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Abstract: Continuous flow technologies have become increasingly important for biocatalytic pro-
cesses. In this study, we present the application and modelling of covalently immobilised N-
acetylglucosamine 2-epimerase and N-acetylneuraminic acid lyase in packed bed reactors for the
synthesis of N-acetylneuraminic acid. The immobilised enzymes were stable under continuous
flow process conditions with half-life times of >28 d (epimerase immobilised on hexamethylamino
methacrylate HA403/M) or 58 d (lyase immobilised on dimenthylamino methacrylate ECR8309M),
suitable for continuous flow applications. Kinetic studies revealed Michaelis–Menten kinetic be-
haviour for both enzymes. The kinetic parameters and the inhibitions were analysed under con-
tinuous flow conditions and were integrated into a process model using Python. The model was
validated by varying flow rates, the mass of immobilised enzymes and the reactor dimensions and
shows a low error compared to the measured data. An error accuracy of 6% (epimerase) or 9% (lyase)
was achieved. The product concentrations of the enzyme cascade at the end of the packed bed reactor
can be predicted with an accuracy of 9% for the calculation of a large column (84.5 mL) or of 24% if
several small columns (2.5 mL, 0.8 mL) are connected in series. The developed model has proved to
be valid and will be used to optimise the process with respect to substrate concentrations, reactor
dimensions and flow rate.

Keywords: immobilisation; continuous biocatalysis; N-acetylneuraminic acid; packed bed reactor;
flow tube; GlcNAc 2-epimerase; Neu5Ac lyase

1. Introduction

N-Acetylneuraminic acid (Neu5Ac) belongs to the sialic acid family. Sialic acids are
naturally occurring sugar acids with a nine-carbon backbone. More than 50 sialic acids
have been identified. Sialic acids, also known as neuraminic acids, were first isolated from
gangliosides [1]. The most common sialic acids are Neu5Ac, N-glycolylneuraminic acid
(Neu5Gc), 2-keto-3-deoxy-nonulosonic acid (Kdn) and their O-methyl-, O-lactyl-, O-sulfo-,
O-phospho- or O-acyl derivatives [2]. Neu5Ac is the most abundant sialic acid and is the
only one that has been found in humans. They rarely occur as free sialic acids in nature.
Mostly they occur as terminal, non-reducing position of oligosaccharide chains of mucins,
glycoproteins, and glycolipids on cell surfaces of vertebrates and higher invertebrates,
mainly linked to galactose, N-acetylgalactosamine and other sialic acid residues [2,3]. In
eukaryotes, sialic acids are involved in many cell and cell-molecule interactions [4]. Neu5Ac
has many physiological roles in humans, including antiviral function, brain development
and cognition, immunomodulation, cancer treatment and antioxidant activity [5]. This
leads to an interest in the food, cosmetics and pharmaceutical industries [5]. Sialic acids are
also found in some pathogenic bacteria as components of lipooligosaccharides or capsular
polysaccharides. The sialic acid metabolism has been well studied in several pathogens,
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including Escherichia coli K1, Pasteurella multocida, Neisseria meningitidis and Campylobacter
jejuni [2].

Neu5Ac can be catalysed in a two-step cascade. The first step is the epimerisation
of N-acetylglucosamine (GlcNAc) to N-acetylmannosamine (ManNAc). This step can be
catalysed by GlcNAc 2-epimerase or by alkaline treatment [6,7]. In the second step, an aldol
addition of ManNAc and pyruvate can be catalysed by Neu5Ac lyase. Another possible
pathway is catalysed by Neu5Ac synthase with phosphoenolpyruvate (PEP) [8]. In this
study, GlcNAc 2-epimerase from Pedobacter heparinus (EC 5.1.3.8, gene: Phep_3251, UniProt
KB: C6Y403) and Neu5Ac lyase from Escherichia coli (EC 4.1.3.3, gene: nanA, UniProt KB:
A0A140N3N8) were examined (Scheme 1).
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Scheme 1. Enzyme cascade for Neu5Ac synthesis (GlcNAc: N-acetylglucosamine, ManNAc: 
N-acetylmannosamine, Neu5Ac: N-acetylneuraminic acid). 
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Bloemendal worked on the synthesis of Neu5Ac using a continuous flow tube with a fixed 
bed with immobilised lyase, achieving a pyruvate conversion of 82% with a 5-fold 
ManNAc excess in a chemoenzymatic synthesis [13]. In a paper published in 2021, Obst 
et al. showed the benefits of immobilised enzymes for sialic acid production and thus the 
prevention of inhibitory effects by compartmentalisation in microfluidic devices [14]. 
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enables continuous reaction control [17]. Continuous flow technologies can improve mass 
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Scheme 1. Enzyme cascade for Neu5Ac synthesis (GlcNAc: N-acetylglucosamine, ManNAc: N-
acetylmannosamine, Neu5Ac: N-acetylneuraminic acid).

Over the past three decades, several approaches for the biosynthesis of Neu5Ac have
been developed and published. In a 1991 publication, Kragl et al. described the use of a
GlcNAc 2-epimerase and a Neu5Ac lyase in a membrane reactor with a GlcNAc conversion
of 28% [6]. In a study by Maru and workers from 1998, the synthesis with free enzymes
and a GlcNAc conversion of 77% is demonstrated in a 150 L batch reactor [9]. The first
use of immobilised enzyme to produce Neu5Ac was described by Mahmoudian in 1997.
The epimerisation of GlcNAc was carried out via the base-catalysed reaction with sodium
hydroxide. The subsequent reaction was performed with immobilised Neu5Ac lyase in
a stirred tank reactor [10]. Further studies with immobilisation of both enzymes have
been published by Hu et al., 2010 [11] and Cheng et al., 2017 [12]. The experiments were
realised in a 50 mL scale and analysed for efficiency and stability. Neu5Ac was synthesised
with GlcNAc conversions of 73% (batch) and 82% (fed-batch) [11,12]. In 2019, Bloemendal
worked on the synthesis of Neu5Ac using a continuous flow tube with a fixed bed with
immobilised lyase, achieving a pyruvate conversion of 82% with a 5-fold ManNAc excess
in a chemoenzymatic synthesis [13]. In a paper published in 2021, Obst et al. showed
the benefits of immobilised enzymes for sialic acid production and thus the prevention
of inhibitory effects by compartmentalisation in microfluidic devices [14]. Recently in
2022, Reich et al. demonstrated the use of epimerase and Neu5Ac lyase immobilised on
methacrylate carrier for continuous use in Neu5Ac synthesis. In addition to the outstanding
stability of the immobilisates, they can even be used under high pressure up to 115 MPa
while remaining stable [15].

Immobilised enzymes offer many advantages that make them attractive for industrial
and biotechnological applications. Immobilisation can increase enzyme stability, and
enzymes can be easily recovered and reused [16]. In addition, inhibitions can possibly be
reduced [17]. Different types of immobilisation can be selected, whereby immobilisation can
be achieved by binding to a carrier, encapsulation or cross-linking [18]. Covalent binding
to the carrier offers the advantage of stable bonds that prevent leaching of the enzyme and
minimise contamination of the product, thereby simplifying product purification [19]. The
use of immobilised enzymes in different types of reactors, such as packed bed or rotating
bed reactors, allows targeted use for different requirements and enables continuous reaction
control [17]. Continuous flow technologies can improve mass transfer. Capacities can be
increased by adjusting reaction times or by using parallel or series-connected reactors.
Reaction parameters can be specifically adjusted and monitored, enabling reliable and
reproducible process control [19,20].
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The implementation of multi-enzyme cascades in a process is often challenging. A
model can provide information on the effect of parameters for optimisation [19]. A mech-
anistic model based on Michaelis–Menten kinetics combined with fluid mechanical ap-
proaches for dimensioning of a packed bed reactor can be used for this purpose.

In this study, amino methacrylate particles pre-activated with glutaraldehyde and
epoxy methacrylate particles were used as carriers to covalently immobilise GlcNAc 2-
epimerase and Neu5Ac lyase. The enzymes are used in packed bed reactors (PBRs) for
continuous Neu5Ac synthesis. This two-enzyme reaction is the first module of a complex
reaction cascade for the production of the human milk oligosaccharide sialyllactose.

2. Materials and Methods
2.1. Chemicals

The following chemicals were used in this study, with manufacturers and order num-
ber: acetonitrile (VWR International GmbH, Darmstadt, Germany, 83640.320), adenosine 5’-
triphosphate disodium salt hydrate (Biosynth Ltd., Compton, UK, NA00135), albumin from
bovine serum (BSA) (Sigma-Aldrich, Saint Louis, MO, USA, A7906), Bradford reagent (Sigma-
Aldrich, B6916), dimethylamino methacrylate (Purolite Ltd., Wales, UK, ECR8309F/ECR8309M),
dimethylamino methacrylate (Resindion S.r.l., Binasco, Italy, EA403/M), disodium hydro-
gen phosphate dihydrate (VWR International GmbH, Darmstadt, Germany, 28029.260), D-
mannose (Biosynth Ltd., Compton, UK, MM06704), epoxy methacrylate (Purolite Ltd., Wales,
UK, ECR8204F/ECR8204M), glutardialdehyde (Carl Roth GmbH & Co. KG, Karlsruhe, Ger-
many, 3778.1), HEPES (Carl Roth GmbH & Co. KG, Karlsruhe, Germany, HN78.3), hexam-
ethylamino methacrylate (Resindion S.r.l., Binasco, Italy, HA403/M), imidazole (Merck KGaA,
Darmstadt, Germany, 104716), magnesium chloride hexahydrate (Sigma-Aldrich, Saint Louis,
MO, USA, M9272), N-acetyl-D-glucosamine (Biosynth Ltd., Compton, UK, MA00834), N-acetyl-
D-mannosamine (Biosynth Ltd., Compton, UK, MA05269), N-acetylneuraminic acid (Biosynth
Ltd., Compton, UK, MA00746), NAD (Carl Roth GmbH & Co. KG, Karlsruhe, Germany,
AE11.3), orthophosphoric acid (Merck KGaA, Darmstadt, Germany, 100563), sodium chloride
(VWR International GmbH, Darmstadt, Germany, 27810.295), sodium phosphate monobasic
monohydrate (Sigma-Aldrich, Saint Louis, MO, USA, 71507), sodium pyruvate (Biosynth Ltd.,
Compton, UK, FS06501), Tris (AppliChem GmbH, Darmstadt, Germany, A1379). All chemicals
were of analytical grade.

2.2. Enzyme Expression and Purification

The gene for the GlcNAc 2-epimerase from Pedobacter heparinus (gene: Phep_3251) was
ordered as codon optimised gBlock gene fragment (Integrated DNA Technologies, Leuven, Bel-
gium). The gene for the Neu5Ac lyase was amplified from the Escherichia coli (E. coli) BL21(DE3)
(gene: nanA) (New England Biolabs, Frankfurt, Germany, C2527H) genome. The genes for
epimerase and lyase were cloned into pETDuetTM-1 (Merck KGaA, Darmstadt, Germany,
71146) expression vector. E. coli BL21(DE3) (New England Biolabs) was transformed with
the plasmids pETDuet-1_phepi(N) and pETDuet-1_ecneua(N) using heat shock. The gene for
N-acylmannosamine 1-dehydrogenase (ManDH) from Flavobacterium sp. 141-8 (EC 1.1.1.233,
gene: NAM-DH, UniProt KB: P22441, [21]) cloned into the pET28-a(+) expression vector
(pET28a(+)_fsmandh(N)) was kindly provided by the Graz University of Technology, Institute
of Biotechnology and Biochemical Engineering. E. coli JM109(DE3) (Promega Corporation,
Walldorf, Germany, P9801) was transformed with the plasmids pET28a(+)_fsmandh(N) using
heat shock. All enzymes were N-terminal hexahistidine (His6) tagged, and the expression was
performed as a fed-batch cultivation with an adjusted medium described by Lilley et al. [22]
in a bioreactor (Infors AG, Bottmingen, Switzerland, Multifors 2) with a working volume of
up to 0.8 L. For enzyme purification immobilised metal affinity chromatography (IMAC) was
used. The buffer was exchanged to 20 mmol·L−1 Tris buffer with 20 mmol·L−1 D-Mannose
at pH 7.0 for epimerase and to 10 mmol·L−1 HEPES buffer pH 7.5 for lyase performed by
tangential flow filtration (TFF) (Vivaflow® 200 Module, VWR International GmbH, Darmstadt,
Germany, 512-4069). The epimerase and lyase were lyophilised in a freeze-drying system
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(Martin Christ Gefriertrocknungsanlagen GmbH, Osterode, Germany, Alpha 1-2 LD) and
stored at −20 ◦C. ManDH was stored in IMAC elution buffer (50 mmol·L−1 sodium phos-
phate, 300 mmol·L−1 sodium chloride, 150 mmol·L−1 imidazole, pH 7.5) at 6 ◦C. The purity
of the enzyme was qualified by SDS-PAGE. Protein concentration was determined by the
Bradford assay using BSA as a reference. Enzyme-specific absorption at 280 nm was used for
purified enzyme [23]. The protein extinction coefficients for enzyme-specific absorption were
calculated in the Expasy ProtParam web application [24].

2.3. Immobilisation

For the covalent immobilisation of the epimerase and lyase, amino methacrylate carrier
(pre-activated with glutaraldehyde) and epoxy methacrylate carrier were used (Table 1).
Using glutaraldehyde pre-activated amino methacrylate carrier, the enzyme’s terminal
amino group forms multiple covalent bonds with the resin’s aldehyde group, forming
an imino bond [25]. Epoxy-functionalised carriers form stable covalent bonds with thiol,
amino, carboxyl or phenol groups of the enzymes [26]. Immobilisation was performed as
described in our previous studies [15,27]. A 20 mmol·L−1 sodium phosphate buffer at pH
7.5 was used as buffer for immobilisation. For mixing during the immobilisation process,
a rotary mixer (Sample Mixer MXICI, Dynal AS, Oslo, Norway) or a bench-top roller
(Wheaton Science Products, Miliville, NJ, USA) was used. For vacuum filtration, a vacuum
pump (Chemistry diaphragm pump ME 2C NT, Vacuubrand GmbH + Co. KG, Wertheim,
Germany), a filter attachment (Bottletop-filter, Thermo Fisher Scientific Inc., Waltham, MA,
USA) and a membrane filter (Labsolute® CA membrane filter, Th. Geyer GmbH & Co.
KG, Renningen, Germany) were used. The carrier was equilibrated by washing it three
times with immobilisation buffer at a 1:2 (w/v) ratio of carrier to buffer. For pre-activation
of the amino methacrylate carrier, a 1% glutaraldehyde (v/v) solution in immobilisation
buffer with a ratio of 1:4 (w/v) carrier to solution was used. After the addition of the
1% glutaraldehyde solution, mixing was carried out for 1 h at room temperature and
at 10 rpm. The pre-activated amino methacrylate carrier was then washed 3 times with
immobilisation buffer (ratio of 1:4 (w/v) carrier to solution). A 5 mg·mL−1 enzyme solution
in immobilisation buffer was added to the equilibrated and pre-activated carrier after
vacuum filtration with an enzyme loading of 50 or 100 mgezyme·gcarrier

−1 and was mixed at
20 ◦C and at 10 rpm for 18 h. Epoxy methacrylate carrier was then stored for additional
20 h at 20 ◦C without mixing. The immobilisates were washed with immobilisation
buffer containing 500 mmol·L−1 sodium chloride to desorb non-covalently bound proteins
and stored in immobilisation buffer at 6 ◦C. The specific enzyme activity and enzyme
concentration were determined in the enzyme solution before and after immobilisation.
Enzyme concentration was determined by enzyme-specific absorption at 280 nm. The
carrier-specific activity was determined with the immobilisate. In order to characterise the
immobilisation process, the immobilisation efficiency and the activity yield were calculated
as described by Syldatk et al. [28] (pp. 200–203). The immobilisation efficiency (EffImmo)
is the percentage of the measured immobilised activity (apparent activity, EAapp) of the
theoretical immobilised activity (Equation (1)).

E f f immo =
EAapp

EAtotal − EA f ree
·100% (1)

EAtotal is the theoretical maximum enzymatic activity and EAfree is the activity remain-
ing in the enzyme solution after immobilisation. The activity yield (YEA) describes the
percentage of the apparent activity (EAapp) from the theoretical maximum activity (EAtotal)
(Equation (2)).

YEA =
EAapp

EAtotal
·100% (2)



Processes 2024, 12, 2191 5 of 25

Table 1. Carriers used for immobilisation.

Carrier/Order Number Immobilisation Type Pore Diameter */nm Particle Diameter */µm

Epoxy methacrylate/ECR8204F
(Purolite Ltd.)

covalent
30–60 150–300

Epoxy methacrylate/ECR8204M
(Purolite Ltd.) 30–60 300–710

Dimethylamino methacrylate/ECR8309F
(Purolite Ltd.)

covalent via pre-activation
with glutaraldehyde

60–120 150–300

Dimethylamino methacrylate/ECR8309M
(Purolite Ltd.) 60–120 300–710

Hexamethylamino methacrylate/HA403/M
(Resindion S.r.l.) 40–60 200–500

Dimethylamino methacrylate/EA403/M
(Resindion S.r.l.) 40–60 200–500

* Information provided by carrier manufacturers [25,29].

2.4. Activity Assays in Batch Experiment

The activity assays with a reaction volume of 1 mL (Vreaction) were performed in dupli-
cate in a 1.5 mL reaction tube for soluble enzyme or in a 2 mL reaction tube for immobilised
enzyme. The reaction was performed in a thermoshaker (Grant Instruments, Amsterdam,
The Netherlands, PCMT Thermoshaker) at 40 ◦C with a rotation speed of 1000 rpm.

The substrate for epimerase contained 100 mmol·L−1 GlcNAc, 1 mmol·L−1 MgCl2,
1 mmol·L−1 ATP and 100 mmol·L−1 Tris at pH 8.0. The reaction was catalysed by 2.5 µg
soluble epimerase (menzyme) or 10 mg immobilised epimerase (mimmobilisate). The reaction
sample was taken after 10 min (treaction) and was stopped with acetonitrile in a volumet-
ric ratio of 1:3 (ACN:sample). ManNAc was quantified by ManDH assay according to
Klermund et al. [30]. The ManDH assay (Scheme S1) was performed in a 1.6 mL cuvette
(Sarstedt AG & Co. KG, Nümbrecht, Germany, 67.740) containing 850 µL of sample diluted in
100 mmol·L−1 Tris at pH 8.0, 100 µL of 20 mmol·L−1 NAD and 50 µL of ManDH solution at
a minimum of 3 kU·mL−1. The reaction time was 30 min at room temperature, and NADH
was measured photometrically at 340 nm (Bio Spectrometer Basic Eppendorf SE, Hamburg,
Germany). The ManNAc concentration (cproduct) was equivalent to NADH and was calculated
by Equation (3), with the absorption at 340 nm (A340) and an extinction coefficient εNADH of
6220 L·mol−1·cm−1 [31]. The measuring range was from 0.02 mmol·L−1 to 0.2 mmol·L−1.

cproduct =
A340·1000· fdilution

εNADH
(3)

The substrate for lyase contained 100 mmol·L−1 ManNAc, 250 mmol·L−1 pyruvate
and 100 mmol·L−1 Tris at pH 8.0. The reaction was catalysed by 100 µg soluble lyase
(menzyme) or 50 mg immobilised lyase (mimmobilisate). The reaction sample was taken after
10 min (treaction) and was stopped with acetonitrile in a volumetric ratio of 1:3 (ACN:sample).
Neu5Ac was quantified (cproduct) using an Agilent 1100 series HPLC (Agilent Technologies,
Santa Clara, CA, USA). A Nucleogel Sugar 810H (Macherey-Nagel GmbH & Co. KG,
Düren, Germany, 719574) column was used at 40 ◦C and a flow rate of 0.6 mL·min−1. The
isocratic eluent was HPLC grade water with 0.1% phosphoric acid (85%). Peaks were
detected at 210 nm (variable wavelength detector (VWD, Agilent Technologies)) with a
retention time of 8.1 (Neu5Ac), 9.4 (pyruvate) and 10.9 min (GlcNAc/ManNAc) (Figure S1).
The measuring range is from 0.05 mmol·L−1 to 10 mmol·L−1.

Activity (v) was calculated according to Equation (4).

v =
cproduct·Vreaction

treaction·menzyme or immobilisate
(4)
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2.5. Impact of the Reaction Conditions
2.5.1. Impact of pH

To determine the influence of pH on the initial activity of the soluble and immobilised
enzymes, the substrate pH was varied from 7–9. The activity was determined according
to Section 2.4. The experiments with immobilisates were performed with enzymes immo-
bilised on epoxy methacrylate ECR8204M (epimerase) and dimethylamino methacrylate
ECR8309M preactivated with glutaraldehyde (lyase).

2.5.2. Impact of Activators

The influence of ATP was analysed for the soluble and the immobilised enzyme
by varying the ATP concentration in the range of 0–10 mmol·L−1 in the substrate of the
activity assay, as described in Section 2.4. The influence of MgCl2 was analysed for the
soluble and the immobilised enzyme by varying the MgCl2 concentration in the range
of 0–50 mmol·L−1 in the substrate of the activity assay, as described in Section 2.4. The
influence of MgCl2 on the equilibrium conversion of epimerase was also investigated.
Therefore, MgCl2 was varied in the range of 0–10 mmol·L−1. The conversion was analysed
after 180 min. The experiments with immobilisates were performed with enzymes immo-
bilised on epoxy methacrylate ECR8204M (epimerase) and dimethylamino methacrylate
ECR8309M preactivated with glutaraldehyde (lyase).

2.6. Characterisation of the Immobilised Enzymes in a Packed Bed Reactor
2.6.1. Experimental Setup

The experimental setup shown in Figure 1 was used to determine the activities and
kinetic parameters of the immobilised enzymes in the PBR. Substrate solutions were placed
in the laboratory bottles (B-1, B-2). Pumps (P-1, P-2) (Acquity UPLC system, Waters
Corporation, Milford, MA, USA) were used to adjust the mixing ratio of the substrate
solutions and the volume flow. The mixing chamber (A-1) ensured sufficient mixing of
the substrate solutions. A sample of the substrate (B-3) was taken after mixing using the
sample valve (V-1). The substrate solution was tempered in a capillary loop (A-2) before
entering the PBR (C-1). The reactor was filled with immobilised enzyme and blocked
carrier (carrier material with covalently bonded Tris). The PBR and the capillary loop were
tempered in the column oven (A-3) (Acquity UPLC system, Waters Corporation). Liquid
flowing through the system was collected in a laboratory bottle (B-4) or sampled at the end
of capillary Q-8. The PEEK capillaries Q-5 to Q-8 had an inner diameter of 0.5 mm.
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blocked carrier (HA403/M) 
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2 0.3 3 0.2 
immobilised epimerase (HA403/M)  

blocked carrier (HA403/M) 
119  
81 

Kinetic epimerase reverse 

3 0.3 3 0.2 
immobilised epimerase (HA403/M)  

blocked carrier (HA403/M) 
25  
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Stability study epimerase 

4 0.3 10 0.7 immobilised epimerase (HA403/M) 478 Validation epimerase model 
5 0.3 3 0.2 immobilised lyase (ECR8309M) 188 Kinetic lyase forward 

6 0.3 3 0.2 
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Figure 1. Experimental setup used for characterisation of immobilised enzymes in a PBR. B-1 and
B-2: bottles with substrate; P-1 and P-2: UPLC pump (binary); A-1: mixing chamber; V-1: sample
valve; B-3: sample vessel; A-2: capillary loop for substrate tempering; C-1: PBR; A-3: oven with
electric heater; B-4: bottle with product; Q-1 bis Q-9: capillaries; M: electric motor; PIR: pressure
indicator and recorder. The piping and instruments diagram was created in RI-CAD (HiTec Zang
GmbH, Herzogenrath, Germany, version 2.2.0).
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2.6.2. Packing of the Reactor

To characterise the immobilised enzymes in a PBR, the immobilisate and the blocked
carrier (carrier material with covalently bonded Tris) are filled into a reactor (Table 2). When
filling the PBR, a consistent, dense packing should be achieved, and the column bed should
be reproducible. For filling PBR 1-10, a PEEK seal and a union nut were used to connect
the reactor to another 4.6 mm ID column. The larger ID facilitates filling the material into
the column. A funnel (Kosmetex GmbH, Unterhaching, Germany, perfume funnel) was
used to fill in the material. The reactor, column and funnel were filled with degassed buffer,
and the immobilisate was added via the funnel. The funnel was then removed, the column
head screwed on and the immobilisate compacted in the reactor under continuous flow
using an LC pump. The reactor was overfilled so that the excess material was removed
with the additional 4.6 mm ID column after densification. This ensures that the reactor is
completely filled. The PBRs used in this study are listed in Table 2. There was no second
column used for the filling of PBR 11 because of the large ID. PBR 1-7 were stainless steel
UHPLC columns (Isera GmbH, Düren, Germany), PBR 8-10 were BioSafe column systems
(IDEX Health & Science, LLC, Middleboro, MA, USA), and PBR 11 was a stainless steel
HPLC column (MACHEREY-NAGEL GmbH & Co. KG, Düren, Germany).

Table 2. PBRs used in this study.

PBR
Number ID/cm Length/

cm V */mL Packed Bed Packed Bed
Mass/mg Application

1 0.3 3 0.2
immobilised epimerase

(HA403/M) blocked
carrier (HA403/M)

25
176

Kinetic epimerase
forward

2 0.3 3 0.2

immobilised epimerase
(HA403/M)

blocked carrier
(HA403/M)

119
81

Kinetic epimerase
reverse

3 0.3 3 0.2

immobilised epimerase
(HA403/M)

blocked carrier
(HA403/M)

25
110

Stability study
epimerase

4 0.3 10 0.7 immobilised epimerase
(HA403/M) 478 Validation

epimerase model

5 0.3 3 0.2 immobilised lyase
(ECR8309M) 188 Kinetic lyase

forward

6 0.3 3 0.2

immobilised lyase
(ECR8309M)

blocked carrier
(ECR8309M)

20
110

Kinetic lyase
reverse

7 0.3 3 0.2 immobilised lyase
(ECR8309M) 205 Stability study

lyase

8 0.46 15 2.5 immobilised lyase
(ECR8309M) 1969 Validation lyase

model

9 0.46 15 2.5

immobilised epimerase
(HA403/M)

immobilised lyase
(ECR8309M)

1016
1694

Validation
combined model

10 0.46 5 0.8

immobilised epimerase
(HA403/M)

immobilised lyase
(ECR8309M)

196
326

Validation
combined model

11 2.1 25 84.6

immobilised epimerase
(ECR8204M)

immobilised lyase
(ECR8309M)

38,337
38,340

Validation
combined model

* V defined the volume of the unfilled reactor.
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2.6.3. Enzyme Activity in Packed Bed Reactors

For the determination of the initial activity in the PBR, the experimental setup from
Section 2.6.1. was used. The substrate for epimerase contained 100 mmol·L−1 GlcNAc,
1 mmol·L−1 MgCl2, 1 mmol·L−1 ATP and 200 mmol·L−1 Tris at pH 8.0. The substrate
for lyase contained 100 mmol·L−1 ManNAc, 250 mmol·L−1 pyruvate and 200 mmol·L−1

Tris at pH 8.0. The reactor had an ID of 3 mm and a length of 30 mm. At a flow rate of
1.5 mL·min−1 (

.
V) and a temperature of 30 ◦C, the activities were determined. The system

and the reactor were equilibrated for 4 min to achieve a constant state. A sample for the
measurement of product concentration (cproduct) (as described in Section 2.4.) was taken at
4 and 4.5 min and the activity (v) was calculated (Equation (5)). The mass of immobilisate
(mimmobilisate) is defined in Table 2.

v =
cproduct·

.
V

mimmobilisate
(5)

2.6.4. Stability of Immobilised Enzymes in Packed Bed Reactors Under Continuous Flow

The stability of the immobilised enzymes in a PBR at continuous flow was anal-
ysed using the experimental setup shown in Figure 1. At a flow rate of 1.5 mL·min−1,
a 200 mmol·L−1 Tris buffer at pH 8.0 containing 20 mmol·L−1 MgCl2 was continuously
pumped through the reactor for at least 28 days. The buffer was in circulation and was
changed twice a week. PBR 1 (epimerase) and PBR 7 (lyase) were used for this study
(Table 2). The oven was set to 30 ◦C for tempering the substrate in the capillary loop and the
PBR. At regular intervals, the enzyme activity was determined according to Section 2.6.3.
Stability was assessed by half-life time, which is the time required to half the initial activity.
The deactivation constant kd was determined by exponential fitting. The half-life time (t1/2)
was calculated according to Equation (6) [32].

t1/2 =
l n(2)

kd
(6)

2.6.5. Substrate Adsorption on Carrier

The adsorption of substrates, intermediates and products on the carrier was analysed
in 2 mL reaction tubes. 30 mg blocked carrier and 0.5 mL solution with substrate, interme-
diate or product in 200 mmol·L−1 Tris pH 8.0 with 20 mmol·L−1 MgCl2 were stored for 4 h
at 30 ◦C and 1000 rpm in a thermoshaker. The solutions contain 100 mmol·L−1 GlcNAc,
pyruvate, ManNAc or Neu5Ac. The concentrations in the solution were measured by HPLC
before and after 1 h and 4 h of storage, according to Section 2.4. Adsorption on the carrier
material is expected to reduce the concentration in the solution. The experiments were
performed with the carriers hexamethylamino methacrylate HA403/M and dimethylamino
methacrylate ECR8309M, both preactivated with glutaraldehyde and blocked with Tris.

2.7. Kinetics

Kinetic parameters were determined using the experimental setup described in
Section 2.6.1. A stainless-steel reactor with an inner diameter (ID) of 3 mm and a length of
30 mm (Isera GmbH, Düren, Germany) was used. The flow rate was set to 1.5 mL·min−1

and the reactor was tempered at 30 ◦C. The substance to be varied was not contained
in substrate A (Figure 1, B-1), but in substrate B (Figure 1, B-2) in high concentrations.
Different substrate concentrations (cS) can be supplied by changing the mixing ratio of the
binary pump. A sample for activity determination (Figure 1, B-4) was taken after 4 and
4.5 min equilibration time. Afterwards, a substrate sample was taken (Figure 1, B-3). To
ensure a constant activity and to record any decreases in activity caused by the experiments,
the activity of the immobilisate in the reactor was measured at the beginning and the end
of a daily series of measurements, according to Section 2.6.3.
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The Michaelis–Menten constant (Km) and the maximum reaction rate (vmax) were cal-
culated using the method of least squares error deviation. The Michaelis–Menten equations
for single-substrate kinetics (Equation (7)) and two-substrate kinetics (Equation (8)) were
used [28] (pp. 62–63).

v =
vmax·cS
Km + cS

(7)

v = vmax·
cS,A

KmA + cS,A
· cS,B

KmB + cS,B
(8)

The substances in the cascade that might inhibit epimerase or lyase were screened. The
screening was performed in batch experiments with immobilised enzymes, as described
in Section 2.4. The inhibitors were added in different concentrations. For epimerase
inhibition, 0–1000 mmol·L−1 pyruvate, 0–1000 mmol·L−1 ManNAc and 0–250 mmol·L−1

Neu5Ac were tested. For lyase inhibition, 0–1000 mmol·L−1 GlcNAc was tested. The
screening experiments were performed with enzymes immobilised on epoxy methacrylate
ECR8204M (epimerase) and dimethylamino methacrylate ECR8309M preactivated with
glutaraldehyde (lyase).

The inhibition constants KI in PBR were determined by adding the inhibitor in different
concentrations to the substrates described in Section 2.6.3. Pyruvate was varied from
0–1297 mmol·L−1 for epimerase inhibition. GlcNAc was varied from 0–1073 mmol·L−1 for
lyase inhibition. KI was determined as competitive inhibition according to Equation (9) by
least squares method for epimerase and lyase.

v =
vmax·cS

Km·
(

1 + cI
KI

)
+ cS

(9)

2.8. Modelling of Progress Curves

Progress curves were calculated using Python (Version 3.8.8) in the JupyterNotebook
(Version 6.3.0) interactive computing notebook environment (Python script: Figure S2).
The change in concentration (ci) was calculated over the length of the PBR (z) using the
Runge–Kutta method according to Equations (10) and (11) [33] (p. 91).

ci(z + dz) = ci(z) +
∂ci
∂z

·dz (10)

∂ci
∂z

=
ri
uz

=
vi·mimmo·t

VPBR
(11)

Concentration dependent activities (vi) were calculated using Michaelis–Menten equa-
tions, as described in Section 2.7. The reaction rate (ri) is defined as the activity (vi)
multiplied by the mass of immobilised enzyme ( mimmo). The flow rate (uz) is defined as
the reactor volume (VPBR) divided by the residence time (t).

2.8.1. Residence Time Determination

The mean hydrodynamic residence time of PBR 1-10 (Table 2) was determined by a
pulse experiment. The experimental setup consists of a pump, autosampler, diode array
detector (DAD) (Agilent 1100 series, Agilent Technologies) and an incubator (Vevor®,
Linkenheim–Hochstetten, Germany). A 20 mmol·L−1 sodium phosphate buffer was
pumped through the system. As tracer, 1 µL of a 100 mmol·L−1 Neu5Ac solution was
injected. The signal (S(t)) was detected at intervals of 0.4 s. The residence time distribution
of the system and the system with PBR was analysed. The pulse function was converted to
the residence time density function (E(t)) according to Equation (12) [34].

E(t) =
S(t)∫ ∞

0 S(t)dt
(12)
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The area under the pulse was calculated using the trapezoidal rule. The mean value of
the distribution t was calculated (Equation (13)).

t =
∫ ∞

0
tE(t)dt (13)

The residence time of the reactor was calculated by subtracting the residence time
of the system from the residence time of the system with PBR. The residence times were
determined in triplicates. Python was used for calculation.

The residence time of larger PBR 11 (Table 2) was analysed by mass flux analysis
as single determination. A 40 mmol·L−1 pyruvate solution was pumped through the
system using a GPC pump (LCTech GmbH, Dorfen, Germany). Samples were taken in
5 min intervals, and absorption was measured photometrically at 320 nm (Eppendorf SE,
BioSpectrometer Basic). The signals were converted to the residence time sum function
(Equation (14)) and to the residence time density function by differentiation. The residence
time was calculated according to Equation (13).

F(t) =
c(t)
c0

(14)

2.8.2. Determination of Reactor Volume

The fluid volume in the PBR cannot be calculated, as the pore volume of the particles
is not known and is also difficult to determine due to the large particle size distribution.
However, it plays an important role in the modelling and was therefore determined ex-
perimentally. The volume of the PBR was determined by comparing the residence time
of the unfilled reactor with the residence time of the reactor filled with immobilisate. The
residence time of the unfilled reactor was determined according to Section 2.8.1. A factor
( fV,PBR) was calculated by deviation of the residence time of the unfilled and immobilisate-
filled reactors. The reactor volume was calculated according to Equation (15) with the inner
diameter (D) and the length (L) of the reactor.

VPBR =
π

4
·D2·L· fV,PBR (15)

2.9. Model Validation

Model validation was performed in two steps. In the first step, the models for epimerase
and lyase were validated separately using different column sizes, immobilisate masses and
flow rates. The reaction conditions for model validation of epimerase were 200 mmol·L−1

Tris, 20 mmol·L−1 MgCl2, 100 mmol·L−1 GlcNAc, 1 mmol·L−1 ATP, pH 8.0 and 30 ◦C. The
reaction conditions for model validation of lyase were 200 mmol·L−1 Tris, 20 mmol·L−1

MgCl2, 100 mmol·L−1 ManNAc, 250 mmol·L−1 pyruvate, pH 8.0 and 30 ◦C.
The second step in model validation was the combination of the two immobilised

enzymes. The two immobilised enzymes were gently and carefully mixed in a tumbler and
added to the reactor. The validation was performed with two different PBR configurations.
The reaction conditions were the same for these experiments, with a temperature of 30 ◦C,
1 mmol·L−1 ATP, 200 mmol·L−1 Tris and pH 8.0, but with varied substrate and MgCl2
concentrations. The first PBR configuration was a series of two small PBRs (Table 2, PBR
9 and 10) with 117 mmol·L−1 GlcNAc, 298 mmol·L−1 pyruvate and 20 mmol·L−1 MgCl2.
The second was one larger-sized column (Table 2, PBR 11) with 236 mmol·L−1 GlcNAc,
427 mmol·L−1 pyruvate and 1 mmol·L−1 MgCl2.

For the measured data, there is only one point at the end of the PBR, as the con-
centrations inside of the reactor cannot be measured. Changes in activity due to altered
immobilised enzymes or batch changes were considered in the model by a correction
factor ( fcorrection) multiplicated with the vmax. The fcorrection was calculated by dividing the
actual activity by the activity of the immobilised enzyme used for kinetic characterisation.
The mass balances of substrate, intermediate and product concentrations were observed
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before and after the reactor to ensure the functionality of the model and the analytics of the
experimental results.

3. Results and Discussion
3.1. Enzyme Expression and Purification

For fed-batch fermentation, the strains Escherichia coli (E. coli) BL21(DE3) pETDuet-
1_phepi(N) (epimerase) and E. coli BL21(DE3) pETDuet-1_ecneua(N) (lyase) were culti-
vated, with a total volume of 0.6 L. Epimerase production resulted in an enzyme yield of
3.2 g·L culture

−1, with a specific activity of 134 U·mg enzyme
−1. Lyase production resulted

in an enzyme yield of 3.1 g·L culture
−1 with a specific activity of 7 U·mg enzyme

−1. The
enzyme yield is very high compared to the literature data of other recombinant lyase
productions described so far, with 0.005 g·L culture

−1 [35] or 0.4 g·L culture
−1 [22]. Purity

was confirmed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
(Figures S3 and S4). The His6-tagged epimerase, with a calculated mass of 48.8 kDa, and
lyase, with 34.3 kDa, clearly show bands at this level. Experiments showed that the enzymes
are stable for at least one year when lyophilised and stored at −20 ◦C.

3.2. Immobilisation

In our previous study, we described an enzyme immobilisation screening with differ-
ent covalent and adsorptive immobilisations for epimerase and lyase [15]. With respect to
the activity and stability of the immobilised enzymes in this screening, the epoxy methacry-
late carrier ECR8204F was chosen for epimerase immobilisation and the dimethylamino
methacrylate carrier ECR8309F for the lyase immobilisation. Due to high back pressures in
the PBR experiments, a change was made, and the epoxy methacrylate carrier ECR8204M
for epimerase and dimethylamino methacrylate carrier ECR8309M for lyase with larger
particle diameters and the same pore diameters were applied. Particle sizes changed from
150–300 µm (ECR8204F/ECR8309F) to 300–710 µm (ECR8204M/ECR8309M) (Table 1).
For epimerase, the change in particle size resulted in a decrease in activity yield from
3.1% (ECR8204F) to 0.6% (ECR8204M) and a decrease in activity from 107.4 U·g carrier

−1

(ECR8204F) to 50.8 U·g carrier
−1 (ECR8204M), while the carrier load remained unchanged

(Table 3). In contrast to this, the change in particle size for lyase resulted in an increase
in activity yield from 6.5% (ECR8309F) to 10.6% (ECR8309M) and an increase in activity
from 26.5 U·g carrier

−1 (ECR8309F) to 63.6 U·g carrier
−1 (ECR8309M), while the carrier load

remained unchanged (Table 4). The reduction in particle size increases the surface area
of the particles for the same pore size. For the epimerase of 48.8 kDa, it could lead to
blocking or limited substrate diffusion into the pores and thus to a reduction in activity
with larger particles [36]. The smaller particle diameters allowed more enzyme to bind
to the outer surface, resulting in higher activities for epimerase. The smaller lyase, with
34.4 kDa, may have been less affected by substrate diffusion or blocking of the pores with
enzymes. As a result, the enzymes within the pores had higher activity and resulted in
higher activity using larger particle diameters. In the case of lyase, increasing the particle
size led to a higher activity yield and a higher carrier-specific activity and is therefore
applicable. For epimerase, the smaller particle diameter led to better results in activity
yield and carrier-specific activity. However, due to the back pressure problems associated
with the use of smaller particles, the larger particle diameter was chosen for both enzymes
for further experiments.
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Table 3. Characteristic parameters for the immobilisation of epimerase with different carriers.

Characteristic Variable ECR8204F 1 ECR8204M 1 HA403/M 2 EA403/M 3

Immobilisation efficiency/% 8.4 1.0 0.4 0.3
Activity yield/% 3.1 0.6 0.4 0.3

Carrier
loading/mgenzyme·gcarrier

−1 31.6 33.3 44.0 42.5

Carrier spec. activity
4/U·gcarrier

−1 107.4 50.8 41.0 29.4

1 Epoxy methacrylate. 2 Hexamethylamino methacrylate, pre-activated with glutaraldehyde. 3 Dimethylamino
methacrylate, pre-activated with glutaraldehyde. 4 One unit (U) is defined as a product formation of 1 µmol per
min; reaction conditions activity assay: 10 g·L−1 immobilised epimerase, T = 40 ◦C, 1000 rpm, 100 mmol·L−1 Tris
buffer, pH 8.0, 1 mmol·L−1 MgCl2, 1 mmol·L−1 ATP, 100 mmol·L−1 GlcNAc, V = 1 mL, reaction time: 10 min.
ManAc was quantified by ManDH assay.

Table 4. Characteristic parameters for the immobilisation of lyase with different carriers.

Characteristic Variable ECR8309F 1 ECR8309M 1

Immobilisation efficiency/% 7.6 12.4
Activity yield/% 6.5 10.6

Carrier loading/mgenzyme·gcarrier
−1 84.7 95.1

Carrier spec. activity 2/U·gcarrier
−1 26.5 63.6

1 Dimethylamino methacrylate, pre-activated with glutaraldehyde. 2 One unit (U) is defined as a product
formation of 1 µmol per min; reaction conditions activity assay: 50 g·L−1 immobilised lyase, T = 40 ◦C, 1000 rpm,
100 mmol·L−1 Tris buffer, pH 8.0, 100 mmol·L−1 ManNAc, 250 mmol·L−1 pyruvate, V = 1 mL, reaction time:
10 min. Neu5Ac was quantified by HPLC.

The epimerase immobilisation was changed to an amino methacrylate carrier due to
the lack of availability and low durability of the epoxy methacrylate carrier ECR8204M
(Table 3). The hexamethylamino methacrylate HA403/M and the dimethylamino methacry-
late EA403/M were compared. The hexamethylamino methacrylate showed a higher
activity with 41.0 U·g carrier

−1 (HA403/M) compared to 29.4 U·g carrier
−1 (EA403/M) at

comparable carrier loading. The accessibility of the active site of the epimerase may be in-
creased by the longer spacer of hexamethylamino methacrylate. The higher activity with the
epoxy methacrylate carrier ECR8204M with 50.8 U·g carrier

−1 compared to 41.0 U·g carrier
−1

with the hexamethylamino methacrylate HA403/M could be explained by the different
binding groups. Binding to the epoxy group occurs via amino, thiol, carboxyl and phenol
groups, whereas the binding to the aldehyde group of the glutaraldehyde preactivated
amino methacrylate carrier is only possible via the amino group [26,37]. Better orientation
of the active site may result from the epoxy bond and lead to higher activity. Although the
epoxymethacrylate carrier shows a higher activity than the hexamethylamino methacrylate
carrier, the hexamethylamino methacrylate is used for further experiments due to the
longer shelf life of the carrier material.

The low immobilisation efficiency of 0.3 to 12.4% and activity yield of 0.3 to 10.6%
for immobilised epimerase and lyase might be due to enzyme conformational changes
or an inaccessible active site due to the undirected covalent immobilisation. Previous
studies had already reported such low efficiencies and yields for this type of enzyme
immobilisation [27,38]. Enzyme conformational changes by immobilisation had already
been described by Rădoi et al. for His-tag affinity immobilisation [39].

For kinetic characterisation, the hexamethylamino methacrylate HA403/M carrier was
chosen for the epimerase and dimethylamino methacrylate ECR8309M for the lyase.

3.3. Impact of the Reaction Conditions
3.3.1. Impact of pH

The effect of the pH on the activity of dissolved and immobilised epimerase and lyase
in Tris buffer was determined in the buffer range of pH 7–9. The activity of epimerase
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decreased with increasing pH (Figure 2A). Wang et al. described high epimerase activities
in the pH range 7–10 using phosphate buffer [40], whereas in the presented experiments,
an activity decrease and low activities at pH 9 using Tris buffer was determined. The
buffer might have an influence on activity for epimerase. Another reason could be the
base-catalysed epimerisation [10]. In this experiment, only ManNAc catalysed by the
enzyme was evaluated. The base-catalysed epimerisation was measured in the substrate
and was subtracted from the total ManNAc concentration after enzymatic catalysis. At
pH above 8, the base-catalysed epimerisation showed an impact. Wang et al. might have
used the total concentration of ManNAc to calculate the activity and therefore did not
evaluate only the enzyme activity. The activity of lyase increased with increasing pH, with
the highest activities in the range between pH 7.5 and 9.0 (Figure 2B). A pH optimum
has been described in the literature as a pH between 7.5 and 8.0 using Tris buffer [41]
and a pH of 8.5 using potassium phosphate buffer [12]. When comparing soluble and
immobilised enzymes, there is a different pH impact for the epimerase. Enzyme activity
for the immobilised epimerase declines at a slower rate with an increase of the buffer pH.
This behaviour has already been described for a GlcNAc 2-epimerase from Synechocystis sp.
by Cheng et al. [12]. For both enzymes, a pH of 8.0 was chosen for further experiments.
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epimerase had a low activity of 5% in the absence of ATP, 24% relative activity was 
detected for the immobilised epimerase. The highest activities were found for soluble and 

Figure 2. Influence of pH on the relative activity of epimerase and lyase. (A): pH variation epimerase,
(B): pH variation lyase; reaction conditions activity assay epimerase: 2 mg·L−1 soluble epimerase or
10 g·L−1 immobilised epimerase (ECR8204M), T = 40 ◦C, 1000 rpm, 100 mmol·L−1 Tris, pH 7.0–9.0,
1 mmol·L−1 MgCl2, 1 mmol·L−1 ATP, 100 mmol·L−1 GlcNAc, V = 1 mL, reaction time: 10 min,
ManAc was quantified by ManDH assay; reaction conditions activity assay lyase: 64 mg·L−1 soluble
lyase or 50 g·L−1 immobilised lyase (ECR8309M), T = 40 ◦C, 1000 rpm, 100 mmol·L−1 Tris buffer, pH
7.0–9.0, 100 mmol·L−1 ManNAc, 250 mmol·L−1 pyruvate, V = 1 mL, reaction time: 10 min, Neu5Ac
was quantified by HPLC. Error bars show standard deviations of two independent experiments. The
maximum level of activity achieved has been defined as 100% relative activity).

3.3.2. Impact of Activators

The influence of the ATP and Mg2+ concentration on the activity of dissolved and
immobilised epimerase and lyase was investigated. The ATP concentration was varied
in a range of 0–10 mmol·L−1. For the dissolved and immobilised epimerase, the activity
increased by the addition of ATP up to 1 mmol·L−1 (Figure 3A). While the dissolved
epimerase had a low activity of 5% in the absence of ATP, 24% relative activity was detected
for the immobilised epimerase. The highest activities were found for soluble and immo-
bilised epimerase at an ATP concentration of 1 mmol·L-1. Higher concentrations showed a
slight inhibition of soluble epimerase, but no effect on immobilised epimerase. ATP was
described as an allosteric effector of GlcNAc 2-epimerase from porcine kidney by Maru
et al., leading to a 20-fold increase in enzyme activity [42]. Wang et al. analysed the effect
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of different nucleotides on the activity of epimerase from Pedobacter heparinus and found
that only ATP can increase the activity [40]. For soluble enzyme, they described a 2-fold
activation with 0.1 mmol·L−1 ATP and a 4-fold activation with 1 mmol·L−1 ATP. Lyase
activity was not increased by ATP (Figure 3B). At higher concentrations of ATP, a slight
inhibition was observed. ATP might compete with the substrates at the active site.
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Figure 3. Influence of ATP concentration on the activity of epimerase and lyase. (A): ATP variation of
epimerase, (B): ATP variation of lyase; reaction conditions activity assay epimerase: 2 mg·L−1 soluble
epimerase or 10 g·L−1 immobilised epimerase, T = 40 ◦C, 1000 rpm, 100 mmol·L−1 Tris buffer, pH 8.0,
1 mmol·L−1 MgCl2, 0–10 mmol·L−1 ATP, 100 mmol·L−1 GlcNAc, V = 1 mL, reaction time: 10 min,
ManAc was quantified by ManDH assay; lyase: 64 mg·L−1 soluble lyase or 50 g·L−1 immobilised
lyase, T = 40 ◦C, 1000 rpm, 100 mmol·L−1 Tris buffer, pH 8.0, 100 mmol·L−1 ManNAc, 250 mmol·L−1

pyruvate, V = 1 mL, 0–10 mmol·L−1 ATP, reaction time: 10 min, Neu5Ac was quantified by HPLC.
Error bars show standard deviations of two independent experiments. The maximum level of activity
achieved has been defined as 100% relative activity).

ATP is required as an allosteric effector to increase the activity of epimerase. As
both immobilised enzymes were used, combined in a PBR, the effect on lyase was also
investigated to ensure that there was no loss of activity. An optimal ATP concentration of
1 mmol·L−1 was analysed for epimerase. At this concentration, no loss of lyase activity
was determined. Therefore, the addition of 1 mmol·L−1 ATP in the coupled synthesis was
chosen to maximise the activity of the epimerase without affecting the activity of the lyase.

The MgCl2 concentration was varied in a range of 0–50 mmol·L−1 for soluble and im-
mobilised epimerase and lyase. Soluble epimerase was poorly activated by Mg2+, whereas
immobilised epimerase achieved a 2-fold activity in the presence of Mg2+ (Figure 4A).
Wang et al. described that the addition of Mg2+ did not affect the epimerase activity [40],
whereas Kragl et al. described an activation [6]. Immobilisation may affect the structural
confirmation of the epimerase. Therefore, the presence of Mg2+ may have a higher ef-
fect on the immobilisate. A concentration above 20 mmol·L−1 MgCl2 seems to have an
inhibitory effect on epimerase. Soluble lyase was activated up to a MgCl2 concentration
of 10 mmol·L−1 and inhibited at higher concentrations up to 50 mmol·L−1, whereas im-
mobilised lyase was not affected (Figure 4B). Additionally, the influence of MgCl2 on the
reaction equilibrium was analysed in a range of 0–10 mmol·L−1 for immobilised epimerase
(Figure 5). The equilibrium could be increased from 18 to 22% ManNAc by addition of
1 mmol·L−1 MgCl2 and remains constant at 21% from 5 to 10 mmol·L−1 MgCl2. Kragl
et al. have already described Mg2+ as an activator for epimerase [6]. Zimmermann et al.
achieved an equilibrium constant of 24% at 25 ◦C and pH 7.5 with 2 mmol·L−1 MgCl2 [43],
which is comparable with these results.
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affected. The highest activity for the epimerase was obtained at 5 mmol·L−1, but, as this 
cascade is a subsection of the multi-enzyme cascade for sialyllactose synthesis, a 
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variation on epimerase, (B): MgCl2 variation on lyase; reaction conditions activity assay epimerase:
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Tris buffer, pH 8.0, 0–50 mmol·L−1 MgCl2, 1 mmol·L−1 ATP, 100 mmol·L−1 GlcNAc, V = 1 mL,
reaction time: 10 min, ManAc was quantified by ManDH assay; lyase: 64 mg·L−1 soluble lyase or
50 g·L−1 immobilised lyase, T = 40 ◦C, 1000 rpm, 100 mmol·L−1 Tris buffer, pH 8.0, 100 mmol·L−1

ManNAc, 250 mmol·L−1 pyruvate, 0–50 mmol·L−1 MgCl2, V = 1 mL, reaction time: 10 min, Neu5Ac
was quantified by HPLC. Error bars show standard deviations of two independent experiments. The
maximum level of activity achieved has been defined as 100% relative activity).
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Figure 5. Influence of MgCl2 on the conversion of GlcNAc to ManNAc by immobilised epimerase (re-
action conditions activity assay: 10 g·L−1 immobilised epimerase, T = 40 ◦C, 1000 rpm, 100 mmol·L−1

Tris buffer, pH 8.0, 0–10 mmol·L−1 MgCl2, 1 mmol·L−1 ATP, 100 mmol·L−1 GlcNAc, V = 1 mL, reac-
tion time: 180 min. ManAc was quantified by ManDH assay. Error bars show standard deviations of
two independent experiments. The conversion is defined as the equilibrium ManNAc concentration
from the initial GlcNAc concentration).

A concentration of 20 mmol·L−1 MgCl2 was chosen for the combined synthesis in
a PBR. At this concentration, the epimerase was activated and the lyase activity was
not affected. The highest activity for the epimerase was obtained at 5 mmol·L−1, but,
as this cascade is a subsection of the multi-enzyme cascade for sialyllactose synthesis, a
concentration was chosen that benefits the whole cascade.
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3.4. Stability of Immobilised Enzymes in Packed Bed Reactors Under Continuous Flow

The stability of immobilised enzymes plays an important role for their use in a contin-
uously operated PBR. The reusability of the covalently immobilised epimerase and lyase
is described in the literature and has already been verified in a series of repeated batches
with the carriers ECR8204F (epimerase) and ECR8309F (lyase) [15]. However, due to flow
conditions and temperature stresses, long-term use in PBR under continuous flow poses
challenges for enzyme stability. The stability of the immobilised epimerase and lyase were
determined under continuous flow in a PBR at 30 ◦C. An exponential fitting curve was
applied to the measured activities to calculate the half-life time (Figure 6). Unexpectedly,
an increased activity could be analysed for immobilised epimerase over a period of 28 days.
Adsorbed, inactive enzymes or buffer residues may have been flushed out of the PBR over
time, making the pores and active site of the enzyme more accessible. It is not possible to
calculate a half-life time for immobilised epimerase due to the activity increase, but it can
be given as >28 days. A half-life of 57 days was determined for the immobilised lyase. The
high stability of the covalently immobilised enzymes demonstrates their suitability for use
in a PBR. The stability of the immobilised enzymes can be incorporated into the kinetic
model to estimate the PBRs lifetime.
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Figure 6. Stability of immobilised epimerase and lyase in a PBR. Experimental conditions: PBR 3 & 7
with 30 mm length and 3 mm ID,

.
V = 1.5 mL·min−1, 200 mmol·L−1 Tris, pH 8.0, 20 mmol·L−1 MgCl2,

T = 30 ◦C; conditions activity assay epimerase: 100 mmol·L−1 Tris, pH 8.0, 1 mmol·L−1 MgCl2, 1
mmol·L−1 ATP, 100 mmol·L−1 GlcNAc,

.
V = 1.5 mL·min−1, T = 30 ◦C, 25 mg immobilised epimerase

(HA403/M); conditions activity assay lyase: 100 mmol−L−1 Tris, pH 8.0, 100 mmol·L−1 ManNAc,
250 mmol·L−1 pyruvate,

.
V = 1.5 mL·min-1, T = 30 ◦C, 205 mg immobilised lyase (ECR8309M). Error

bars show standard deviations of two independent samples. The activity at the start of the study was
defined as 100% relative activity.

The immobilisates were examined under a microscope (Carl Zeiss Microscopy GmbH,
Göttingen, Germany, Stemi 305) after the stability study. There was no change in size or
shape visible (Figure S5).

3.5. Kinetics

The kinetic parameters vmax,app, Km,app and KI,app were determined in the PBR by
varying the substrate concentrations. The parameters are given as apparent (app) values, as
they do not correspond to the real values, but are modified by the limitation of the material
transport in the PBR. An adsorption study was carried out to ensure that the substrates,
intermediates and products do not adsorb on the carrier material and thus falsify the results.
No relevant adsorption on the carrier material could be determined in this study (Table S1).

The catalytic activity for epimerase has been described as a deprotonation/reprotonation
mechanism with an activity for GlcNAc and ManNAc [40]. For immobilised epimerase
(carrier HA403/M, glutaraldehyde preactivated hexamethylamino methacrylate), the for-
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ward and reverse reaction were analysed (Table 5, Figures S6 and S7). All kinetic analy-
ses showed a typical Michaelis–Menten substrate saturation curve. The Km,app value of
the forward reaction of 266 ± 10 mmol·L−1 is slightly higher than the Km,app of Reich
et al. of 195 ± 26 mmol·L−1, which was also analysed with immobilised enzymes (carrier
ECR8204F, epoxy methacrylate) [15], while the vmax,app of 234 ± 3 U·gcarrier

−1 is lower than
the vmax,app of 1324 ± 77 U·gcarrier

−1 reported by Reich et al. The different type of enzyme
binding to the carrier (via aldehyde (HA403/M) or epoxy group (ECR8204F)) and the differ-
ent particle diameter (200–500 µm (HA403/M) and 150–300 µm (ECR8204F)) may influence
the Km,app and vmax,app. A comparison of the activity for different particle diameters is
given in Section 3.2. A better orientation of the active site could be achieved by the binding
to the epoxy group via amino, thiol, carboxyl and phenol groups of the epimerase, instead
of only amino groups with the aldehyde groups of the preactivated amino methacrylate [26],
and could result in higher activities. The higher temperature (40 ◦C (Reich et al.) and 30 ◦C
(this work)) and the different buffer (100 mmol·L−1 sodium phosphate buffer (Reich et al.)
and 200 mmol·L−1 Tris buffer (this work)) could also influence the activity and kinetics. The
Km,app of the immobilised epimerase is higher compared to the Km of the soluble epimerase
of 82 mmol·L−1 reported by Wang et al. [40]. This may be due to diffusion limitations.
Undirected immobilisation, as used in this study, may also result in a less-accessible active
site. The Km,app for the reverse reaction of 294 ± 45 mmol·L−1 is comparable to the forward
reaction with 266 ± 10 mmol·L−1. This can be explained by the structural similarity of the
substrates GlcNAc (forward) and ManNAc (reverse). The vmax,app of 797 ± 46 U·gcarrier

−1

for the reverse reaction is higher than the vmax,app of 234 ± 3 U·gcarrier
−1 for the forward

reaction, which can be explained by the equilibrium position on the GlcNAc site, with only
22% ManNAc being formed (Section 3.3.2.).

Table 5. Kinetic parameters of immobilised epimerase and lyase in a PBR.

Enzyme Parameter Value Unit *

Epimerase vmax,app,forward 234 ± 3 U·gcarrier
−1

Km,app,forward 266 ± 10 mmol·L−1

vmax,app,backward 797 ± 46 U·gcarrier
−1

Km,app,backward 294 ± 45 mmol·L−1

KI,app,pyruvate 940 ± 107 mmol·L−1

Lyase vmax,app,forward 294 ± 22 U·gcarrier
−1

Km,app,ManNAc,forward 249 ± 64 mmol·L−1

Km,app,pyruvate,forward 229 ± 11 mmol·L−1

vmax,app,backward 151 ± 6 U·gcarrier
−1

Km,app,backward 205 ± 19 mmol·L−1

KI,app,GlcNAc 418 ± 40 mmol·L−1

* One unit (U) is defined as a product formation of 1 µmol per min.

The catalytic activity of lyase has been described as a Schiff base intermediate forma-
tion with a lysine residue as ordered bi uni mechanism with pyruvate binding first [44–47].
For immobilised lyase (carrier ECR8309M, glutaraldehyde preactivated dimethylamino
methacrylate), the forward and reverse reaction were analysed (Table 5, Figures S8–S11). A
typical Michaelis–Menten substrate saturation curve was observed in all kinetic analyses.
For the forward reaction, a Km,app,ManNac of 249 ± 64 mmol·L−1 and Km,app,pyruvate of
229 ± 11 mmol·L−1 were determined. Reich et al. reported a comparable Km,app,ManNAc

of 230 ± 110 mmol·L−1 for immobilised lyase (ECR8309F, glutaraldehyde preactivated
dimethylamino methacrylate) with a smaller particle diameter but a lower Km,pyruvate
of 91 ± 45 mmol·L−1 [15]. The kinetic parameters for immobilised lyase described by
Reich et al. have an error of approx. 50% standard deviation, which could explain these
differences. However, for soluble lyase, a Km,ManNAc of 180 mmol·L−1 was analysed by Li
et al. [41], which is comparable to the kinetics of immobilised lyase reported in this study.
The Km,pyruvate for soluble lyase of 22 mmol·L−1 would be more in line with the data from
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Reich et al. The vmax,app of 294 ± 22 U·gcarrier
−1 for the forward reaction is lower than the

vmax,app of 650 ± 150 U·gcarrier
−1 reported by Reich et al. [15]. However, the activity of the

immobilised enzyme can vary with batches of immobilisate due to many different factors
during the process from enzyme expression to immobilisation. The Km,app,Neu5Ac for the
reverse reaction of 205 ± 19 mmol·L−1 is lower than the Km,Neu5Ac of 650 ± 300 mmol·L−1

described by Reich et al. [15].
Combining two or more enzymes in a cascade can result in one enzyme becoming

inhibited by the substrates, intermediates or products of the other. These inhibitions were
identified in an inhibition screening carried out as batch experiments. An epimerase
inhibition was detected by pyruvate and a lyase inhibition by GlcNAc. An inhibition
of epimerase by Neu5Ac was not detected (Table S2). Klermund et al. described an
inhibition of GlcNAc 2-epimerase from Anabaena variabilis ATCC 29413 by Neu5Ac and
pyruvate [30]. The fact that we were unable to demonstrate inhibition by Neu5Ac may be
due to sequence deviations of the enzyme and to immobilisation, as immobilisation might
reduce inhibitions [17].

The inhibition constants were determined in a PBR (Table 5, Figures S12 and S13).
Epimerase inhibition by pyruvate has already been described by Klermund et al. as
competitive inhibition [30]. The KI,app of 940 ± 107 mmol·L−1 is higher than the KI,app

reported by Reich et al. of 108 ± 21 mmol·L−1 [15]. The KI,app by Reich et al. was
analysed in a range of 0–500 mmol·L−1 pyruvate. In this study, we analysed the range
of 0–1297 mmol·L−1 pyruvate, which could affect the KI,app. Competitive inhibition was
assumed for lyase inhibition by GlcNAc due to the structural similarity to the substrate
ManNAc, and a KI,app of 418 ± 40 U·gcarrier

−1 was determined.
The calculated kinetic parameters were used in the kinetic model.

3.6. Modelling of Progress Curves

To model the progress curves in the PBR, the Michaelis–Menten kinetics of the immo-
bilised epimerase and lyase were combined with fluid mechanic approaches. Residence
time plays an important role and was determined for different PBRs. By applying the
model to different reactor configurations, flow rates, substrate concentrations and masses
of immobilised enzymes, it will be tested whether the developed model can reproduce
real conditions.

3.6.1. Residence Time and Reactor Volume Determination

The residence time in the PBR and the reactor volume are required to model the
progress curves (Equation (11)). The porosity of the carriers and the fluid surrounding
the particles in the reactor are required to calculate the residence time and the reactor
volume. Both porosity and surrounding fluid volume are difficult to measure. Attempts to
dry the immobilisate after vacuum filtration and to calculate the fluid volume remaining
in the pores by mass balance did not give reproducible results for porosity. Attempts to
determine the fluid volume surrounding the particles by weighing of the filled reactor
were also not purposeful. By determining the residence time using pulse or mass flux
experiments, the reactor volume could also be determined successfully. The residence
time distribution of the system and the PBR integrated into the system were analysed
(Figure S14). The residence times (t) were examined for the applied reactors at different
flow rates and a factor (fV,PBR) for the calculation of the PBR fluid volume (VPBR), according
to Equation (15), was determined (Table 6). These PBR specific parameters are used for the
modelling of progress curves in the model validation experiments for the different PBRs.
The factor fV,PBR might be influenced by several factors, such as the reactor dimension,
the carrier used for immobilisation or the packing method. By comparing PBR 5 (3 mm
ID) and PBR 8 (4.6 mm ID) at 1.5 mL·min−1 filled with the same immobilisate, a slight
decrease in fV,PBR from 0.77 (3 mm ID) to 0.69 (4.6 mm ID) was detectable. In small ID
reactors, the arrangement of the particles might be different from larger ID. Tighter packing
and therefore a lower fV,PBR can be achieved by increasing the ID. By changing the PBR
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length from 30 mm (PBR 1) to 100 mm (PBR 4), the fV,PBR decreased from 0.82 to 0.71 at
1.5 mL·min−1 filled with the same immobilisate. The same behaviour is shown by PBR 10
(50 mm length) with 0.79 to PBR 9 (150 mm length) with 0.61 at 1.5 mL·min−1 filled with
the same immobilisate. When filling long columns, air entrapment is more likely to occur,
especially at low ID, which may explain this decrease. When only the carrier material
was changed, the fV,PBR changed from 0.82 (PBR 1, HA403/M) to 0.77 (PBR 5, ECR8309M).
This can be explained by the different particle size distributions. The lower particle size of
200–500 µm (PBR 1) resulted in tighter packing than the particle size of 300–710 µm (PBR
5). Differences also occurred by changing the flow rate for the same PBR. For PBR 4, the
fV,PBR was 0.71 at 1.5 mL·min−1 and 0.62 at 0.5 mL·min−1; for PBR 8, the fV,PBR was 0.69
at 1.5 mL·min−1 and 0.81 for 0.5 mL·min−1. Also, for PBR 9 and 10, the fV,PBR varied by
changing the flow rate, although the volume of liquid in the reactor did not change. These
deviations can be explained by the increased back-mixing at low flow rates, which has a
particular effect when measuring the empty column and influences of the fV,PBR. It might
be useful to determine fV,PBR at higher flow rates. In addition, the quality of the reactor
packing can affect the fV,PBR. A reproducible procedure for filling the reactor is therefore
essential. More data are needed to verify the packing procedure. It may be possible not to
determine the residence time for each reactor, but to use an average value of fV,PBR for all
reactors containing the same immobilisate if the PBR packing is reproducible.

Table 6. Residence times and fluid volumes for the PBRs at different flow rates.

Reactor Number a .
V/mL·min−1 ¯

t b/min fV,PBR/- VPBR
c/mL

1 1.5 0.117 ± 0.004 0.82 0.17
4 1.5 0.367 ± 0.038 0.71 0.50
4 0.5 1.222 ± 0.008 0.62 0.43
5 1.5 0.109 ± 0.008 0.77 0.16
8 1.5 1.556 ± 0.009 0.69 1.70
8 0.5 5.131 ± 0.077 0.81 2.03
9 1.5 1.399 ± 0.045 0.61 1.53
9 0.5 4.640 ± 0.106 0.73 1.83

10 1.5 0.581 ± 0.020 0.79 0.66
10 0.5 1.527 ± 0.048 0.61 0.51
11 1.5 48 0.74 64

a Data on reactor size and immobilisate mass are given in Table 2. b Standard deviation of three independent
experiments. PBR 1–10 was determined by a pulse experiment and PBR 11 by mass flux analysis. c VPBR defined
the fluid volume of the PBR, calculated with the correction factor fV,PBR according to Equation (15).

3.6.2. Model Validation

To validate the kinetic model, the immobilised enzymes in the PBR were first modelled
and validated individually and then as a coupled reaction using a mixed bed. Three
experiments were performed to validate the epimerase model (Table 7). The substrate
was the same for the three experiments with a GlcNAc concentration of 100 mmol·L−1.
Experiment 1 was in the range of the initial rate. The measured ManNAc concentration
of 1.07 mmol·L−1 and the model-predicted ManNAc concentration of 1.05 mmol·L−1 are
within 2% of each other. By varying the reactor length and the mass of immobilised enzyme
(experiment 2), the measured value of 12.96 mmol·L−1 can be predicted with 5% deviation.
Even if the flow rate is reduced (experiment 3), the model can predict the measured value
of 19.48 mmol·L−1 with only 6% deviation. The model-predicted maximum equilibrium
was nearly reached at experiment 3 (Figure S15). As an example, the concentration curve
over the length of the PBR for the result of experiment 3 is shown in Figure 7A. The
measured data and the model fit the equilibrium constant of 22% ManNAc formation, as
described in Section 3.3.2. The 22% ManNAc formation was analysed in batch experiments
at 40 ◦C. The use in continuous flow and the reduced temperature of 30 ◦C may explain the
slightly reduced ManNAc formation of 19% (measured) and 21% (predicted by the model).
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The epimerase model is therefore applicable; even if the reactor dimensions, the mass of
immobilised enzyme or the flow rate vary, it is giving the correct results.

Table 7. Model validation for immobilised epimerase in a PBR.

Experiment Reactor Number a FlowRate/
mL·min−1

Measured b:
ManNAc/mmol·L−1

Model Prediction:
ManNAc/mmol·L−1 Deviation/%

1 1 1.5 1.07 ± 0.01 1.05 2
2 4 1.5 12.96 ± 0.09 13.65 5
3 4 0.5 19.48 ± 0.34 20.72 6

a Data on reactor size and immobilisate mass are given in Table 2. b Experimental conditions: T = 30 ◦C,
200 mmol·L−1 Tris, pH 8.0, 20 mmol·L−1 MgCl2, 100 mmol·L−1 GlcNAc, 1 mmol·L−1 ATP. ManNAc was quanti-
fied by ManDH assay, standard deviation of two independent samples.
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(A): epimerase validation, (B): lyase validation; reaction conditions for A: PBR 4 with 100 mm
length (z) and 3 mm ID, 478 mg immobilised epimerase (HA403/M),

.
V = 0.5 mL·min−1, T = 30 ◦C,

200 mmol·L−1 Tris, pH 8.0, 20 mmol·L−1 MgCl2, 100 mmol·L−1 GlcNAc, 1 mmol·L−1 ATP, ManNAc
was quantified by ManDH assay; reaction conditions for B: PBR 8 with 150 mm length (z) and 4.6 mm
ID, 2000 mg immobilised lyase (ECR8309M),

.
V = 0.5 mL·min−1, T = 30 ◦C, 200 mmol·L−1 Tris, pH 8.0,

20 mmol·L−1 MgCl2, 100 mmol·L−1 ManNAc, 250 mmol·L−1 pyruvate, Neu5Ac was quantified
by HPLC).

For lyase model validation, three experiments were performed with varied reactor
sizes, immobilisate masses and flow rates (Table 8). The substrate concentration stayed the
same for these experiments, with 100 mmol·L−1 ManNAc and 250 mmol·L−1 pyruvate. Ex-
periment 4, with 4.90 mmol·L−1 measured Neu5Ac concentration, with a model prediction
accuracy of 7%, is in the range of initial rate measurement. With a varied reactor size and
mass of immobilised lyase, the Neu5Ac concentration of 32.52 mmol·L−1 can be predicted
with an accuracy of 9% (experiment 5). Reducing the flow rate still predicts the Neu5Ac
concentration of 45.63 mmol·L−1 with 6% accuracy (experiment 6). The model-predicted
maximum equilibrium was reached at experiment 6 (Figure S16). Figure 7B shows as an
example the concentration curve over the length of the PBR for the results of experiment
6. A maximum ManNAc conversion of 45.6% was achieved (experiment 6). Bloemendal
et al. achieved 19% conversion with 100 mmol·L−1 ManNAc and 300 mmol·L−1 pyruvate
using immobilised enzymes in a continuous flow system, but >80% with a 5-fold ManNAc
excess [13]. The developed model can also predict higher conversions with high excess
of ManNAc or pyruvate, e.g., 60% at 10-fold pyruvate excess, and may be useful for opti-
mising substrate concentrations regarding cost minimisation. The lyase model is therefore
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applicable even if the dimensions of the reactor, the mass of the immobilised enzyme or the
flow rate are varied.

Table 8. Model validation for immobilised lyase in a PBR.

Experiment Reactor Number a Flow Rate/
mL·min−1

Measured b:
Neu5Ac/mmol·L−1

Model Prediction:
Neu5Ac/mmol·L−1 Deviation/%

4 5 1.5 4.90 ± 0.11 5.24 7
5 8 1.5 32.52 ± 1.10 35.88 9
6 8 0.5 45.63 ± 0.76 43.08 6

a Data on reactor size and immobilisate mass are given in Table 2. b Experimental conditions: T = 30 ◦C,
200 mmol·L−1 Tris, pH 8.0, 20 mmol·L−1 MgCl2, 100 mmol·L−1 ManNAc, 250 mmol·L−1 pyruvate. Neu5Ac was
quantified by HPLC, standard deviation of two independent samples.

For validation of the coupled reaction using a mixed bed, three experiments were
performed with different reactor size, immobilisate mass, substrate concentration and flow
rate (Table 9). In experiments 7 and 8, two different reactors were used in series. At a flow
rate of 1.5 mL·min−1, the Neu5Ac concentration of 8.43 mmol·L−1 can be predicted by the
model, with a deviation of 13% (experiment 7). For 0.5 mL·min−1 the deviation is higher,
at 24% (experiment 8). The increased deviations can be explained by a summation of errors
from the epimerase and lyase models, but the progress curves can still be predicted with
high precision. The model-predicted maximum equilibrium was not reached at experiment
7 and 8 (Figure S17). To achieve the maximum equilibrium experimentally, a larger column
was filled with immobilisate (experiment 9). The Neu5Ac concentration of 71.47 mmol·L−1

was predicted by the model, with only 6% deviation. Exemplary concentration curves over
the length of the PBR for experiment 9 are shown in Figure 8. For the coupled reaction,
a maximum GlcNAc conversion of 32% was achieved with a substrate concentration of
236 mmol·L−1 GlcNAc and a 1.9-fold pyruvate concentration. Cheng et al. achieved 82%
GlcNAc conversion with a substrate concentration of 400 mmol·L−1 GlcNAc and 2-fold
pyruvate concentration in total, added via a two-step feeding strategy, in a 50 mL fed-
batch reactor at 37 ◦C using enzymes immobilised on glutaraldehyde cross-linked amino
methacrylate [12]. The different flow conditions in a stirred tank compared to the PBR may
have an influence on conversion.

Table 9. Model validation for mixed bed with immobilised epimerase and lyase in a PBR.

Experiment Reactor Number a Flow
Rate/mL·min−1

Measured b:
Neu5Ac/mmol·L−1

Model Prediction:
Neu5Ac/mmol·L−1 Deviation/%

7 9 + 10 (in series) 1.5 8.43 ± 0.54 9.71 13
8 9 + 10 (in series) 0.5 17.54 ± 0.08 23.11 24
9 11 1.5 71.47 ± 0.75 66.84 6

a Data on reactor size and immobilisate mass are given in Table 2. b Experimental conditions: Experiment 7
and 8: T = 30 ◦C, 200 mmol·L−1 Tris, pH 8.0, 1 mmol·L−1 ATP, 20 mmol·L−1 MgCl2, 117 mmol·L−1 GlcNAc,
298 mmol·L−1 pyruvate, Neu5Ac was quantified by HPLC. Experiment 9: T = 30 ◦C, 200 mmol·L−1 Tris, pH 8.0,
1 mmol·L−1 ATP, 1 mmol·L−1 MgCl2, 236 mmol·L−1 GlcNAc, 427 mmol·L−1 pyruvate, Neu5Ac was quantified
by HPLC, standard deviation of two independent samples.

There are many factors that can cause deviations from the model when performing
the experiments. When weighing the immobilisate in the PBR, there may be variations due
to residual moisture after vacuum filtration. Deviations in the activity of the immobilised
enzymes or unexpected deactivation can also have an effect. Different flow rates may also
have an influence on the activity of the enzyme, but this could not be observed in this study.
Reich et al. described an increase in conversion at pressures up to 130 MPa [15]. This is
not relevant to this study, as the pressure in these experiments is below 2.5 MPa. Diffusion
limitations can influence the kinetic behaviour when immobilised enzymes are used in a
PBR, resulting in apparent kinetic parameters. Nevertheless, a model could be developed
using Michaelis–Menten kinetics and analysed residence times.
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However, the model can predict the coupled reaction with a deviation of <24% and is
useful for process optimisation. In further studies, this model will be combined with a cost
calculation to develop cost-effective process strategies in regard to substrate composition
and reactor dimension. The reaction cascade shown here represents a part of the multi-
enzyme cascade for sialyllactose synthesis. The cascade will be extended in further studies.

4. Conclusions

The integration of continuous flow technologies in biotechnical applications can lead to
more efficient and sustainable processes [19]. Developing a resilient biocatalyst and design-
ing a suitable reactor are both present challenges [48]. Modelling of the reaction system can
be a useful tool in the optimisation of reactor dimensions. Immobilisation can intensify the
process by stabilising the enzymes for the development of robust biocatalysts [48]. In this
study, a covalent immobilisation technique was used. Immobilisation shows a difference in
the behaviour of the epimerase and lyase. Depending on the presumed size of the enzyme,
the smaller lyase (34.4 kDa) shows higher carrier-specific activities when immobilised to
larger particles, whereas the epimerase (48.8 kDa) activity decreases. Possible clogging of
the pores and reduced accessibility of the epimerase within the pores could explain the
lower epimerase activities. In particular, stability studies under continuous flow show
an unexpected increase in the activity of the epimerase during the process time, which
could also be explained by the unblocking of the blocked pores and the increase in the
diffusion permeability insight of the pores. Both immobilisates exhibit high stability in
continuous flow applications under process conditions with half-life times of >28 days.
For both enzymes, pH 8 can be used in a cascade reaction, as the activity of the epimerase
decreases at higher pH values and the activity of the lyase decreases at pH values below 8.
Conducting the reaction at pH 8 is a good compromise for both enzymes.

With the data of the kinetic analysis and the residence time determination, a model was
developed using Python to predict the reaction processes with a high degree of accuracy.
With varying amounts of immobilisate, column dimensions or flow rates, the model shows
high accuracy, with less than 10% deviation of the model data from the measured data.
However, for a reaction with multiple columns in series, the processes may be less accurately
presented. Further model refinement is required to account to these deviating factors.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/pr12102191/s1, Scheme S1: ManDH-catalysed conversion of ManNAc
and NAD to N-acetyl-D-glucosaminic acid and NADH for ManNAc quantification, Figure S1: HPLC
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chromatogram of sample measurement from the lyase activity assay, Figure S2: Python script for mod-
elling of progress curves, Figure S3: SDS-PAGE of epimerase, Figure S4: SDS-PAGE of lyase, Figure S5:
Immobilised epimerase microscope pictures, Figure S6: Variation of GlcNAc concentration for kinetic
characterisation of immobilised epimerase in a PBR, Figure S7: Variation of ManNAc concentration
for kinetic characterisation of immobilised epimerase in a PBR, Figure S8: Variation of ManNAc con-
centration for kinetic characterisation of immobilised lyase in a PBR, Figure S9: Variation of pyruvate
concentration for kinetic characterisation of immobilised lyase in a PBR, Figure S10: 3D visualisation of
ManNAc and pyruvate variation for kinetic characterisation of immobilised lyase in a PBR, Figure S11:
Variation of Neu5Ac concentration for kinetic characterisation of immobilised lyase in a PBR, Figure S12:
Variation of pyruvate concentration as an inhibitor of epimerase for kinetic characterisation of immo-
bilised epimerase in a PBR, Figure S13: Variation of GlcNAc concentration as an inhibitor for lyase
for kinetic characterisation of immobilised lyase in a PBR, Figure S14: Residence time distribution of
the system and the PBR integrated into the system exemplary for PBR 1, Figure S15: Model predicted
ManNAc concentration plotted against residence time for immobilised epimerase in a PBR, Figure S16:
Model predicted Neu5Ac concentration plotted against residence time for immobilised lyase in a PBR,
Figure S17: Model predicted Neu5Ac concentration plotted against residence time for a mixed bed
of immobilised epimerase and lyase in a PBR, Table S1: Substrate adsorption on the carrier, Table S2:
Inhibition screening for immobilised epimerase and lyase in a batch experiment.
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