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Continuous enzymatic synthesis has gained increasing prom-
inence, extending its applicability to the chemical industry. A
practical approach for integrating enzymes into continuously
operated reactors is their entrapment within polymer-based
hydrogels. In this study, we present a novel approach to
enhance enzyme retention within agarose hydrogels, employ-
ing a carbohydrate-binding module sourced from the Micro-
bulbifer thermotolerans thermostable β-agarase I (MtCBM) as a
versatile agarose-binding tag. Among the four tested carbohy-
drate-binding modules, MtCBM exhibited superior binding
affinity to solid agarose and fusion proteins incorporating
MtCBM demonstrated significantly enhanced retention within
agarose hydrogels. Employing a newly developed fluidic flat-

bed agarose reactor, we demonstrate that, due to increased
retention in agarose hydrogels, a phenacrylate decarboxylase
tagged with MtCBM yielded nearly six times more product
compared to a similarly sized fusion enzyme lacking the
MtCBM-tag. The higher leaching rate of the unlabeled enzyme
could not be compensated even by tripling the hydrogel layer
thickness, clearly documenting the effectiveness of MtCBM
labeling for retention in the gel matrix. In addition, we
performed theoretical modelling of the reactor, which led to a
deeper understanding of the retention kinetics. The results
suggest that this innovative approach is promising for improv-
ing stability and reusability of enzymes in agarose-based
carriers.

Introduction

Enzymes play a crucial role in many biological processes and
their ability to perform reactions with high efficiency and
specificity made them valuable catalytic tools for many
chemical transformations in industrial applications.[1,2] To over-
come challenges such as low process stability of enzymes and
limited reusability, as well as to enable continuous substrate
conversion in flow reactors, enzymes can be immobilized.[2,3] In
this context, encapsulation or entrapment of enzymes in
polymer-based hydrogels is a simple and well-established way
to achieve enzyme immobilization by pure physical retention of
the catalyst.[4–8] However, enzyme leaching as well as mass
transfer limitation due to elongated diffusion length must be
considered.[9,10] The mass transfer can be improved by using
hydrogels with minimal diffusion paths.[11] Here, 3D printing of
hydrogels offers a way of simple and efficient rapid prototyping
that allows the optimization of diffusion paths.[9,12,13] In partic-

ular, agarose-based hydrogels can by employed for 3D
printing,[6–8] and they can also be used for a variety of other
methods to achieve defined 3D structures, such as continuous
microdroplet generation,[14] layer-by-layer fabrication[15] and
advanced casting.[16,17] Hydrogel-forming polymers such as
agarose or alginate offer advantages such as their biodegrad-
ability, renewability and non-toxicity, and their properties such
as gelling behavior can be further tailored by using chemically
modified polymers as well as polymer blends.[16,18]

In a previous work, we established the extrusion-based 3D
printing of thermostable enzymes in an agarose matrix and
realized multi-step, sequential biotransformations and chemo-
enzymatic conversions in flow reactors.[6,7] However, since we
found considerable enzyme leaching, an increased retention of
the enzyme would be desirable to improve reactor efficiency.
One strategy would be to increase the thickness of the printed
agarose material, which however requires modification of the
reactor design and also impacts the diffusion paths. Alterna-
tively the retention of enzymes in the matrix can be increased
using chemical crosslinking, however chemical modifications to
covalently attach the enzymes to the material need additional
post-processing steps, which can negatively impact the catalytic
activity.[5,10] Using genetically encoded affinity-based tagging
systems would be an elegant solution, which is fully compatible
with existing reactor designs.[19] While well-established system
that bind carbohydrates, like the chitin-binding domain from
Bacillus circulans[20] and the maltose-binding protein from
Escherichia coli,[21] would need to be reengineered to bind
agarose, the available galactose-binding lectins from the slime
mold Dictyostelium discoideum,[22] the earthworm Lumbricus
terrestris[23] or the mushroom Laetiporus sulphureus[24] seem to
be not useful as they show a dissociation constant with agarose
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of only about 1.7×10� 4 M.[25] In contrast, due to their independ-
ent fold and modularity, carbohydrate-binding modules (CBMs)
are an ideal class of proteins for the development of an
agarose-binding tag, which show high specificity toward
agarose and dissociation constants down to 6.6×10� 6 M.[26,27] To
evaluate the potential of CBMs as genetically encoded binding
tags, we compared four different CBMs and then analyzed the
binding properties of the best performing CBM in detail.
Subsequently, we examined the retention characteristics of
genetic fusions of a phenolic acid decarboxylase (PAD, EC
4.1.1.102) tagged with the identified optimal CBM. The analysis
was carried out in flat-bed reactors equipped with agarose
hydrogels of defined heights, operating under various flow
rates. The acquired data was then utilized to simulate and
evaluate the performance of the reactor.

Results and Discussion

In order to identify a suitable binding protein to be utilized as
fusion partner for the attachment of enzymes to improve their
retention in agarose hydrogels, four different CBM candidates
with difference in their potential agarose binding properties
were selected. CBM13 fold from Catenovulum agarivorans
agarase YM01-3 (CaCBM)[28] offers up to three potential type C
binding sites in a β-trefoil fold.[29] The CBM6 fold Microbulbifer
thermotolerans agarase I (MtCBM)[30] and Flammeovirga pacifica
AgaP4383 (FpCBM)[31] contains a primary binding site I with

either type B or type C binding properties,[32] and a potential
second binding site II with cleft-like type B topology.[33–35] The
fourth candidate was the CBM-like domain from Saccharopha-
gus degradans agarase Aga50D (SdCBM),[36] which has a
significant structural identity to the CBM11 fold and its crystal
structure suggests that an individually expressed SdCBM
protein could bind agarose like a type B CBM.[36] Additional to
the diversity of potential binding properties, MtCBM, CaCBM
and FpCBM were chosen due to their origin from thermostable
agarases, suggesting thermostable folds, which would be
beneficial for applications based on agarose solutions at
elevated temperatures, such as 3D printing[6–8] and casting.[17]

To enable direct comparison of the agarose binding
capabilities of these four candidate CBMs (sequence data see
Table S1), we constructed fusion proteins with the well
described and extremely robust esterase 2 (EST2, EC 3.1.1.1)[37]

from Alicyclobacillus acidocaldarius, an established reporter
enzyme,[8,38] which we had previously entrapped in 3D printed
agarose hydrogel reactors.[6] All four variants were heterolo-
gously expressed and purified from Escherichia coli (Figure S1A).
Using the previously described spectroscopic assay[6] based on
hydrolysis of 5(6)-carboxyfluorescein dihexylester (Figure 1A),
we could determine activities ranging from 37% for EST2-
CaCBM to 78% for EST2-SdCBM as compared to unmodified
EST2 (Figure 1B). To compare the binding efficiency of the
fusion proteins to agarose, we subsequently incubated 1 μM of
each fusion enzyme and, for control, also unmodified EST2, with
a suspension of 2% (w/v) unmelted agarose for 10 min at 25 °C

Figure 1. Characterization of EST2 and EST2-CBM fusion enzymes as well as eGFP fusion proteins regarding their agarose-binding capacity. (a) Hydrolytic
conversion of the fluorogenic substrate 5(6)-carboxyfluorescein dihexylester due to the enzymatic activity of EST2.[6] (b) Activity of CBM fusion enzymes
relative to EST2 with 30 μM substrate in PBS. 100% relative activity corresponds to a turn over number of 69�3 min� 1. (c) Amount of EST2 and its CBM fusion
enzymes retained by 2% (w/v) unmelted agarose determined by measuring the depletion of a 1 μM enzyme solution. Dotted line indicates 35% of EST2 is
retained by agarose. The data is shown as mean values of experimental duplicates with its standard deviation. (d) Using different fusion proteins containing
the enhanced fluorescent protein (eGFP), the fluorescence per particle after incubation of eGFP-MtCBM, eGFP-MtCBMmut and SC-eGFP with cross-linked
agarose particles and subsequent washing steps was determined. Data for 130�60 particles was analyzed automatically using a python script subtracting
background fluorescence and generating a box blot.
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and removed the agarose by centrifugal filtration. To avoid bias
due to possible changes in enzyme activity caused by agarose
binding, we determined the activity of the retained enzyme
indirectly based on the reduction of enzymatic activity in the
solution (Figure 1C). This analysis showed, that EST2-MtCBM
was strongly retained by the agarose with 78% of its activity
retained as compared to 35% for unmodified EST2. EST2-
CaCBM showed some binding to agarose as indicated by the
49% retained activity. For the SdCBM and FpCBM fusion
proteins the retained activities were comparable to EST2,
indicating no affinity to agarose under the conditions used
here, thus MtCBM was used for all further experiments. The
potential effect of agarose binding on enzyme activity was not
investigated at this point, as the solid agarose, which was only
used for screening purposes, differs considerably from the
anticipated hydrogel substrate.

To further confirm that the observed binding was due to a
specific interaction of MtCBM and agarose, we exchanged the
EST2 enzyme with the enhanced fluorescent protein (eGFP) in
the fusion constructs to enable the direct investigation of their
binding to commercial cross-linked agarose particles (Work-
Beads 40/100 SEC, Bio-Works). In addition to eGFP-MtCBM we
also generated a corresponding variant eGFP-MtCBMmut, which
includes a W94 M point mutation (primer for site-directed
mutagenesis see Table S2) resulting in a reduced affinity to
oligoagarose in binding site I, as reported for a known mutant
of a homologous CBM6.[27] For control purposes, we further-
more generated a SpyCatcher (SC)[39] -modified variant SC-eGFP
(40 kDa),[40] which has a similar size to eGFP-MtCBM (44 kDa). All
fusions were expressed in E. coli, purified (Figure S1B), incu-
bated with a suspension of cross-linked agarose particle and
any unbound protein was subsequently washed off. Using a
microfluidic observation chip (technical drawings see Figure S2)
we were able to quantify the fluorescence per individual
agarose particle using a standardized, automated analysis

(Figure S3, exemplary fluorescence microscopy images see
Figure S4). As expected, the corresponding analysis of 130�60
particles per fusion protein (Figure 1D) showed a four-fold
higher intensity for eGFP-MtCBM when compared to SC-eGFP
and twice the intensity of eGFP-MtCBMmut. This stronger binding
of eGFP-MtCBMmut to the agarose particles compared to the
similarly sized SC-eGFP, suggests that although the one-point
mutation reduces specific sugar binding, a weak interaction
remains via other amino acid residues in the binding pocket.
This seems reasonable as the substrate binding mechanism of
CBMs, like other sugar-binding proteins,[41] is not only based on
CH-π and hydrophobic interactions with aromatic amino acid
residues such as W94, but also on additional hydrogen bonds
with tyrosine or other polar amino acids.[42] Such an agarose
affinity could be based on interactions with a binding site II as
reported for other CBM6 s[33–35] or an unspecific affinity of the
MtCBM protein due to its surface properties. When comparing
the surface properties of MtCBM modeled by AlphaFold2[43]

with those of the SC crystal structure (Figure S5), MtCBM
displays a distinctly negative patch near the binding site, which
could be the reason behind the unexpected sugar binding since
residues like arginine, aspartate or glutamate are known to
form bidentate interactions with the hydroxy groups of
sugars.[44]

Since this analysis confirmed the improved binding of
MtCBM and also MtCBMmut fusion proteins to agarose under
static conditions, we next investigated their effect on enzyme
leaching from agarose hydrogels under flow conditions. To this
end, a novel flat-bed agarose (FBA) reactor was designed
(Figure 2A, Figure S6), which enables the direct casting of
agarose hydrogel films in a reactor bed part with a defined
height of 200 μm (Figure S7A), which can then be overflowed
with a mobile phase in a cavity with a defined height of 200 μm
(Figure S7B). Both the reactor and the later enzyme loading
were designed to closely mimic agarose-based flow reactors

Figure 2. The 200 μm flat-bed agarose (FBA) reactor and initial flow experiment with eGFP- and EST2 fusion proteins. (a) Assembled FBA reactor with agarose
hydrogel stained with Royal Blue for visualization and tube adapters connected to the inlet and outlet as well as an overlay of the outlines of the 989 mm2

agarose bed (blue) and the reactor room with its inlet and outlet of 1 mm visualized in red. (b) Assessment of agarose-binding of 2 μM SC-eGFP, eGFP-MtCBM
and eGFP-MtCBMmut respectively entrapped in 6% agarose #hydrogel under constant perfusion with KPi 50 mM pH 6.5 at a flow rate of 12.5 μLmin� 1. The
decrease in fluorescence due to leaching was monitored in a 2.5 mm×2.5 mm area in the chip center with a fluorescence microscope (Axio Observer.Z1/7, Carl
Zeiss) with λEx=488 nm and λEm=509 nm under 5x magnification and analyzed using the ZEN Blue software. The data is shown as mean values of
experimental duplicates with its standard deviation. (c) Outflow of FBA reactors containing either 2 μM EST2 (orange) or 2 μM EST2-MtCBM (blue) entrapped
in 3% agarose hydrogel and perfused with 60 mM 5(6)-carboxyfluorescein dihexylester substrate in PBS at a flow rate of 25 μLmin� 1. Arrows indicate the
increase of conversion caused by spontaneous nonenzymatic hydrolysis of the substrate inside the feed (yellow bars).
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used for enzymatic conversions,[6,7,17] allowing for the observa-
tion of enzyme leaching and not to achieve a steady-state to
ensure a constant product conversion. Typical flow reactors,
with non-covalently bound enzymes, achieve such a steady-
state condition only when loaded with a sufficient amount of
enzyme to prevent enzyme leaching from being observed in
conversion curves, a condition attainable even without the use
of a binding tag.[6,7] Since this study specifically aimed to
examine the efficiency of the enzyme retention and observe
changes in conversion, a correspondingly low enzyme loading
can be chosen. Moreover, the use of the fluidic FBA reactor, as
compared to a batch-based investigation, allows for the
examination of complex enzyme systems, such as those with
product-induced inactivation, and enables the use of relatively
simple fluid dynamic simulations. Three reactors were produced
and the depth of the respective reactor bed as well as the
height of the resulting agarose hydrogel was determined by
laser scanning microscopy and fluorescence microscopy (Ta-
ble S3). This revealed a reproducible hydrogel height of 143�
10 μm that occupies only 77% of the reactor bed part. This
deviation can be explained by the literature known gelation-
induced contraction and syneresis of agarose and other
hydrogels.[45]

FBA reactors were filled with agarose hydrogels containing
the three eGFP fusion proteins established above and perfused
with potassium phosphate buffer (KPi) 50 mM pH 6.5 at a flow
rate of 12.5 μLmin� 1. The flush-out of fusion protein was
followed by monitoring the mean fluorescence of a
2.5 mm×2.5 mm area in the chip center over a period of 19 h
using fluorescence microscopy (Figure 2B). Under these con-
ditions, reactors with eGFP-MtCBM showed a slow initial
decrease within the first hour followed by a continuing
decrease, until the residual fluorescence stabilized at 20% of
the initial fluorescence after 6 h. In contrast, reactors containing
eGFP-MtCBMmut and SC-eGFP showed a faster decrease, reach-
ing a stable residual fluorescence after 1.5 h, which was only
half (in case of eGFP-MtCBMmut) or a quarter (in case of SC-
eGFP) of the residual eGFP-MtCBM fluorescence. These results
supported the hypothesis that the point mutation W94 M
mutation in eGFP-MtCBMmut does not completely eliminate the
carbohydrate-binding affinity, since eGFP-MtCBMmut showed a
higher residual fluorescence than the similar sized SC-eGFP.

Having confirmed the effect of the MtCBM on the retention
of the enzyme in agarose hydrogels, we then investigated this
effect in the context of a continuous substrate conversion by
the EST2 using the established fluorogenic substrate 5(6)-
carboxy-fluorescein dihexylester.[6] To this end, FBA reactors
were equipped with 3% agarose hydrogels containing either
2 μM EST2 or EST2-MtCBM, and after an initial filling with pure
phosphate-buffered saline (PBS) buffer, the FBA reactors were
perfused with 60 μM 5(6)-carboxyfluorescein dihexylester in PBS
buffer. The reactor outflow was sampled at defined timepoints,
the reaction was stopped by the addition of guanidinium
chloride and the product formation was analyzed spectroscopi-
cally with λEx=485 nm and λEm=528 nm (Figure 2C). The
observed increase in product concentration of both FBA reactor
results from the residence time combined with substrate

conversion by the EST2 enzymes. As expected from the binding
assessment using the unmelted agarose (Figure 1C), which
indicated no affinity to agarose for EST2, the reactor containing
the agarose entrapped EST2 exhibited a quick drop in
conversion to only 6% within the first two hours, after an
initially high conversion of 55%, and thus performed consid-
erably worse than the reactor containing EST2-MtCBM, which
showed a constant substrate conversion of 30% within the first
four hours after a brief adjustment phase. The initial high
conversion can be explained by the higher activity of EST2
compared to EST2-MtCBM (Figure 1B) and an increased contact
time of leached EST2 with substrate in the dead volume
between reactor outlet and sampling into the stop solution.
Surprisingly, both reactors showed a continuous increase in
substrate conversion over time, which was more pronounced in
the EST2-containing reactor. This increase was likely caused by
the well-known spontaneous hydrolysis of fluorescein
diesters.[46] As expected the 5(6)-carboxyfluorescein dihexylester
substrate indeed also hydrolyzes inside the substrate feed with
a spontaneous nonenzymatic conversion of 2% within 3 h and
16% within 24 h when incubated in a closed reaction tube
(Figure 2C, yellow bars). This spontaneous hydrolysis follows
pseudo-first-order reaction kinetics without reaching a steady
state, which leads to a constantly increasing concentration of
the hydrolyzed substrate in the feed. As the enzymatic activity
in the reactor decreases at the same time, the non-enzymatic
process becomes “dominant”. Taking this effect into account,
we determined a corrected conversion after 24 h of 0% for the
reactor containing EST2 and 21% for the EST2-MtCBM reactor.

Next we expanded the scope of application of the MtCBM
to the cofactor-free phenacrylate decarboxylase also referred to
as phenolic acid decarboxylase (PAD, EC 4.1.1.102)[47,48] from
Enterobacter spec. that has previously also been entrapped
successfully in 3D printed agarose hydrogels reactors.[7] Impor-
tantly, the substrate of the enzyme reaction p-coumaric acid
(Figure 3A) is stable and not prone to nonenzymatic decarbox-
ylation. Moreover, the reverse carboxylation of the product is
negligible, as it can only be observed in the presence of
extremely high hydroxycarbonate concentrations.[49] Therefore,
the fusion enzymes PAD-MtCBM as well as PAD-MtCBMmut were
generated (sequence data see Table S1) and after expression in
E. coli and purification along with PAD[7] and PAD-SC[50]

(Figure S1C), we determined their activity with p-coumaric acid
as described previously.[7] Our findings revealed that the
enzymatic activities across all enzymes were within a compara-
ble range, with only a slightly elevated activity observed for the
fusion enzymes (Figure 3B). Interestingly, the fusion of MtCBM
to the PAD enzyme did not decrease the activity as it did when
fused to EST2 (Figure 1B).

To gain further insights into MtCBM binding, we determined
the KD of PAD-MtCBM and PAD-MtCBMmut with oligomeric
neoagarohexaose (6NA) using isothermal titration calorimetry
(ITC). 6NA is a hexameric agarose with 3,6-anhydrogalactose at
the non-reducing end. To this end, we titrated 1.25 mM of 6NA
into 200 μM enzyme and measured the occurring temperature
change using a MicroCal PEAQ-ITC (Malvern Panalytical). As
expected from the literature,[27] this experiment revealed that
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PAD-MtCBMmut did not bind 6NA while PAD-MtCBM showed an
KD of 2.4�0.1×10

� 5 M (Figure S8), which is in the same range as
KD of other reported CBM6s.[27,51] Moreover, MtCBM showed a
10-fold stronger binding than the previously reported agarose-
binding tag derived from L. sulphureus with a KD of only 1.7×10

�

4 M.[25] ITC was also employed to evaluate the long-term stability
of PAD-MtCBM and its interaction with 6NA, which showed no
significant changes upon incubation for up to 42 h (Figure S9A).
Additionally, the activity of PAD fusion enzymes showed a
maximum reduction of only 10% after 22 h, regardless of
whether they were incubated in homogeneous solution or
integrated into agarose hydrogel bricks, prepared as previously
described[6] (Figure S9B). Thus, all fusion proteins were suitable
for applications in flow experiments for at least two days.

After initial filling with in KPi 50 mM pH 6.5, FBA reactors
equipped with 2 μM PAD fusion enzymes entrapped in 3%
agarose hydrogel were perfused with 5 mM p-coumaric acid in
KPi 50 mM pH 6.5. In order to realize a parallelization and
automatization of six flow reactors, a set-up with a peristaltic
pump in combination with a customized rotAXYS 360 position-
ing system (cetoni) for fractionation of the reactor outflow was
used (Figure 3C). At defined time intervals, 75 μL of the outflow
were collected into 225 μL of a 2 :1-mixture of propylene glycol
with aqueous 0.1% trifluoroacetic acid supplemented with 1 M
cinnamic acid as internal standard, diluted 1 :1 in acetonitrile
and analyzed by reverse-phase HPLC (Figure S10). In accordance
with previous PAD flow experiments[7] a flow rate of
12.5 μLmin� 1 was applied. Under these reaction conditions, as
expected from the previous FBA reactor experiments with EST2
and eGFP fusion proteins (Figure 2B and C), FBA reactors
containing PAD and PAD-SC showed an initial high conversion

followed by a fast decrease. In contrast, the PAD-MtCBM
containing reactor showed an initial conversion of over 90%
within the first 6 h followed by a slow decrease over several
hours (Figure 3D). We also analyzed the outflows of the FBA
reactor using western blot analysis, which showed detectable
amounts of protein only in the outflow of PAD and PAD-SC
containing reactors (Figure S11). While the faster decrease in
substrate conversion for the PAD (20 kDa) containing reactor
can be explained by a faster leaching due to its smaller size
than PAD-SC (33 kDa), the markedly slower decrease for PAD-
MtCBMmut (36 kDa) compared to PAD-SC cannot be explained
solely by the 10% increased protein size, again indicating a
residual affinity for agarose as described above.

Since the retention of enzymes can also be influenced by
modulating the hydrogel thickness, FBA reactors with increased
depths of the hydrogel containing reactor bed part of 400 μm
and 600 μm were fabricated (compare Figure S7A). In order to
minimize the influence of the volume of the mobile phase
above the hydrogel, we kept the height of the cavity in the
reactor above the hydrogel unchanged at 200 μm (see Fig-
ure S7B). The new reactor bed parts as well as the respective
hydrogels were characterized by laser scanning microscopy and
fluorescence microscopy as before (Table S3). Again,
fluorescence microscopy measurements of the cast hydrogels
showed that they occupied only 74% and 73% of the reactor
bed part, respectively, which is consistent with the 77%
determined for the 200 μm FBA reactor. Due to this gelation-
induced contraction the heights of the mobile phase containing
spaces over the hydrogel is also changing from 253�9 μm in
the 200 μm FBA reactors to 309�4 μm and 364�2 μm in the
400 μm and 600 μm FBA reactors.

Figure 3. Characterization of PAD and its fusion enzymes and flow experiment with PAD fusion enzymes in FBA reactors. (a) Decarboxylation of p-coumaric
acid into 4-vinylphenol catalyzed by PAD used for determining the enzymatic activity. (b) Activity of PAD and its fusion enzymes relative to PAD with
0.125 mM p-coumaric acid as determined earlier.[7] Dotted line indicates the 100% activity of PAD. Analyses was carried out in experimental duplicates.
(c) Setup for flow experiments with six parallel FBA reactors utilizing a peristaltic pump in combination with a customized rotAXYS 360 positioning system
(cetoni) for fraction collection. (d) Concentration of 4-vinlyphenol in the outflow of the FBA reactors equipped with PAD, PAD-SC, PAD-MtCBM and PAD-
MtCBMmut in 3% agarose hydrogel at a flow rate of 12.5 μLmin� 1 quantified by RP–HPLC. Reaction condition: 5 mM p-coumaric acid in KPi 50 mM pH 6.5 at
room temperature. The data is shown as mean values of at least experimental duplicates with its standard deviation.
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We furthermore investigated the effect of an increased
agarose concentration of 6% on enzyme retention, thus, all
three FBA reactor variants (200 μm, 400 μm, and 600 μm) were
filled with agarose hydrogels (6%) incorporating PAD fusion
enzymes at concentrations of 2 μM, 1 μM, and 0.67 μM,
respectively. This approach was employed to ensure a consis-
tent total enzyme load across the reactors independent of the
hydrogel volume. As before, after initial filling with in KPi
50 mM pH 6.5 the hydrogels were perfused with 5 mM p-
coumaric acid in KPi 50 mM pH 6.5 at a flow rate of
12.5 μLmin� 1 (Figure 4 A, Figure S12A and B). These experi-
ments revealed that in the 200 μm FBA reactor with 6% agarose
(Figure 4A) only PAD-MtCBM showed a higher conversion over
time when compared to the 3% agarose reactor (Figure 3D),
while the retention of similarly sized PAD-SC and PAD-MtCBMmut

was not influenced by the higher agarose concentration. This
excludes an improved entrapment due to pore size reduction
with increasing agarose concentration, which would increase
retention of all three enzymes and is also in line with literature
reports, indicating that the pore size reduction stagnates for
agarose concentrations higher than 3%.[52,53] Moreover, the pore
sizes of agarose hydrogels reported in literature (289�66 nm in
3% agarose and 201�36 nm in 5% agarose hydrogels)[53] are
orders of magnitude larger than those of the PAD fusion
enzymes evaluated in this study. For instance, a model of the
structure of PAD-SC exhibits dimensions of 9.1 nm×7.7 nm
×4.6 nm (Figure S13). The increased retention of PAD-MtCBM,
can thus be explained by an increased number of agarose
binding sites for MtCBM due to the higher amount of agarose
per volume. The influence of the different hydrogel heights
(Figure 4A, S12 A and B) revealed that only the reactors
containing PAD-SC and PAD-MtCBMmut profited from an
increased thickness, while the performance of the PAD-MtCBM-
containing reactors were not influenced. This is further

illustrated by calculating the total quantity of product produced
within 30 h (Figure 4B, see data for 10 h and 20 h in Figure S12C
and D). The results suggest that the reactors containing PAD-SC
and PAD-MtCBMmut can benefit from longer diffusions lengths
and therefore an improved retention, while for PAD-MtCBM the
desorption from the agarose matrix is the rate-determining
step. Furthermore, it is evident that even tripling the hydrogel
height is not sufficient to increase the retention of PAD-SC in
FBA reactors to a degree that matches the performance of PAD-
MtCBM-containing reactors (Figure 4B).

We further determined the influence of different flow rates
by perfusing the 200 μm FBA reactor containing 2 μM PAD-SC,
PAD-MtCBM or PAD-MtCBMmut with 5 mM p-coumaric acid at a
flow rate of 12.5, 25 and 100 μLmin� 1 (Figures 4A, 5A and
S14A). While increasing the flow rate to 25 μLmin� 1 led to only
minor changes in conversion within the first 10 h for all fusion
enzymes when compared to the behavior at 12.5 μLmin� 1, the
conversion after 31 h in the reactor containing PAD-MtCBM
dropped to 0.8�0.1 μM at 25 μLmin� 1 (Figure 5A) as compared
to the 1.8�0.1 μM for 12.5 μLmin� 1 (Figure 4A). Since doubling
the flow rate did not show any noticeable impact on the time-
dependent decrease in conversion of the physically entrapped
PAD-SC the influence of the flow rate on enzyme leakage was
considered to be neglectable. When the flow rate was further
increased to 100 μLmin� 1 (Figure S14A), none of the reactors
reached full conversion (5 mM) due to the reduced dwell time,
however, the overall trend remained the same with PAD-MtCBM
showing the highest conversions. However, since the time-
dependent conversion of the PAD-MtCBMmut-containing FBA
reactor exhibits increased standard deviation (Figure S14A,
green curve), we focused on the interpretation of the FBA
reactors containing PAD-SC and PAD-MtCBM. For instance, the
data reliably suggests that the same amount of PAD-MtCBM
catalyst produced three times of the total amount of product

Figure 4. Flow experiments with different reactor bed heights regarding the conversion by similarly sized fusion enzymes PAD-SC (33 kDa, red), PAD-MtCBM
(36 kDa, blue), and PAD-MtCBMmut (36 kDa, green) in FBA reactors. (a) Performance of 200 μm FBA reactors, as well as (b) total amount of 4-vinylphenol
generated by FBA reactors with reactor beds of 200 μm, 400 μm and 600 μm after 30 h. 6% agarose hydrogels containing the enzymes were perfused with
5 mM p–coumaric acid in KPi 50 mM pH 6.5 at room temperature and a flow rate of 12.5 μLmin� 1. The effluent quantified by HPLC. The resulting enzyme
concentration in the hydrogel were 2 μM (200 μm), 1 μM (400 μm) and 0.67 μM (600 μm) keeping the enzyme amount in the reactor identical. The data is
shown as mean values of at least experimental duplicates with its standard deviation.
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after 30 h when comparing the lowest and the highest flow rate
indicating a better utilization of the catalyst under such
conditions (Figure 5B, see data for 10 h and 20 h in Figure S14B
and C). This also enabled us to evaluate the effectiveness of
PAD-MtCBM in the 200 μm FBA reactor after 30 h revealing a
maximum space-time yield of 56�4 gL� 1d� 1 and total turnover
number of 622,000�46,000, which is 6-fold higher than with
PAD-SC (Figure 5B).

To acquire a better understanding of the system, we aimed
to simulate the performance of the FBA reactors using the
COMSOL Multiphysics software. Apart from the already ob-
tained data, we experimentally determined additional parame-
ters for the simulation. First, we investigated the amount of
enzyme inside the agarose hydrogel that is not bound to the
agarose matrix and can thus be washed out immediately. To
this end, bricks were casted from agarose containing either
2 μM PAD-SC, PAD-MtCBM or PAD-MtCBMmut in KPi 50 mM
pH 6.5. The liquid phase was separated from the agarose matrix
via centrifugal filtration combined with mechanical disruption,
and the amount of unbound enzyme in the liquid phase was
determined by the enzymatic activity found in the respective
fractions (Figure S15). This indicated that 79% of PAD-SC and
10% of PAD-MtCBMmut were not bound by agarose, while for
PAD-MtCBM only 2% were free in solution. In order to further
support this finding, we performed an additional western blot
analysis of the liquid phase (Figure S16A and B). This revealed
that 89% of PAD-SC and 13% of PAD-MtCBMmut were not
bound by agarose, while the unbound amount of PAD-MtCBM
could not been detected. Considering that the limit of detection
in this western blot analysis is 0.04 μM of enzyme, we assumed
this concentration for unbound PAD-MtCBM. Furthermore, this
allow use the assessment of the effectiveness of enzyme
binding to agarose matrix revealing that PAD-MtCBM exhibits

an immobilization yield of at least 98% (Figure S16C). As the
FBA reactor system does not reach steady-state conditions, this
characterization can only be achieved prior to setting up a flow
reactor. Furthermore, we determined the inhibition of PAD
enzymes by the reaction product 4-vinylphenol, as reported for
homologous enzymes.[53,55,56] The underlying relation of Ki to Km
in the apparent Km for the competitive product inhibition of
PAD-SC, PAD-MtCBM and PAD-MtCBMmut was measured by the
decrease in activity in the presence of increasing amounts of
product. Following a previously described procedure (Equa-
tion S1 and S2),[55] the activity decreases could be fitted by
regression of Km and Ki (Figure S17A, C, E).

With these results at hand, we were able (for a detailed
discussion, see Figure S17) to describe the relation of Ki to Km
through second-degree polynomial functions (Figure S17B, D,
F). We then characterized PAD-SC, PAD-MtCBM and PAD-
MtCBMmut analyzing the reaction kinetics and determining their
Michaelis-Menten parameters across a range of p-coumaric acid
concentrations from 0.2 to 5.5 mM. In order to obtain the
parameters, calculated progression curves of the conversion
(Equation S3 and S4) were fitted to the measured product
production by minimizing the sum of squared deviations
(Figure S18). The resulting Km values, ranging from 2.3 to
3.4 mM, were comparable to the previously reported Km of 2.2
for the same enzyme with a different substrate,[48] while the
obtained kcat values of 224–266 s� 1 were about 100-times
higher. This is not surprising since it has been reported that the
maximum velocities of PADs are more divers than their Km
values.[55] The Ki values of 0.33 mM, 0.23 mM and 0.28 mM for
PAD-SC, PAD-MtCBM and PAD-MtCBMmut, respectively, are again
in the same order of magnitude as previously reported
constants.[54,55] In addition to the Michaelis-Menten parameters,
we also determined possible 4-vinylphenol-dependent enzyme

Figure 5. Flow experiments with different flow rates regarding the conversion by similarly sized fusion enzymes PAD-SC (33 kDa, red), PAD-MtCBM (36 kDa,
blue), and PAD-MtCBMmut (36 kDa, green) in FBA reactors. (a) Reactor performance of 200 μm FBA reactors perfused with different flow rate of 25 μLmin� 1,
and (b) total amount of 4-vinylphenol generated by FBA reactors perfused with flow rates of 12.5, 25 and 100 μLmin� 1 after 30 h as well as their space-time
yield (STY, purple axis) and total turnover number (TTN, orange axis). 2 μM enzyme in 6% agarose hydrogels were perfused with 5 mM p-coumaric acid in KPi
50 mM pH 6.5 at room temperature and the effluent quantified by HPLC. The data is shown as mean values of at least experimental duplicates with its
standard deviation.
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inactivation rates (kin). To this end, PAD-SC, PAD-MtCBM or PAD-
MtCBMmut were incubated with 0.5–5 mM 4-vinylphenol and the
residual enzyme activity was measured after 8 min, 2 h and 8 h
of incubation. From the resulting inactivation curves, we could
then calculate kin for all three enzymes (Figure S19). Since kin
was comparable for all PAD fusions, we decided to use the
mean value of 4.7�2.7×10� 6 s� 1mM� 1 for the simulation.

When performing the reactor simulation using the COMSOL
Multiphysics 6.1 software, a laminar flow over a porous medium
(hydrogel) was assumed. Due to the symmetry of the FBA
reactors, the required computational effort could be reduced by
choosing a reactor model that represents only one half of the
reactor (Figure S20A) based on the experimentally determined
dimensions of the reactor parts, the hydrogel and the cavity
above the hydrogel (Table S3). Coupled mass transfer phenom-
ena and enzymatic reactions including inhibition and inactiva-
tion were calculated using finite element modeling (FEM) with a
mesh size of 10–50 μm (Figure S20B). In addition to the enzyme
parameters (Km, kcat, Ki and kin) determined above, diffusion
coefficients derived from literature were included. A diffusion
coefficient of 1.2×10� 10 m2 · s� 1 was chosen for substrate and
product due to previously measured diffusion of another small
molecule inside 6% agarose hydogels[8] and 10� 11 m2 s� 1 for
enzyme diffusion based on the diffusion of lysozyme inside
agarose[57] (for a list of all enzyme-specific parameters, see
Tables S4–S6). The enzyme-specific desorption rate (kdes) of the
agarose-bound enzymes was implemented by a second order
kinetics (Equation S5). Using the experimentally determined
product concentrations of the 200 μm FBA reactor experiments
at a flow rate of 25 μLmin� 1 (Figure 5A), kdes values of
4×10� 4 s� 1, 0.5×10� 4 s� 1 and 2×10� 4 s� 1 could be approximated
for PAD-SC, PAD-MtCBM and PAD-MtCBMmut, respectively. The
results showed the expected stronger agarose binding of the
MtCBM protein, which could have not been determined in a

batch experiment. These kdes values determined were then
transferred to all other simulation runs without further adjust-
ment and were applied together with the other model
parameters (Table S4–S6) for all flow experiments with different
hydrogel heights (Figure 4) and flow rates (Figure 5) resulting in
simulations of product concentrations in the effluent (Fig-
ure S21, see distribution of product and substrate within FBA
reactors in Figure S22).

The predicted product concentrations as well as the
respective total amount of product generated after 30 h (Fig-
ure 6, striped bars) agreed quite well with the experimental
results in all flow experiments. Especially the simulated data of
flow experiments at 12.5 μLmin� 1 and different hydrogel
heights (Figure 6A) was in good accordance to the experimental
data, with only larger deviations obtained from the 200 μm FBA
reactor experiment with PAD-MtCBMmut (Figure 6A, green bars).
In order to assess influence of mass transfer resistance on the
reactor performance, the local effectiveness factor (η) was
calculated from the dimensionless Thiele modulus as described
previously but with additional competitive product inhibition
(Figure S23).[12] The effectiveness factor relates the reduced
reaction rate of the enzyme in the hydrogel to that of the free
enzyme under the same conditions. When comparing η over
different hydrogel heights (Figure S23A), it becomes clear that
the effectiveness factor η decreases with increasing height of
the hydrogel. Conversely, when comparing η over different
time points (Figure S23B), it becomes clear that η increases with
time. This is due to the fact that the parameters for mass
transport remain constant, but the reaction rate itself decreases
due to enzyme leaching and product-induced enzyme inactiva-
tion.

Differences between the simulated and experimental results
could also be seen in the 200 μm FBA reactor experiments with
flow rates of 100 μLmin� 1 (Figure 6B), where the model

Figure 6. Total amount of product generated after 30 h of FBA reactors with (a) different hydrogel heights and (b) different flow rates based on experimental
(solid bars) and simulated data (striped bars) for FBA reactors containing 6% agarose hydrogel with PAD-SC (red), PAD-MtCBM (blue) and PAD-MtCBMmut

(green). The experimental data is shown as mean values of at least experimental duplicates with its standard deviation and identical with Figure 4B and
Figure 5B. The simulated data was generated by integrating the reactor performance curves in Figure S21. FBA reactors with 200 μm, 400 μm, and 600 μm
reactor beds were perfused with 12.5 μLmin� 1 and 200 μm FBA reactors perfused with flow rates of 25 μLmin� 1 and 100 μLmin� 1.
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predicted lower conversion for PAD-MtCBM (Figure 6B, blue
bars) and PAD-MtCBMmut (Figure 6B, green bars). These observa-
tions indicated that the model’s capacity to replicate the
behavior for PAD-MtCBM and PAD-MtCBMmut was limited when
using high flow rates. Still, the simulation suggests that the
primary determinant contributing to the decline in reactor
performance is the loss of the enzyme, as opposed to product-
induced enzyme inactivation. As the difference in productivity
is smallest within the first 10 h for PAD-SC and PAD-MtCBM in
the 600 μm FBA reactor (Figure S12C), the effects of enzyme
leakage and inactivation were considered in more detail for this
period (Figure S24). As expected, it is clear that the reduced
performance of the predominantly physically entrapped PAD-
SC is due to enzyme loss by diffusion from the hydrogel, with
the initial amount of enzyme halved after 2 h (Figure S24A).
Conversely and as expected, the rate-limiting step for leaching
of PAD-MtCBM is desorption from the agarose matrix. Approx-
imately 85% of the enzyme remains within the hydrogel after
2 h and this decreases to 40% after 10 h. However, product-
induced enzyme inactivation also significantly affects PAD-
MtCBM, resulting in approximately 50% of the remaining
enzyme being inactivated after 10 h (Figure S24B). The obtained
kdes values further suggest that, despite PAD-MtCBMmut initially
exhibiting a higher enzyme binding capacity to the agarose
matrix, its desorption rate falls within the same range as PAD-
SC. Thus, the W94 M mutation effectively eliminates specific
agarose binding, resulting in only weak nonspecific affinity to
agarose.

Conclusions

In conclusion, we herein demonstrated that the MtCBM derived
from a thermostable agarose, can be utilized as an efficient
binding tag in fusion proteins that can increase the retention of
various enzymes in agarose hydrogels under flow conditions.
MtCBM displayed a high affinity towards unmelted agarose
when fused to the reporter enzyme EST2 or the fluorescent
protein eGFP. Using a novel flat-bed agarose reactor that
allowed to compare agarose hydrogels of defined thickness and
volume under defined flow conditions as well as defined
contact area of liquid phase and hydrogel, we could show an
increased retention for fusion proteins of MtCBM with eGFP as
well as the enzymes EST2 and PAD. Determination of the
affinity of PAD-MtCBM to neoagarohexaose via ITC revealed a
KD of 2.4�0.1×10� 5 M which is higher than other previously
reported purification tags based on agarose binding.[25]

We also showed, that the protein PAD-MtCBMmut, carrying
the mutation W94 M previously reported for a homolog
CBM6,[27] could indeed eliminate the specific binding of PAD-
MtCBMmut to oligoagarose. However, MtCBMmut displays a
remaining affinity for agarose hydrogels and crosslinked
agarose particles. Utilizing the ability to precisely control reactor
parameters in the novel FBA reactor such as hydrogel thickness,
flow rate, agarose concentration, initial enzyme loading and via
experimental determination of Km, Ki, kcat, kin, and activity loss
during hydrogel casting we could approximate desorption rate

values kdes via simulation. We could show that the better
performance of the FBA reactors containing PAD-MtCBM during
prolonged flow reactions is mainly caused by a reduced
desorption from the agarose matrix as compared to the similar
sized PAD-SC. However, no steady-state conditions could be
achieved by employing the MtCBM modification due to effects
such as product-induced inactivation of the enzyme. We
demonstrated that, despite tripling the hydrogel height from
200 μm to 600 μm, the retention of PAD-SC is insufficient to
achieve a comparable total substrate conversion as observed
for PAD-MtCBM immobilized in a 200 μm hydrogel. Although
further increase in the hydrogel height might result in a
comparable total substrate conversion for PAD-SC, this would
have the drawback of imposing higher mass transfer limitations
due to elongated diffusion lengths.[9,10] To further enhance the
performance of the FBA reactors real-time analytics[58] or
mathematical models[59] combined with automatically adjust-
ment of reaction conditions, as shown by Claaßen et al. in a
batch approach,[60] could be employed. Furthermore, implemen-
tation of liquid–liquid extractions along with feedback loop
strategies could further increase yields by recycling remaining
substrate in the outflow back to the reactor.[61]

This shows that the MtCBM as a genetically encoded fusion
tag is an elegant solution to increase enzyme retention in
agarose hydrogels, without a need for chemical or reactor
geometry modification. The MtCBM evaluated in this work has
further potential applications also in reactor formats such as
3D-printed agarose hydrogels and packed-bed formats since it
also binds to crosslinked agarose particles as well as unmelted
agarose. Potential applications should not be limited to
carbohydrates, as it was shown that for example CBM4 from
Clostridium thermocellum was capable of bind and modify
carbon nanotubes, and other CBMs were engineered towards
metal-binding or PET-binding properties.[62] Based on these
finding, we believe that the MtCBM protein is not only a
powerful tag to increase the immobilization stability of enzymes
in agarose hydrogels but also has great potential for further
applications involving protein binding.

Experimental Section
Experimental details can be found in the Supporting Information.

Supporting Information

The authors have cited additional references within the
Supporting Information.[63] Symbols and their definitions used in
this study are provided in the Supporting Information
(Table S7).
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