mylar sheets with a blade gap of 600 µm. Tapes were left 

to dry for 24 h before shaping to circular shapes (diameter 14 mm) and sintered in air at 

1300 ºC with the dwelling time of 4 h, resulting in final membrane geometries with a 

diameter of ~10 mm and thickness of ~300 µm. To achieve highly porous YSZ scaffold, 

both, graphite and NiO phases, were deployed as sacrificial pore formers. Graphite is 

added to generate initial porosity within sintered YSZ-NiO composite, whereas the NiO 

phase is eliminated from sintered composite through a procedure first reported by Kim. 

H et al.47 For this, YSZ-NiO composite is subjected to temperature induced reduction 

with 2% H2/Argon gas at 800 °C (dwell 4 h) and obtained YSZ-Ni cermet is leached twice 

with 33% nitric acid, removing Ni phase, resulting in YSZ porous structure. Infiltration 

of nanometric range nickel oxide nanoparticles to YSZ based membranes was done by 

vacuum infiltration once (np x1), twice (np x2) or four (np x4) times with 3M solution of 

Nickel (II) nitrate hexahydrate with intermediate thermal treatment steps at 400 º C (dwell 

1 h) to decompose nitrate precursor. Nickel nanoparticle infiltrated YSZ membranes were 

subjected to the final thermal treatment step at 600 ºC (dwell 2h) to eliminate residual 

carbonaceous species and to consolidate the formed nickel oxide nanoparticle phase 

within the YSZ backbone.  

 

Microstructural characterization of YSZ based membranes 

 

Microstructural characterization of obtained membranes was done 

on representative polished cross section samples through Scanning Electron Microscopy 

(SEM) analysis with Jeol JSM 6010 Microscope (JEOL, Ltd, Tokyo, Japan).  

 

YSZ based membrane reactor set-up 

 

Circular YSZ based membranes with a 20 mm radius and ~0.3 mm in width were 

mounted to an in-line polycarbonate filter holder with a liquid latex seal at the borders. 
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The effective volume of the mounted membranes (membrane reactor) was ≈ 0.1 cm3. 

Reaction mixtures or enzyme solutions were pumped to the reactor with a syringe pump 

11-PLUS, Harvard apparatus (MA, USA). Enzymes and substrates were flushed through 

the membrane reactors and samples were collected in the outlet at different time points 

according to the experimental design.  

TtHBDH and TtHBDH-His production and purification 

 

Wild-type TtHBDH and its His-tagged variant (TtHBDH-His) were expressed 

and purified as described elsewhere.27 Briefly, pET28b plasmids encoding the 

corresponding enzymes (Figure S12) were transformed in BL21 (DE3) E. coli cells. 

Colonies were picked and grown in LB containing kanamycin (30 μg × mL−1). When an 

optical density (OD600) of 0.6 was reached, 1 mM IPTG (isopropyl-β-D-

thiogalactopyranoside) was added to induce the protein expression. The induced cultures 

were grown for 3 h at 37 °C and the bacteria were harvested by centrifugation. Then, the 

cells were resuspended in 25 mM phosphate buffer pH 7 and lysed by sonication. The 

cell debris was discarded by centrifugation (10 000 × g for 20 min) and the soluble crude 

protein extract was incubated at 70 °C for 45 min to purify the thermophilic enzyme 

through thermal shock as previously described.27 The pellets of denatured mesophilic 

proteins were discarded after centrifugation (10 000 × g for 30 min).   

His-CbFDH and His-BsAlaDH production and purification 

 

His-CbFDH and His-BsAlaDH (Figure S12) were overexpressed in E. coli BL21 

(DE3) as described elsewhere.28 Briefly, cells transformed with the corresponding 

plasmids were grown at 21 °C until an OD600 of 0.6 was reached. Then, the enzyme 

expression was induced with 1 mM IPTG, and the culture was incubated at 21 °C for 18 

h. The cells were harvested by centrifugation and lysed by sonication. The pellet was 

discarded and the supernatant containing the soluble crude protein extract was purified 

through IMAC chromatography using agarose microbeads functionalized with 

iminodiacetic cobalt chelates (ABT, Madrid, Spain). Protein was eluted with 25 mM 

phosphate and 300 mM imidazole buffer pH 7 at 4 ºC. Imidazole was removed from 

purified enzymes by gel-filtration using a PD-10 column (GE healthcare, Chicago, IL, 

USA), the protein was eluted with 25mM sodium phosphate buffer pH 7.  

 

Determination of the concentration of soluble enzymes  
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The determination of the concentration of soluble enzyme (TtHBDH, TtHBDH-

His, His-CbFDH, or His-BsAlaDH) was carried out with Bradford protein assay (Bio-

Rad, Ca, USA) reagent. A commercial solution of bovine serum albumin (Sigma-Aldrich, 

St. Louis, IL, USA) was used to determine a standard curve. 5 µL of soluble enzyme 

solution was mixed with 200 µL of Bradford reagent. After 5 minutes of incubation, the 

absorbance was measured at 595 nm at room temperature.  

 

Spectrophotometric activity assays of soluble enzymes  

 

The enzymatic activities of soluble enzymes were spectrophotometrically 

measured in 96-well plates by monitoring the absorbance at 340 nm.   

TtHBDH activity assay. 5 µL of enzyme solution (0.1 mg × mL-1) were incubated with 

200 µL of a solution of 10 mM of EAA and 0.2 mM NADH in 25 mM phosphate buffer 

pH 7 at 30 ºC. One TtHBDH-His unit (U) was defined as the amount of enzyme required 

to reduce 1 μmol of NADH per minute under given conditions and considering an ε = 

6.22 mM−1 × cm−1 for NADH at 340 nm. 

CbFDH activity assay. 5 µL of enzyme solution (0.1 mg × mL-1) were incubated with 

200 µL of a solution of 1 mM of NAD+ and 100 mM Sodium formate in 25 mM phosphate 

buffer pH 7, at 30 ºC. One His-CbFDH unit (U) was defined as the amount of enzyme 

required to oxidize 1 μmol of NAD+ per minute under given conditions and considering 

an ε = 6.22 mM−1 × cm−1 for NADH at 340 nm. 

 

In flow  enzyme immobilization on YSZ based membrane reactors 

   

First, YSZ based membrane reactors were equilibrated with 10 mL of 25 mM 

sodium phosphate buffer at pH 7. Depending on the experiment (activity or load tests), 

1-2 mL of 0.1-0.5 mg × mL-1 enzyme solution were flushed through a membrane reactor 

at 0.02 mL × min-1 and room temperature. 0.1 mL aliquots were collected, and the 

presence of protein was determined by the Bradford protein assay.  After immobilization, 

the membrane reactors were washed with 10 mL of 25 mM sodium phosphate buffer at 

pH 7 at the same flow rate. For co-immobilization experiments, YSZ based membrane 

reactors already harboring TtHBDH-His were equilibrated with 10 mL of 25 mM sodium 

phosphate buffer at pH 7, and then flushed with 0.1-0.5 mg of His-CbFDH in 25 mM 

phosphate buffer at pH 7 solution at 0.02 mL × min-1 and room temperature. Like for the 

His-TtHBDH, 0.1 mL aliquots were collected, and the presence of protein and activity 
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were determined by Bradford Protein and colorimetric activity assay, respectively. After 

immobilization, the YSZ based membrane reactors were washed with 10 mL of 25 mM 

sodium phosphate buffer at pH 7 and stored at 4 ºC. The same protocol was followed to 

sequentially co-immobilize the bi-enzyme system His-AlaDH and His-CbFDH.  

 

 

 

Desorption of immobilized enzymes from YSZ based membrane reactors. 

YSZ based membrane reactors with immobilized enzymes were equilibrated with 

10 mL of 25 mM sodium phosphate buffer at pH 7 at room temperature. Then 2 mL of 

different solutions: 25 mM sodium phosphate buffer pH 7, 1M NaCl, or 1M Imidazole 

was passed through the YSZ based membrane reactors at 0.02 mL × min-1 and room 

temperature.  0.1 mL aliquots were collected, and their protein concentration was 

analyzed by Bradford assay. The aliquots in which protein presence was measured were 

analyzed by SDS-PAGE.  

 

X-ray photoelectron spectroscopy (XPS) 

 

XPS experiments were performed in a SPECS Sage HR 100 spectrometer with a 

non-monochromatic X-ray source (Aluminium Kα line of 1486.6 eV energy and 300 W), 

placed perpendicular to the analyzer axis and calibrated using the 3d5/2 line of Ag with 

a full width at half maximum (FWHM) of 1.1 eV. The selected resolution for the spectra 

was 15 eV of Pass Energy and 0.15 eV/step. All measurements were made in an ultra-

high vacuum (UHV) chamber at a pressure of around 8·10-8 mbar.  CasaXPS was used 

for deconvoluting data. C 1s peak from C-C sp3 of adventitious carbon was employed for 

charge correction fixing its BE to 284.8 eV. A Shirley background was applied.  

 

Enzyme fluorescent labeling  
 

Fluorescent labeling of His-tagged TtHBDH and His-CbFDH with FITC 

(Fluorescein isothiocyanate) and RhB (Rhodamine B Isothiocyanate), respectively was 

done based on protocols described elsewhere.48  Briefly, enzyme solution in 100 mM 

sodium bicarbonate buffered solution at pH 8.5 was mixed with RhB/FITC solution in 

DMSO (1:10 molar ratio) and incubated for 1 h under gentle shaking at 25 ºC. The 

remaining fluorophore was eliminated by filtering the enzyme solution in a tangential 
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ultrafiltration unit (10 KDa) with 25 mM sodium phosphate buffered solution at pH 7 

until no fluorescence was detected in the filtered solution. Immobilization of the labeled 

enzyme was done in flow as previously described for the non-labeled enzymes.  

 

 

 

 

Confocal laser scanning microscopy (CLSM)  

 

Spatial organization of FITC-labelled TtHBDH-His co-immobilized with RhB-

labelled His-CbFDH was followed using a confocal laser scanning microscopy with a 

ZEISS LSM 880 (Carl Zeiss, Germany) and excitation lasers of λex = 488 nm for FITC 

and λex = 561 nm for RhB.  

 

Image processing and analysis  

 

Image processing and analysis were done using FIJI (Image J) software.49 Co-

localization and correlation analysis of immobilized labeled enzymes was done using the 

following FIJI plugins: Colocalization Colormap50 and JACoP.48  The co-localization 

colormap allows the quantification of correlation while maintaining the spatial 

information about the co-localization of the fluoresce intensity signal of the two channels 

(channel 1: FITC and channel 2: RhB). The plugin calculates the normalized mean 

deviation product (nMDP) for each pixel. This parameter provides a correlation between 

the intensity of both channels based on the algorithm described by Jaskolski et al.51 The 

plugin provides a graphic representation of the nMDP index whose values range from −1 

to 1. Positive values of the index represent correlated pixels, meanwhile, negative values 

indicate the absence of correlation. JACoP plugin was used to calculate Manders’ and 

Pearson’s coefficients. Manders’ indicates the proportion of one signal coincidence with 

the signal of the second channel over its total intensity. Pearson’s coefficient indicates the 

relationship between the intensities of two images, providing a rate of association of two 

fluorochromes which ranges from -1 to 1, indicating negative (-1), positive (+1), or null 

(0) correlation.  

 

Determination of enzyme activity in the flow 

 

To analyze the activity of immobilized TtHBDH-His, a reaction mix (10 mM of 

EAA and 0.2 mM NADH in 25 mM phosphate buffer pH 7) was flushed through the YSZ 
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based membrane reactor at different flow rates (0.01, 0.05, 0.1, 0.2 mL × min-1) at room 

temperature. The residence times (t) for these flow rates were 10, 5, 1, and 0.5 min, 

respectively. 0.1 mL aliquots were collected and the consumed NADH concentration was 

measured spectrophotometrically at 340 nm (ε = 6.22 mM−1 × cm−1). One TtHBDH-His 

unit (U) was defined as the amount of enzyme required to consume 1 μmol of NADH per 

minute under reaction conditions. Likewise, the activity of immobilized His-CbFDH was 

measured flushing a reaction mix (100 mM of sodium formate, 0.2 mM NAD+ in 25 mM 

phosphate buffer pH 7) through the YSZ based reactors at different flow rates (0.01, 0.05, 

0.1, 0.2 mL min -1), giving rise to the same residence time as described above. Like for 

TtHBDH-His, 0.1 mL aliquots and the produced NADH concentration was measured 

spectrophotometrically at 340 nm (ε = 6.22 mM−1 × cm−1). One His-CbFDH unit (U) was 

defined as the amount of enzyme required to produce 1 μmol of NADH per minute under 

reaction conditions. 

Asymmetric reduction of EAA in flow integrating NADH recycling systems. 

 

A reaction mix (10 mM EAA, 100 mM sodium formate, and 0.01-0.5 mM NADH 

in 25 mM phosphate buffer pH 7) was flushed through the YSZ based membrane reactors 

at 0.01 mL × min -1.  0.3 mL aliquots were collected and analyzed by gas chromatography 

with flame ionization detector (GC-FID) Briefly, every sample was subjected to liquid-

liquid extraction with dichloromethane in a ratio of 1:1 (v:v) and the aqueous phase was 

discarded. 30–50 mg of anhydrous MgSO4 were added to the organic phase to dry the 

samples.  2 mM Eicosane was added as an internal standard before the GC-FID analysis. 

Analyses were carried out in an Agilent 8890 gas chromatography system using a column 

of (5%-phenyl)-methylpolysiloxane (Agilent, J&W HP-5 30 m × 0.32 mm × 25 μm), 

helium as carrier gas (1.5 ml × min-1), and equipped with an FID detector. The 

temperatures of the injector and FID detector were 280 °C and 300 °C, respectively. The 

separation of compounds was carried out by two sequential temperature ramps: the initial 

temperature (60 °C) was maintained for 2 min and progressively increased up to 160 °C 

at a rate of 10 °C × min −1. Then, the column temperature was increased 20 °C × min−1 

for 4 min until 250 °C and maintained for 4 min. Retention times were 5.2 min for ethyl 

acetoacetate and 5.08 min for ethyl 3-(S)-hydroxybutyrate.  

We assessed the specific productivity of the biocatalyst defined as the mg of product 

generated by 1 mg of TtHBDH-His immobilized on YSZ membrane per day (mgproduct × 

mgTtHBDH-His
-1 × day-1) and the total turnover number of NADH (TTNNADH) defined as 
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mol of 3-(S)-hydroxybutyrate obtained per mol of NADH supplied with the reaction 

media. 

 

Asymmetric reduction of Pyruvate in flow integrating NADH recycling systems. 

 

A reaction mix (100 mM Pyruvate, 400 mM Ammonium Formate, and 1 mM NADH in 

200 mM phosphate buffer pH 7) was flushed through the YSZ based membrane reactors 

at 0.01 mL × min -1 (Figure S11).  0.3 mL aliquots were collected and analyzed by HPLC. 

The synthesized alanine was derivatized with the Marfey reagent. Briefly, properly 

diluted reaction sample (20 μL) was mixed with sodium bicarbonate (8 μL, 1 M) and the 

Marfey´s reagent diluted in acetone (20 μL, 15 mM)  and incubated for 1 h at 50 °C and 

400 rpm. Afterward, the derivatization reaction was stopped by the addition of HCl (8 

μL, 2 M), then centrifuged at 13450 g for 10 min, and the supernatant was properly 

filtered to perform the HPLC analysis. Derivatized samples were analyzed in an HPLC 

Agilent Technologies 1260 Infinity, with a Poroshell EC-C18 column (4.6 ×100 mm, 

2.7µm) at a flow rate of 1 mL x  min−1. Mobile phases: A: Acetonitrile, and B: 

trifluoroacetic acid 0.1 % in water. Elution was conducted as follows: starting from 10 % 

A and 90 % B to reach a composition of 20 % A in 17 min. That mobile phase 

composition was maintained for 3 min; then A% was increased from 20% until 40 % in 

20 minutes, and finally, the initial conditions (10% A) were recovered in 20 min. 

Detection of compounds was performed at λ=340 nm. The retention time for derivatized 

L-alanine was 25.6 min. The degree of conversion was calculated by fitting the area of 

the peak with a calibration curve under the same elution conditions. 

We assessed the specific productivity of the biocatalyst defined as the mg of product 

generated by 1 mg of His-BsAlaDH immobilized on YSZ membrane per day (mgproduct × 

mgBsAlaDH
-1 × day-1) and the total turnover number of NADH (TTNNADH) defined as mol 

of L-Alanine obtained per mol of NADH supplied with the reaction media. 

 

 

Determination of operational stability of dehydrogenases immobilized on naked 

YSZ 

We determined the operational stability and the total turnover number of 

TtHBDH-His or His-CbFDH (TTNenzymes). The TTNs were defined as the mol of NADH 

or NAD+ consumed per mol of TtHBDH-His or His-CbFDH respectively.   The naked 
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YSZ reactors with the immobilized enzymes were operated for 24 hours at a fixed flow 

rate of  0.01 mL × min -1   flushing  10 mM EAA and 1 mM NADH and 100 mM formic 

acid and 1mM NAD+ for TtHBDH-His and His-CbFDH, respectively, to determine their 

activity determination in flow. The conversions were determined spectrophotometrically 

as described above.  

 

 

Supporting Information.  

The supporting information includes the enzyme primary sequences, SDS-PAGE analysis 

of enzyme YSZ interactions, XPS additional data, and confocal fluorescence microscopy 

analysis   
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ABBREVIATIONS 

Yttrium-stabilized zirconia (YSZ); Nickel oxide (NiO); 3-Hydroxybutyryl-CoA 

dehydrogenase from Thermus termophilus  (TtHBDH); TtHBDH with a fused 6x 

Polyhistidine tag in C-terminal (TtHBDH-His); Formate dehydrogenase from Candida 

boidinii with a fused 6x Polyhistidine tag in N-terminal (His-CbFDH); Total turnover 

number (TTN); Packed-bed reactors (PBRs); 3-aminopropyltriethoxysilane (APTES); 

NiO nanoparticles (NiOnp); Scanning electron microscopy (SEM); YSZ membranes with 

1, 2 or 4  NiOnp infiltration cycle (YSZ-NiOnp x1; x2; x4); Polyacrylamide-agarose gel 

electrophoresis with SDS. (SDS-PAGE); X-ray photoelectron spectroscopy (XPS); Ethyl 

acetoacetate (EAA); Confocal laser scanning microscopy (CLSM); Fluorescein 

isothiocyanate (FITC); Rhodamine B (RhB); Energy Dispersive X-Ray (EDX); 

Nicotinamide adenine dinucleotides (NAD+, NADH); Enzymatic unit of activity (U); 

Alanine dehydrogenase from Bacillus subtilis (His-AlaDH) 
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