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Abstract: The growing demand for sustainable chemical production has spurred significant interest in
biocatalysis. This study is framed within the biocatalytic production of 1,3-dihydroxyacetone (DHA)
from glycerol, a byproduct of biodiesel manufacturing. The main goal of this study is to address
the challenge of identifying the optimal operating conditions. To achieve this, catalytic potential, a
lumped parameter that considers both the activity and stability of immobilized biocatalysts, was
used to guide the design of a multi-enzymatic system. The multi-enzymatic system comprises
glycerol dehydrogenase (GlyDH) and NADH oxidase (NOX). The enzymatic oxidation of glycerol
to DHA catalyzed by GlyDH requires the cofactor NAD+. The integration of NOX into a one-pot
reactor allows for the in situ regeneration of NAD+, enhancing the overall efficiency of the process.
Furthermore, immobilization on Ni*? agarose chelated supports, combined with post-immobilization
modifications (glutaraldehyde crosslinking for GlyDH), significantly improved the stability and
activity of both enzymes. The catalytic potential enabled the identification of the optimal operating
conditions, which were 30 °C and pH 7.5, favoring NOX stability. This work establishes a framework
for the rational design and optimization of multi-enzymatic systems. It highlights the crucial interplay
between individual enzyme properties and process conditions to achieve efficient and sustainable
biocatalytic transformations.

Keywords: multi-enzymatic system; glycerol; sustainable bioprocess; dihydroxyacetone; cofactor
regeneration; immobilized enzymes

1. Introduction

The escalating demand for sustainable and eco-friendly chemical processes has pro-
pelled the exploration of biocatalysis as a promising alternative to traditional chemical
synthesis [1,2]. The utilization of enzymes as industrial biocatalysts offers distinct ad-
vantages, such as high specificity and selectivity, mild reaction conditions, and reduced
environmental impact. Among the various biocatalytic processes, the production of 1,3-
dihydroxyacetone (DHA) from glycerol has received significant attention due to its wide-
ranging applications in the pharmaceutical, cosmetic, and food industries [3,4].

The production of dihydroxyacetone (DHA) from glycerol, an abundant and inex-
pensive byproduct of biodiesel production, has garnered significant attention due to its
principal use in self-tanning products [4]. Furthermore, this biotransformation aligns
with the principles of a biorefinery, aiming to valorize waste streams and promote more
sustainable bioprocesses.

The enzymatic oxidation of glycerol to DHA is catalyzed by glycerol dehydrogenase
(GlyDH), an enzyme that requires the cofactor NAD+ for its activity [5,6]. However, the
stoichiometric use of NAD+ is economically impractical, necessitating the implementation
of efficient cofactor regeneration strategies [7]. NAD(P)H oxidase (NOX) has emerged as
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a promising solution for cofactor regeneration, utilizing molecular oxygen as a substrate
and generating water as a byproduct [8,9]. This approach offers advantages over other
enzymatic methods by eliminating the need for additional organic co-substrates and their
subsequent byproducts, thereby simplifying downstream processing and reducing waste
generation [9]. Despite the numerous advantages of NOX-based cofactor regeneration,
the availability of suitable enzymes remains a challenge. The identification and charac-
terization of novel NOX enzymes, particularly those exhibiting high stability and activity
under a broad range of pH and temperature conditions, are crucial for their successful
implementation in industrial processes [9]. In this work, we used a water-forming NADH
oxidase from Streptococcus pyogenes, a scarcely explored enzyme [8].

Enzyme immobilization has emerged as a key tool in biocatalysis, offering numerous
advantages, such as enhanced enzyme stability, reusability, and simplified downstream
processing [10,11]. However, the development of simple and cost-effective immobilization
methods remains a significant challenge. Strategies that enable the simultaneous purifica-
tion and immobilization of enzymes are particularly attractive, as they can significantly
reduce the costs associated with biocatalyst preparation [12]. Furthermore, in the case of
multimeric enzymes like GlyDH and NOX, preventing subunit dissociation and subsequent
inactivation is crucial. It is imperative to develop immobilization strategies that not only
promote the stabilization of the enzyme’s quaternary structure but also enhance its overall
stability [6,13]. In the context of multi-enzymatic systemes, it is equally important to ensure
that the chosen stabilization strategies are compatible with all the enzymes involved in the
system, preserving their individual functionalities to enhance the catalytic efficiency of the
whole multi-enzymatic system [14-16].

Designing multi-enzymatic systems, particularly those involving enzymes with dis-
parate activities and stabilities, needs a comprehensive understanding of individual en-
zyme properties, meticulous selection of immobilization strategies, and the establishment
of effective compromise conditions to balance the activity and stability of all enzymes
involved [15,16]. The use of catalytic potential, a lumped parameter that considers both the
activity and stability of immobilized biocatalysts, as a guide to designing a multi-enzymatic
system is evaluated in this work [17]. The aim of this study is to identify compromise
conditions that promote high activity and stability for all enzymes and to ensure efficient
cofactor regeneration in the synthesis of DHA from glycerol.

Addressing challenges related to compromise operational conditions and enzyme
stability through innovative strategies and the exploration of alternative reactor configura-
tions can contribute to the streamlined and efficient design of multi-enzymatic systems,
exemplified in this work by the GlyDH-NOX system for DHA production. Ultimately,
overcoming these hurdles unlocks the full potential of biocatalysis for the sustainable and
economically viable production of valuable chemicals from renewable resources.

2. Materials and Methods
2.1. Materials

Standard bead agarose 4BCL, with a size of 100 um, was obtained by Agarose Beads
Technology® (Madrid, Spain). Polyethylenimine (MO, USA). NADH and NAD+ were
purchased from GERBU Biotechnik GmbH (Heidelberg, Germany). Other reagents and
solvents were of the purest grade available from commercial suppliers.

2.2. Enzyme Production and Purification

The enzymes glycerol dehydrogenase (GlyDH) from Geobacillus stearothermophilus
and NADH oxidase (NOX) from Streptococcus pyogenes were expressed in E. coli BL21
in high-cell-density cultures according to the methodology in [18]. The enzymes were
purified by FLPC on AKTA pure equipment Cytiva (Marlborough, MA, USA). IMAC
chromatography was employed for NOX using Ni*? agarose column. In the case of GlyDH,
IEC chromatography was employed using an amino agarose column.
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2.3. GlyDH Enzyme Activity Assay

GlyDH enzyme activity was obtained spectrophotometrically by following the forma-
tion of NADH (e340nm = 6.22 cm™ 'mM 1) during glycerol oxidation. In a 1.5 mL cuvette,
25 uL of a 100 mM NAD+ solution and 1000 pL of a 100 mM glycerol solution, previously
incubated at 30 °C, were added. Subsequently, 30 uL of the enzyme solution was added,
at which point the reaction began. The above solutions and catalyst suspensions were
prepared in 100 mM phosphate buffer with a pH of 7.0. One unit of GlyDH activity was
defined as the amount of enzyme required for the formation of 1 pmol of NADH from
NAD+ at pH 7.0 and 30 °C. The samples were analyzed in triplicate (n = 3), and descriptive
statistics (mean and standard deviation) were used to report the yield and conversion data.

2.4. NOX Enzyme Activity Assay

NOX enzyme activity was obtained spectrophotometrically by following the consump-
tion of NADH (340 nm = 6.22 cm~'mM™1) during its oxidation to NAD+. Ina 1.5 mL
cuvette, 50 pL of a 7.0 mM NADH solution and 900 pL of 100 mM phosphate buffer with a
pH of 7.0, previously incubated at 30 °C, were added. Subsequently, 50 pL of the enzyme
solution was added, at which point the reaction was initiated. One unit of NOX activity
was defined as the amount of enzyme required for the formation of 1 umol of NAD+ from
NADH at pH 7.0 and 30 °C. The samples were analyzed in triplicate (n = 3), and descriptive
statistics (mean and standard deviation) were used to report the yield and conversion data.

2.5. Protein Content Determination

The total protein content was determined by the Bradford method using the Coomassie®

Protein Assay Reagent Kit (Thermo Scientific, Waltham, MA, USA). In a 96-well plate, 7 pL
of each sample was added in 200 pL of Coomassie reagent, and the absorbance was mea-
sured after 10 min at a wavelength of 595 nm. Bovine serum albumin (BSA) was used as a
protein standard.

2.6. Synthesis of Ag-Ni Supports

The supports were synthesized following the methodology of Mateo et al. [19] First,
agarose was functionalized with epoxide groups (Ag-E) by the addition of epichlorohydrin
in a basic medium and in the presence of sodium borohydride. Briefly, 1 g of Ag-E support
was contacted with 10 mL of 2 M iminiodiacetic acid solution with a pH of 11 for 24 h. The
support was then filtered and washed thoroughly with distilled water. The filtered support
was incubated with 10 mL of 30 mg/L nickel sulfate for one hour. Finally, the support
(Ag-Ni) was filtered, washed with distilled water, and stored at 4 °C.

2.7. Immobilization of Enzymes

The purified enzymes GlyDH and NOX were immobilized independently on nickel
agarose (Ag-Ni) supports. Briefly, 1 g of support was contacted with 10 mL of enzymatic
solution at pH 7.0 in 100 mM phosphate buffer at 4 °C using roller agitation. The protein
loading offered for the immobilization process was 20 mg per gram of support. During the
immobilization process, samples of supernatant, suspension, and enzyme solutions were
taken at different times, and the activity and protein concentrations were assayed.

After immobilization, to stabilize the quaternary structure of the enzymes, the im-
mobilized enzyme was incubated in different concentrations of glutaraldehyde (0, 0.125,
0.025, and 0.05 v/v) and then reduced by adding 0.5 mg of NaBH4 for 30 min. Finally, the
immobilized enzyme was filtered and washed with distilled water and 100 mM phosphate
buffer with a pH of 7.0. For the preparation with PEI, 1 g of the immobilized enzyme was
contacted with 10 mL of PEI solution (25 mg/mL) for 3 h. Then, the immobilized enzyme
was filtered and washed with distilled water and 100 mM phosphate buffer with a pH
of 7.0.
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The metrics of immobilization were determined using the following equations:

Ai—A
Immobilization Yield(IY %) = ITS” * 100 (1)
i
Agys — A
Retained Activity (RA %) = —=——" %100 2)
Aj — Asn
A
Recovery Activity (RCA %) = Tf %100 ®)
i
o o oy Pi— Py
Immobilization Protein Yield(IYp %) = 5 * 100 4)
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where A, is the activity offered (IU) for immobilization, Ay, is the activity present in the
supernatant (IU) at the end of immobilization, Agys is the activity (IU) present in the
suspension at the end of immobilization, A¢ is the activity observed in the final catalyst
(IU), P; is the protein offered (mg) for immobilization, and Py, is the protein present
in the supernatant (mg) at the end of immobilization. The samples were analyzed in
duplicate (n = 2), and descriptive statistics (mean and standard deviation) were used to
report the data.

2.8. Stability of Biocatalyst and Determination of Catalytic Potential

To determine the stability, 500 mg of the immobilized enzyme was incubated in 5 mL

of 100 mM phosphate buffer at pH 7.5, 8.0, and 8.5 using a dry bath at temperatures of 30,

35, and 40 °C with 500 RPM agitation. The specific activity of the catalyst was monitored

over time and plotted as a function of time. The resulting data were then used to fit

biphasic and monophasic decay models for GlyDH (Equation (5)) and NOX (Equation (6)),
respectively [20].

A kan

k
— = 1 + Nk —= | % e(ikdl *t> — N x ¢ * e(ikdz *t> 5
Ao ki —ka kaz — ka1 ©

Aj _ (—kgzxt
vyl e(—kazxt) (6)
A;/Ag represents the residual activity at time t, « is the specific activity ratio of the
intermediate species with respect to the native enzyme species, and kg1, kqo, and kg3 are
the transition rate constants from enzyme species. The 95% confidence interval for the
inactivation constants was calculated to assess the precision of the estimate.
Finally, the catalytic potential [14] was approximated using the trapezoid numerical
method and implemented in MatLab R2022a.

cP = tAl»(t) dt )

to

2.9. Production of DHA from Glycerol in a Basket Reactor

DHA production was conducted in a 500 mL basket reactor (Spinchem, Sweden). The
reaction utilized 5.2 g of immobilized GlyDH and 1.1 g of immobilized NOX placed within
the reactor’s basket. The substrate consisted of 100 mM glycerol in 100 mM phosphate buffer
with a pH of 7.5 at 30 °C. Samples were collected periodically, and the concentrations of
glycerol and DHA were analyzed using high-performance liquid chromatography (HPLC)
on an Agilent 1220 Infinity system equipped with an IC-Sep COREGEL 87H3 column.
The mobile phase comprised 0.5 mM H;SOj:acetonitrile (65:35 v/v) at a flow rate of
0.6 mL/min, and the column’s temperature was maintained at 30 °C. DHA was detected
using a UV /Visible detector at 210 nm, while glycerol was detected using a Refractive
Index Detector (RID). The retention times for DHA and glycerol were 12.5 min and 13.5 min,
respectively. NADH quantification was performed using UV /Visible spectrophotometry
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at 340 nm. Absorbance measurements were conducted on a SPECTROstar microplate
reader. The samples were analyzed in triplicate (n = 3), and descriptive statistics (mean
and standard deviation) were used to report the yield and conversion data.

3. Results and Discussions
3.1. Characterization of Soluble Enzymes

Initially, pH and temperature profiles were established for each soluble enzyme to
determine a working range for pH and temperature for catalytic potential analysis. Figure 1
shows that GlyDH from G. stearothermophilus exhibits elevated activity at an alkaline pH,
peaking at pH 10. This observation aligns with reports on GlyDH from other bacteria,
such as E. coli [21] and G. oxydans [22], which display maximal activity at pH 10.5 and 10,
respectively. These values are notably high, considering that the average optimal pH for
GlyDH typically falls between 8.0 and 9.0 [23-26]. Regarding temperature, in this study,
GlyDH demonstrated peak activity between 30 °C and 40 °C. This range is lower than the
average of 60 °C reported for other GlyDHs [22,24,26].
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Figure 1. (A) Activity vs. pH profile for enzymes GlyDH (-¢-) and NOX (-V-) assayed in 100 mM
universal Britton-Robinson buffer at 30 °C. (B) Activity vs. temperature profile for enzymes GlyDH
(-e-) and NOX (-v-). Error bars represent standard errors (n = 3).

On the other hand, the NOX enzyme exhibits optimal activity at pH 7.0 and 40 °C,
consistent with literature reports for water-producing NADH oxidase. Non-thermophilic
NOX enzymes typically exhibit an average optimal temperature of 40 °C and pH of
7.0 [8,27,28]. NOX enzymes from thermophilic microorganisms, however, exhibit optimal
activity at a higher temperature of 70 °C and a slightly more alkaline pH of 7.5-8.0. Unlike
the NOX from S. pyogenes in this study, which is a dimer, thermophilic NOX enzymes are
often hexamers [8]. This multimeric structure introduces complexities such as subunit
dissociation under moderate ionic strengths and challenges in immobilization, which
could be considered a comparative advantage over other NOX enzymes. Furthermore,
as mentioned previously, the exclusive production of H,O as a byproduct is a significant
advantage of this enzyme.

Based on these results, a compromise pH range of 7.5 to 8.5 was selected for further
investigation. This range favors the activity of GlyDH, which demonstrates considerably
lower activity (10-fold lower) than NOX.

Regarding temperature, a range of 30 °C to 40 °C was established, encompassing the
optimal activity zone for both enzymes. However, it is essential to consider that oxygen, the
substrate for NOX, has limited solubility. Elevated temperatures could potentially decrease
oxygen availability, thereby affecting NOX activity.

3.2. Immobilization of Enzymes

The immobilization of both enzymes on Ni*2-chelated agarose (Ag-Ni) supports was
carried out. Immobilization assays were conducted at two protein concentrations: a low
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loading concentration (0.5 mg/g support) and a high loading concentration (20 mg/g
support) using 100 mM phosphate buffer at a pH of 7.0 and 4 °C. The immobilization
kinetics are presented in Supporting Materials (Figure S1), and the final metrics for each
immobilization are summarized in Table 1.

Table 1. Results of GlyDH and NOX enzyme immobilization on Ag-Ni support.

Enzyme Protein Loading (mg/g) IYp (%) IYact (%) RA% RCA%

GlyDH 0.5 93.6 100.0 49.2 37.8

GlyDH 20 47.5 60.3 9.9 0.8
NOX 0.5 67.0 100.0 63.0 48.1
NOX 20 45.3 71.7 34.3 21.1

The results presented in this study demonstrate a substantial improvement in the
immobilization efficiency of both enzymes compared to previous work utilizing glyoxyl-
amino hetero-functional agarose supports [29]. In the prior study, recovered activities
(RCA) for GlyDH and NOX were 28% and 5%, respectively. The marked increase in GlyDH
activity observed here may be attributed to the inherent differences between immobilization
chemistries. Immobilization via glyoxyl functional groups tends to significantly rigidify the
enzyme structure, reducing the natural flexibility crucial for catalytic activity [30]. How-
ever, this increased rigidity is also associated with enhanced thermostability, a potential
benefit of glyoxyl-based immobilization strategies [30]. In the case of GlyDH from G.
stearothermophilus, an enzyme derived from a thermophilic organism that already possesses
high thermostability, this benefit may not be significant [6]. Rocha et al. [31] immobilized
NOX by amino functional groups, which is an irreversible immobilization process that
can detach the proteins in the washing and filtering processes and does not stabilize the
enzyme structure.

3.3. Post-Immobilization Modifications for GlyDH and NOX Catalysts

Given the inherent challenges associated with immobilizing multimeric enzymes,
such as the potential for subunit dissociation and destabilization, post-immobilization
modifications were investigated to enhance the stability of both GlyDH and NOX [13].
The Ag-Ni support, even after immobilization, can contribute to the destabilization of the
quaternary structure due to the presence of residual active functional groups. These free
groups can interact with unbound subunits, potentially promoting enzyme movement
within the support [32]. This can lead to the immobilized enzyme exhibiting lower stability
than its soluble counterpart, as demonstrated by the results presented in Table 2.

Table 2. Results of crosslinking and coating with polymers of immobilized GlyDH.

Type of Support and

Crosslinker RCA (%) Specific Activity (Ul/g) tyo (h) *
Soluble - 1.24 ** 591
Ag-Ni+2 2141 0.94 497

Ag-Ni PEI 29.53 0.48 59

Ag-Ni 0.0125% Glut 16.14 0.80 973
Ag-Ni 0.025% Glut 15.09 0.79 1036
Ag-Ni 0.05% Glut 15.58 0.73 966

* Half-life time incubated in 100 mM phosphate buffer at 30 °C. ** Specific activity expressed in Ul/mL.

To address this issue, post-immobilization modifications were investigated, specifically
focusing on coating the catalysts with polymers. Polyethyleneimine (PEI) and glutaralde-
hyde (Glut) were selected for their potential to prevent the dissociation of enzyme subunits.
PEI, a cationic polymer, forms reversible ionic interactions with negatively charged amino
acids on the protein surface, helping to maintain protein flexibility and mitigating activity
loss often associated with catalyst coating. In contrast, Glut creates covalent bonds with
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amino groups on the enzyme’s amino acid residues, thereby rigidifying and stabilizing
the enzyme structure [33]. The impact of these polymer coatings on both the activity
and stability of the immobilized biocatalysts was evaluated. The half-life of the modified
biocatalysts was determined at 30 °C and pH 7.5 in 100 mM phosphate buffer to assess their
stability. The results of coating the enzymes with Glut and PEI are presented in Table 2.

The PEI coating led to a reduction in specific activity, activity yield, and catalyst half-
life compared to the uncoated and other immobilized forms. The reversible nature of the
PEI interaction, coupled with its inherent flexibility, may inadvertently promote subunit
dissociation rather than stabilize the enzyme structure. Additionally, PEI could potentially
chelate the zinc ion within the enzyme’s active site, thereby hindering its activity. It has
been reported that PEI can chelate various divalent metal ions [28]. Notably, an increase
in protein yield was observed between Ag-Ni and Ag-Ni PE], likely due to the binding of
unbound proteins in the immobilization medium to the polymer upon its addition.

Crosslinking the immobilized enzyme with glutaraldehyde consistently enhanced its
stability. Kumar et al. [5] immobilized an E. coli GlyDH in nano-reactors and observed
complete activity loss in the uncrosslinked enzyme after 25 days, while the crosslinked
enzyme retained 50% activity at the same time. Comparing these results to those obtained
in the present study and the work of Zhang et al. [25], it can be concluded that covalent
crosslinking is preferable to coating with a flexible polymer like PEL

Furthermore, the glutaraldehyde coating experiments highlight the importance of
optimizing polymer concentration. Increasing glutaraldehyde concentration from 0.025%
t0 0.05% led to a 70-h decrease in enzyme half-life and a 0.06 IU/g reduction in expressed
activity. This decrease is likely attributable to extensive chemical modification of the
enzyme at higher glutaraldehyde concentrations.

To confirm the stabilization of the quaternary structure and prevent subunit dis-
sociation, SDS-PAGE analysis was conducted on each catalyst. The absence of a band
corresponding to the enzyme subunit’s molecular weight (41 kDa) in the presence of
0.05% v/v Glut (see Figure S2A in Supporting Materials) suggests that this concentration is
necessary to prevent the complete dissociation of the enzyme subunits.

Regarding the NOX enzyme, the same post-immobilization strategies were imple-
mented. Table 3 reveals that immobilization via PEI coating or Glut crosslinking results in
a 20% to 50% decrease in specific activity compared to uncoated catalysts, accompanied
by a twofold reduction in half-life. This suggests that, in this case, crosslinking does not
contribute to catalyst stabilization but rather has a detrimental effect, potentially due to the
failure of crosslinking to stabilize the quaternary structure or induce the distortion of the
enzyme structure. Notably, NOX immobilized on Ni-Ag exhibits a half-life twice that of
the soluble enzyme.

Table 3. Results of crosslinking and coating with polymers of immobilized NOX.

Typec‘;f)fs‘;gﬁf:; and RCA (%) Specific Activity (Ul/g) tyz (h) *
Soluble - 5.28 ** 3.36
Ag-Ni*? 13.77 5.27 6.74

Ag-Ni PEI 11.07 2.62 3.7

Ag-Ni 0.0125% Glut 12.36 442 3.19

Ag-Ni 0.025% Glut 11.09 427 3.01
Ag-Ni 0.05% Glut 7.02 2.7 3.43

* Half-life time incubated in 100 mM phosphate buffer at 30 °C. ** Specific activity expressed in Ul/mL.

Analogous to the GlyDH analysis, SDS-PAGE analysis was conducted on each NOX
biocatalyst to assess the stabilization of its quaternary structure. The results indicate that
NOX monomers (50 kDa) dissociate even in the presence of the highest glutaraldehyde
concentration tested (see Figure S2B in Supporting Materials). This outcome aligns with
previous findings, demonstrating that crosslinking does not enhance the stability of NOX.
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An alternative strategy to enhance the stability of soluble NOX involves the application
of reducing agents such as DTT or sodium azide [34,35]. NOX destabilization is often
attributed to the oxidation of a cysteine sulfhydryl group. Consequently, the impact of
DTT, a reducing agent known to prevent such oxidation, on the activity and stability of
NOX immobilized on Ag-Ni was investigated. A fourfold increase in activity and a twofold
increase in stability were observed at a DTT concentration of 15 mM (see Figure S3 in
Supporting Materials). Similar findings have been reported for NOX from Giardia lamblia,
indicating that inactivation is primarily related to overoxidation of the active site cysteine
rather than denaturation [35].

To identify a suitable DTT concentration range compatible with both GlyDH and NOX,
the effect of DTT concentration on their activity and stability was investigated. The results
revealed a strong negative impact of DTT on GlyDH, with over 80% activity loss within just
two hours of incubation with 15 mM DTT. It has been reported that reducing agents can
inactivate GlyDH by reducing zinc and/or cysteine residues in the active site [36]. These
results highlight the incompatibility of DTT with GlyDH, underscoring the challenges of
finding compromise conditions for multi-enzyme systems.

Ultimately, for immobilized NOX, we decided to avoid any crosslinking strategy and
instead pre-incubate it with 10 mM DTT prior to use to reactivate the enzyme and enhance
its specific activity. For GlyDH, the biocatalyst selected was the one crosslinked with 0.025%
glutaraldehyde (GlyDH-Ag-Ni-0.025% Glut).

3.4. Determination of Operational Compromise Conditions

A major challenge in the design of multi-enzymatic systems is the identification of
operational conditions that effectively balance the often-contrasting activity and stability
profiles of the involved enzymes [14,16]. Therefore, in this study, we employed a three-
level design of experiments to investigate the catalytic potential of a two-enzyme system
comprising immobilized GlyDH and NOX (GlyDH-Ag-Ni-0.025% Glut and NOX-Ag-Ni,
respectively). The experimental design encompassed a temperature range of 30—40 °C and
a pH range of 7.5-8.5. The stability of the immobilized biocatalysts was assessed under
non-reactive conditions in 100 mM phosphate buffer. The resulting inactivation kinetics are
shown in Figure 2. The parameters of the decay models are shown in Supporting Materials
(Table S2).

eleg
eleg
eleg

eleg
eleg
eleg

Time (h) Time(h) Time (h)
Figure 2. Inactivation kinetics for GlyDH-Ag-Ni-0.025% Glut at 30 °C (A), 35 °C (B), and 40 °C

(C) and pH of 7.5 (-e-), 8.0 (--¥-), and 8.5 (") and for NOX-Ag-Ni at 30 °C (D), 35 °C (E), and
40 °C (F) and pH of 7.5 (-¢-), 8.0 (--V--), and 8.5 (--I"--).
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The results presented in Figure 2 demonstrate that while GlyDH experiences an initial
40-60% activity loss within the first 48 h, it maintains a residual activity of approximately
60% for more than 30 days, even at the highest temperature tested. An analysis of its
behavior across the pH range investigated reveals no significant differences in stability
among the three pH values evaluated. The high thermal stability of GlyDH may be
attributed to glutaraldehyde crosslinking, which stabilizes and rigidifies its structure.

In contrast to GlyDH, NOX exhibited significantly lower stability, with a 50% reduction
in specific activity observed within the first 6 h under all conditions tested. At 30 °C, NOX
retained 20% of its initial specific activity after 36 h, becoming completely inactivated at
54 h, regardless of pH. NOX stability decreased with increasing pH, suggesting that pH is
a critical determinant of NOX stability in this system.

To identify the compromise operating conditions that balance the activity and stability
of both enzymes, the response surfaces generated from the design of the experiments were
analyzed. Due to the significant difference in the magnitude of the catalytic potentials
between the two enzymes, the responses were normalized by dividing each value by the
highest catalytic potential observed. The resulting relative catalytic potential surfaces for
GlyDH and NOX are presented in Figure 3.

Relative catalytic potential

(=]
o
Relative catalytic potential

30 75 04 Temperature (°C) 30 75 pH 01

Figure 3. Response surface of the relative catalytic potentials of GlyDH (upper surface) and NOX
(lower surface) for each temperature and pH evaluated at different times: 6 h (A), 12 (B), 24 (C), and
48 (D).

The intersection of the relative catalytic potential surfaces for GlyDH and NOX reveals
the operational conditions that optimally balance the activity and stability of both enzymes.
As the considered time increases from 6 to 48 h, the surfaces become increasingly distinct,
with the optimal compromise point shifting towards 30 °C and pH 7.5 (Figure 3).

At 6 h, GlyDH exhibits a minimum relative catalytic potential of 72% at pH 8.0 and
30 °C, compared to its maximum potential at 30 °C and pH 7.5. This difference is less
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pronounced than that observed for NOX, which shows a minimum relative potential of only
28% under its least favorable conditions. While both enzymes share the same conditions
for the maximum catalytic potential, NOX emerges as the limiting factor in this system due
to its lower overall stability.

The identification of optimal operating conditions in multi-enzyme systems is an
ongoing challenge, with limited literature available on this specific aspect. Xu et al. [37]
investigated a similar system using crosslinked enzyme aggregates (CLEAs), both indi-
vidually and combined. They found that the conditions maximizing the activity of the
combined CLEAs coincided with those for the CLEAs of GlyDH alone (pH 7.0 and 40 °C).
However, the reported half-life of 3 h for the combined CLEAs underscores the impact
of NOX instability on overall system performance, consistent with our observations. The
short half-life observed by Xu et al. [37] might be attributed to the inherent instability
of NOX, which acts as the limiting factor in determining the operational lifespan of the
combined biocatalyst.

In light of these findings, the compromise conditions selected for the operation of
the GlyDH-NOX system are 30 °C and pH 7.5, favoring the stability of the more labile
NOX enzyme.

3.5. Production of Dihydroxyacetone from Glycerol Using the Development
Multi-Enzymatic System

To assess the applicability of the previously determined optimal compromise condi-
tions, DHA production was conducted in a basket reactor using immobilized biocatalysts.
The reaction was carried out using 100 mM glycerol and 1 mM of NADH at the compromise
conditions previously established. The kinetics of the reaction are shown in Figure 4.

(B) 1.0 ¥

0-82%,@——0——@——4}—«3——&
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%ﬁ o - 80
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NOX

Concentration DHA, NADH (mM)
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Figure 4. Scheme of the reaction (A) for the production of dihydroxyacetone from glycerol using a
basket reactor and immobilized enzymes (B): Glycerol (M), NADH (V), and DHA (e). The reaction
was carried out at the compromise conditions of pH 7.5 and 30 °C. Error bars represent standard
errors (n = 3).

Figure 4 depicts the reaction kinetics for glycerol, DHA, and NADH. The rapid
consumption of NADH indicates an accumulation of the NAD+ cofactor in the reac-
tion medium, suggesting that the reaction of glycerol oxidation is hindered by product
inhibition [28]. At the end of the reaction, 98.7 mg of the product was recovered from the
medium, corresponding to 87% of the DHA produced in the reaction. During the course of
the reaction, DHA production reached a concentration of 0.43 mM, achieving a conversion
of 3.9% and a volumetric productivity of 0.05 g L~! h~1. This is consistent with previous
reports on glycerol oxidation using other GlyDHs [37,38]. For instance, Xu et al. [37] re-
ported conversions not exceeding 4.5% when using GlyDH and a cofactor regeneration
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system employing recombinant NADH oxidase. The low DHA production is associated
with the product inhibition of GlyDH, which slows down the reaction compared to the
initial 30 min.

The results highlight the importance of achieving compromise conditions and the diffi-
culties in coupling and optimizing a multi-enzyme system when the enzymes exhibit vastly
different activities and stabilities [16,39]. Additionally, a limitation of this multi-enzyme
system is the strong substrate inhibition experienced by GlyDH. Further improvement of
the multi-enzyme system should address this issue through protein engineering of GlyDH
or process strategies such as in situ product removal [40].

4. Conclusions

In this study, we successfully developed an efficient multi-enzymatic system for DHA
production from glycerol, addressing the challenges associated with balancing the activity
and stability of enzymes by selecting the compromise operational conditions based on
the catalytic potential. The immobilization of GlyDH and NOX on Ni*? agarose chelated
supports, coupled with post-immobilization modifications, significantly enhanced their
stability and activity. The use of glutaraldehyde crosslinking proved particularly effective in
stabilizing GlyDH. Based on the analysis of catalytic potential, the compromise conditions
were identified as 30 °C and pH 7.5, favoring NOX stability. Although the final DHA
yield was limited by product inhibition, this study provides valuable insights into the
design and optimization of multi-enzymatic systems for biocatalytic processes, paving
the way for the sustainable production of valuable chemicals from renewable resources.
Future research should focus on addressing product inhibition and exploring alternative
reactor configurations to further enhance the efficiency and productivity of this promising
biocatalytic system.
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NOX biocatalyst crosslinked with glutaraldehyde; Figure S3. Half-life and activity of soluble NOX in
the presence of different concentrations of DTT; Table S1. Effect of DTT on the stability of GlyDH.
Table S2. Inactivation parameters and catalytic potential of GlyDH and NOX incubated at different
temperatures and pH.
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