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ABSTRACT

The design of combi-biocatalyst for optimizing cascade reactions is challenging, particularly in terms of the
choice of the biocatalyst formulations, including the relative amounts of enzymes to be used, and the experi-
mental set-up strategy chosen for optimization. This paper demonstrates, via dynamic simulation, the optimi-
zation of a combi-biocatalyst designed for a multi-cascade two-reaction series (A — B, B — C) involving two
enzymes (E1, E2) in free, individually immobilized, or co-immobilized formulations. This has been analyzed in
three different scenarios: (1) Ky is identical for both enzymes (i.e. Kyn = Kyz), (2) Kma > Kz, and (3) Ky <
Kmz. The ratio of mass transport and reaction times was defined using a modified Thiele modulus, providing a
useful metric to evaluate the relative magnitude of mass transport limitations. Global mass transport was
considered. In the absence of mass transport limitations, the three catalyst formulations gave identical results.
However, when (moderate) mass transport limitations were included, substrate (A) and intermediate (B) con-
centration gradients appear, meaning that the multi-enzyme catalyst formulation becomes critical. The results
indicate that although enzyme co-immobilization always provides some kinetic advantages compared to the use
of individually immobilized enzymes, these advantages increased when Ky < Ky and vice versa. The first
situation also provides the most efficient combi-biocatalyst. The optimal enzyme ratio in all enzyme formula-
tions, determined by using either initial rates or time to reach the target yield, is in some instances quite
different. This suggests that, although more time-consuming, the latter parameter should be utilized in the design
of the enzyme mass ratio for the combined biocatalysts. The optimal enzyme ratio depends on the enzyme
formulation. Therefore, extrapolating the results achieved using individually immobilized enzymes to co-
immobilized biocatalysts can lead to the preparation of a biocatalyst with sub-optimal efficiency.

1. Introduction

(France et al., 2017; Lopez-Gallego and Schmidt-Dannert, 2010; Pizarro
et al., 2012; Schrittwieser et al., 2018). Such cascade reactions,

Today, enzyme-mediated catalysis is becoming increasingly relevant
in both academia and also industry, due to excellent reactions rates
under mild conditions, combined with high selectivity and specificity
(Choi et al., 2015; Sheldon and Pereira, 2017; Sheldon and Woodley,
2018; Wu et al., 2021). One of the areas currently receiving particular
attention is the design of cascade reactions, processes where the product
of one enzyme acts as the substrate for the subsequent one in a chain
reaction, mimicking the metabolic pathways occurring naturally in cells
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involving several enzymes, enable very complex modifications, trans-
forming simple substrates into quite complex (and valuable) products.
The success of a biocatalytic process largely depends on the design of
an effective biocatalyst. During biocatalyst design, the enzyme can be
selected from any number of active proteins from an enormous range of
biodiversity (Fernandez-Arrojo et al., 2010), and the target features may
be improved by protein engineering using either directed evolution
(Arnold, 2018; Bornscheuer and Pohl, 2001; Renata et al., 2015), site-

E-mail addresses: jw@kt.dtu.dk (J.M. Woodley), rfl@icp.csic.es (R. Fernandez-Lafuente), juanmbol@ucm.es (J.M. Bolivar).

https://doi.org/10.1016/j.ces.2025.122219

Received 14 April 2025; Received in revised form 10 July 2025; Accepted 12 July 2025

Available online 13 July 2025

0009-2509/© 2025 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC license (http://creativecommons.org/licenses/by-

nc/4.0/).


https://orcid.org/0000-0003-2649-7759
https://orcid.org/0000-0003-2649-7759
https://orcid.org/0000-0002-7976-2483
https://orcid.org/0000-0002-7976-2483
https://orcid.org/0000-0003-4976-7096
https://orcid.org/0000-0003-4976-7096
https://orcid.org/0000-0001-6719-5082
https://orcid.org/0000-0001-6719-5082
mailto:jw@kt.dtu.dk
mailto:rfl@icp.csic.es
mailto:juanmbol@ucm.es
www.sciencedirect.com/science/journal/00092509
https://www.elsevier.com/locate/ces
https://doi.org/10.1016/j.ces.2025.122219
https://doi.org/10.1016/j.ces.2025.122219
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/

D. Carballares et al.

directed mutagenesis (Drufva et al., 2021), or combinations thereof.
With the current interest in cascade reactions, the preparation of en-
zymes bearing several active centers by genetic tools also has great
relevance (Carballares et al., 2022a) (e.g., plurizymes (Alonso et al.,
2020; Fernandez-Lopez et al., 2022)). Complementary to molecular
biology strategies, enzyme immobilization is a further option to improve
many enzyme properties (Bolivar et al., 2022), and is also complemen-
tary to protein engineering (Bernal et al., 2018; Rodrigues et al., 2014).
Immobilization was initially developed to facilitate enzyme recovery
and reuse, enabling the advantages of heterogeneous (metal) catalysts to
be used also with enzymes (e.g., enlarging the possibilities of reactors to
be used for the process and increasing the control of the reaction)
(Bolivar et al., 2022; Sheldon and van Pelt, 2013). Subsequently, it was
suggested that immobilization could be far more useful for biocatalyst
design than solely for these points, enabling many other enzyme features
to be improved (Bolivar et al., 2022; Sheldon and van Pelt, 2013).
Nevertheless, it is important to recognize that aside from improving
enzyme properties, the ability to recover enzyme effectively at the end of
a reaction (whether to improve downstream processing, fulfil regulatory
requirements, or for recycle) remains a major challenge, and one where
immobilization has a particular role to play (Bolivar et al., 2022; Di
Cosimo et al., 2013; Liese and Hilterhaus, 2013; Sheldon and van Pelt,
2013). The most usual enzyme property that scientists aim to improve
via immobilization is stability (Bilal et al., 2019a; Rodrigues et al., 2021;
Wahab et al., 2020). Firstly, to include and disperse enzyme molecules
inside a porous support is enough to prevent it from interacting with
external surfaces and interfaces, or from suffering intermolecular pro-
cesses, and this can directly improve the enzyme operational stability
(Bilal et al., 2019a; Rodrigues et al., 2021; Wahab et al., 2020). Sec-
ondly, multi-point immobilization can also increase enzyme rigidity,
multi-subunit immobilization can avoid subunit dissociation in multi-
meric enzymes, and immobilization can reduce other causes of inacti-
vation (Bilal et al., 2019a; Rodrigues et al., 2021; Wahab et al., 2020).
Properly designed enzyme immobilization also permits enzyme purifi-
cation, saving costs in the biocatalyst production (Barbosa et al., 2015).
Moreover, as the immobilization very likely will produce some enzyme
distortions, the enzyme selectivity, specificity, activity, inhibition, etc.
can all be altered (Bilal et al., 2019b; Rodrigues et al., 2013). In this way,
this step in the preparation of a biocatalyst attracts growing interest in
the scientific community, and is a fundamental step in the design of
many industrial biocatalytic processes (Bolivar et al., 2022).

In the context of enzyme cascades, enzyme co-immobilization has
also received great attention (Hwang and Lee, 2019; Ren et al., 2019;
Schmid-Dannert and Lopez-Gallego, 2019; Velasco-Lozano and Lopez-
Gallego, 2018; Xu et al., 2020). This consists of the immobilization of
two (or more) enzymes in the same porous particle, as this is expected to
improve the initial reaction rate of product formation (since the bio-
catalyst particle will bear all involved active centers) (Hwang and Lee,
2019; Ren et al.,, 2019; Schmid-Dannert and Loépez-Gallego, 2019;
Velasco-Lozano and Lopez-Gallego, 2018; Xu et al., 2020). These kinetic
improvements were initially linked to the “proximity” of the co-
immobilized enzymes, but there are some reports that refute this argu-
ment (Idan and Hess, 2013a, 2013b, 2012; Xiong et al., 2022; Zhang
et al., 2016). These reports show that the main effect of using co-
immobilized enzymes in porous supports is the increase of the inter-
mediate concentrations in the confined space where the enzymes are co-
immobilized, as these intermediates, substrates of the other enzymes in
the cascade, are in-situ produced in this confined space (Idan and Hess,
2013a, 2013b, 2012; Monteiro et al., 2022; Xiong et al., 2022; Zhang
et al., 2016). In this way, due to product diffusional limitations, enzyme
co-immobilization can increase the substrate concentration in the sur-
roundings of the all the co-immobilized enzymes involved in the
cascade. Hence, all the co-immobilized enzymes that are located after
the first enzyme in the reaction chain will be exposed to high concen-
trations of their respective substrates from the beginning of the reaction,
perhaps even saturating concentrations. Using individually immobilized
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enzymes, the second and successive enzymes in the reaction cascade will
not have available substrate in the first moments of the reaction, and a
lag time is usually observed, where there is no formation of the target
product (Arana-Pena et al., 2021).

However, the kinetic gains achieved by enzyme co-immobilization,
mainly related to the initial reaction rate, must also compensate some
problems in the design and handling of the co-immobilized biocatalyst
(Arana-Pena et al., 2021). It may not be easy to take full advantage of the
enzyme immobilization for all involved enzymes if we use the same
support surface for all the enzymes (Arana-Pena et al., 2021). And, as
stated above, a proper immobilization may be a key point in the prep-
aration of a suitable biocatalyst. Moreover, it is likely that the stability of
all involved co-immobilized enzymes does not fit, and that when the
least stable enzyme has reached a level of deactivation that makes it
necessary to discard, other co-immobilized enzymes may remain fully
active (Arana-Pena et al., 2021). That is, the discarding of fully active
immobilized enzymes may be necessary. There are some strategies to
avoid this problem (Arana-Pena et al., 2021,2022; Carballares et al.,
2022b; Morellon-Sterling et al., 2021), but even in the best case, this
necessitates the use of more sophisticated (and more expensive) enzyme
immobilization strategies. Moreover, the maintenance of the reaction
cycle time when some enzymes are inactivated is more complex when
using co-immobilized enzymes rather than individually immobilized
ones, and recent theoretical and experimental approaches have provided
advances in understanding and design of multi-enzymatic systems in
free and immobilized form (Hgst et al., 2022; Paschalidis et al., 2023;
(Paschalidis et al., 2024)). Hence, the decision on the use of co-
immobilized or individually immobilized enzymes must be taken
considering many different factors.

In some cases, e.g., if some intermediates must be instantaneously
modified by the next enzyme in the chain due to their instability (Buto
et al., 1994; Chmura et al., 2013; Fernandez-Lafuente et al., 1998; Mateo
et al., 2006; Upadhya et al., 1999; Van Rantwijk et al., 2008), enzyme
co-immobilization is unavoidable, even with the problems that co-
immobilization can present. However, when just a kinetic gain is
intended, affecting mainly the initial reaction rate and the initial reac-
tion course, it could be interesting to know what the magnitude of these
kinetic improvements is in each specific case. The gains produced by
enzyme co-immobilization must depend on the Michaelis-Menten con-
stant (Kyp) of the involved enzymes, the enzyme mass activities in the
biocatalyst and the accumulation of the intermediate in the combi-
biocatalyst particle by diffusion (dependent on the diffusion co-
efficients of the involved reactants inside the porous biocatalyst particle
and the particle size).

A critical aspect in the rational design of the ratio of the amounts of
both enzymes in the combi-biocatalyst is the choice of the optimization
criterion. In the applied biocatalysis community, the most commonly
used approach is to determine the initial reaction rates for each bio-
catalyst formulation (Hwang and Lee, 2019; Ren et al., 2019; Schmid-
Dannert and Lopez-Gallego, 2019; Velasco-Lozano and Lopez-Gallego,
2018; Xu et al., 2020). This approach is widely adopted because it re-
quires shorter experiments and considers that this is directly related to
the reaction course. However, we consider that optimizing based solely
on initial reaction rates can be misleading, as this metric does not cap-
ture the full dynamics of substrate depletion and intermediate accu-
mulation throughout the reaction. The cycle time—the time required to
achieve a desired yield or complete conversion is the really important
parameter, but these values are harder to determine and require more
time, effort and resources. Our hypothesis is that these two approaches
can lead to different optimal enzyme ratios, especially in systems where
kinetic asymmetry or diffusional limitations play a significant role.
Therefore, while initial rate screening is valuable for rapid evaluation,
assessing cycle time or overall productivity may be necessary for robust
combi-biocatalyst design, particularly in processes where yield and
throughput are critical.

Based on the previous assumptions, we present here a theoretical
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analysis of cascade biocatalyst systems with varying Ky values for the
two enzymes, covering cases where Ky values are identical, or where
Kyz > Ky or vice versa. Our analysis specifically focuses on kinetic
regimes where the initial substrate concentration is of the same order of
magnitude as the Ky, values of the enzymes. This allows us to deliber-
ately examine the system under intermediate (mixed-order) kinetic
conditions, where neither zero-order nor first-order kinetics dominate,
and both substrate and enzyme critically influence reaction behavior.
We systematically compare the performance of free, individually
immobilized, and co-immobilized enzyme formulations, and highlight
the optimal enzyme ratios predicted under different kinetic and trans-
port regimes, using both initial rate and cycle time as criteria. To focus
on the effects of Ky asymmetry and mass transport, we assume identical
keat for both enzymes and neglect enzyme inhibition or deactivation.
These simplifications allow us to isolate the impact of kinetic and
diffusional parameters, while acknowledging that k., variation and
enzyme stability can also affect optimal design in practical systems. By
clarifying these relationships, our study provides new insight into when
co-immobilization is truly advantageous and guides the rational selec-
tion of enzyme pairs and process strategies for multi-enzymatic cas-
cades. All simulations are based on a two-enzyme cascade model system
(Fig. 1), with the further assumption that immobilization does not alter
enzyme properties, and only diffusional limitations are considered.

2. Methods
2.1. Mathematical model and assumptions

A mathematical model was developed to analyze the performance of
a biocatalyst in a multi-enzymatic cascade reaction involving two en-
zymes under three different formulations: free enzymes, enzymes indi-
vidually immobilized in different particles, and enzymes co-immobilized
in the same particle. The model was implemented in Berkeley Madonna
10 using the fourth-order Runge-Kutta (RK4) numerical integration
method with a time step (At) of 0.001 time units for all enzyme
formulations.

The reaction system proposed was

A—B Reaction (1) catalyzed by Ej;.
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or deactivation was considered. These simplifications allow direct
comparison across scenarios, but we acknowledge that in real systems,
keat values and enzyme stability can vary substantially and influence
biocatalyst performance.

It was modelled as follows.

2.1.1. Free enzymes
The reaction kinetics were defined as:

max1 A
S 1
max2 -B
. 2
2 Kuz +B 2

Where the maximum velocities are

Vmaxl =€ kcatl (3)

Vinaxz = ezkcat2 (C))

1, T2, Vimax1, Vimaxz display units of specific reaction rate (per unit of
mass of catalyst). A and B are the concentrations of the components A
and B (in units of moles per unit of volume). e; and e, represent the ratio
between the concentrations of the enzyme 1 or 2 and the total enzyme
concentration, Er (defined as 1 unit of mass of enzyme per unit of vol-
ume). kcat; and kcaty are maximum specific activities. To facilitate data
in-silico visualization, the following data has been used as basis for
calculation: kcat; = kcatz = 10 pmol min~! mg’l, and Er = 1 mg ml™!
and initial concentration of A = 100 mM. The batch reaction was
simulated with Ag = 100 mM, By = 0, Cy = 0. In all cases, this initial
substrate concentration was selected to be of the same order of magni-
tude as the Ky values of the first reaction (Ag/Ky = 2). This approach
allows us to capture the effects of both substrate and enzyme properties
on cascade performance and avoids the limiting cases where only zero-
order or first-order behavior would dominate. Three representative Ky
values (5, 50, 500 mM) were examined for the second reaction to cover
extreme affinity ranges.

The substrate and product balances were defined as assuming a well-
mixed system without mass transfer limitations:

B—C Reaction (2) catalyzed by Ej. dA

The model assumes that both enzymes follow Michaelis-Menten ki- a r-Er ®)
netics, with a maximum specific activity (k.,) for both enzymes and
three different scenarios regarding the Michaelis-Menten constant (Kyp): dB —r,-Ep —1ry-Ep 6)
(i) identical Ky values for both enzymes (i.e. Kyi; = Kypo), (ii) Knn > Kme dt
and (iii) Ky2 > Kmi. To isolate the effects of Ky asymmetry and mass ac
transport resistance, the catalytic turnover numbers (kc,¢) for both en- prinie ry-Er @
zymes were fixed at the values indicated beneath. No enzyme inhibition

(A) A B & e ® -
Y e 2%
Co\|v/ ¢ e~/ %
(374 B“g‘ A\ e /e
‘( 0‘ (4 ©/ ¢ O < 0‘; ¢ ® < .
3 ® /%S¢
€ e
(C)
t t & Enzyme 1: E,
A B C

t Enzyme 2: E,

Fig. 1. Schematic representation of different combi-biocatalysts to be used in cascade reactions: (A): mixture of free enzymes; (B): mixture of individually

immobilized enzymes and (C): co-immobilized enzymes.
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The kinetic behavior is modulated by changing affinity constants Ky
and the relative amount of E; and E; under the restriction of constant Er.

2.1.2. Individually immobilized enzymes

In this case, each enzyme (i) is immobilized in a particle i where the
reaction i takes place and the same kinetic expressions were used, but
referred to the total volume of particle of each particle type (Vp;) and the
substrate j (A or B), thus:

kcat;-J

r=———-" 8
" Ky +J ®

where r; is the maximum specific reaction rate within each particle
expressed as moles per unit of time and per unit of mass of enzyme i,
kcat; are the catalytic kinetic constants in pmol min~! mg~*.

In all simulations, we assume that both enzymes are homogeneously
distributed within the support matrix during immobilization. This
assumption allows us to isolate the kinetic and diffusional effects
without introducing spatial heterogeneity. The potential mass transfer
effects were assessed by including a term for the substrate and product
transport from the liquid bulk into the particle by using the maximum
gradient model:

The transport terms are given by:

Fj is the transport rate of component j (A, B or C) from the liquid bulk
into the particle i (1 or 2) in units of moles per unit of time and unit of
particle volume. Kj, is a volumetric transport coefficient, J is the con-
centration of component j in the liquid bulk, and J; is the concentration
into the particle. The use of the maximum gradient model represents a
simplified, global description of mass transport resistance and does not
capture spatial concentration gradients within porous supports. How-
ever, it provides a simple and effective way to assess the influence of
overall transport resistance on the performance of the system. In fact,
the overall concentration difference (J — Ji) is a useful value for un-
derstanding the severity of diffusional limitations and the kinetic
behavior of the immobilized enzyme.

For the balances of substrates and products, the transport and kinetic
equations were coupled. Equation (10) expresses the variation of the
concentration of component j inside the particle i due to reaction and
transport from the bulk to the particle:

% = RiEp+Fy (10)
where Rj is the reaction rate of j (positive for products, negative for
substrates), E;p is the concentration the enzyme i in the particle i.

Equation (11) expresses the variation of the concentration of

component j in the liquid bulk:

aj Vi
@ 2y av

To focus the analysis on the relative amount of enzymes used (Vp;)
and the ratio of affinity constants, it was imposed that the kinetic con-
stant k is constant regardless of i, and E; is constant irrespective of i. To
facilitate data in-silico visualization, the following data has been used as
basis for calculation: kcat; = kcat; = 10 pmol min~! mg_l, and Er =1
mg ml~! and Ejp = 100 mg ml~! and initial concentration of A = 100
mM. The ratio V,1/(Vp1 + Vp2) was used to study the effect of the
relative variation of the two enzymes while keeping constant Er.

Thus, to be able to compare the system with free enzymes the
following restriction was made

V.
Ep-Lt—E 12
z P Va T 12)

2.1.3. Co-immobilized enzymes
In the co-immobilized enzyme system, both enzymes were immobi-
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lized within the same particle, allowing for potential enhancements in
reaction efficiency due to compartmentalization and localized substrate
effects. As previously, the kinetic expressions followed the Michaelis-
Menten model, but in this case, the reaction rates (in terms of specific
reaction rate expressed per unit of mass of enzyme) for reactioni (1 or 2)
were expressed concerning the particle volume Vp and component j (A
or B):

Vimaxi-J

_ 13
Ky +J a3

4]

Where:

Vinaxi = eikcati

1, Vmaxi display units of specific reaction rate (per unit of mass of
enzyme). J are the concentrations of the components A and B (in units of
moles per unit of volume). ei represents the ratio between the enzyme
concentration (E;p) in the particle and the total enzyme concentration in
the particle Erp. kcat; and kcat, are the maximum specific activities.

In this configuration, substrate A diffuses into the co-immobilized
enzyme particle and is converted to intermediate B by enzyme 1. The
intermediate B is converted into product C by enzyme 2. Unlike the
individually immobilized enzyme system, the transport between enzyme
1 and enzyme 2 occurs within the same particle.

Importantly, in all simulations, we assume that both enzymes are
homogeneously distributed within the support matrix during co-
immobilization. This assumption allows us to isolate the kinetic and
diffusional effects without introducing spatial heterogeneity. The po-
tential mass transport effects were assessed by including a term for the
substrate and product transport from the liquid bulk into the particle by
using the model of the maximum gradient.

The transport terms are given by:

Fp =Ku(J = Jp) 14)

F;, is the transport rate of component j (A, B or C) from the liquid bulk
into the particle p in units of moles per unit of time and unit of particle
volume. Where K; is a volumetric transport coefficient, J is the con-
centration of component j in the liquid bulk, and Jp is the concentration
of component J inside the particle p. As in the previous case, the
maximum gradient model offers a simplified, global view of mass
transport resistance and does not capture spatial gradients within the
support. However, it provides an effective way to assess how overall
transport resistance impacts system performance. The total concentra-
tion difference (J — Ji) is a useful indicator of the severity of diffusional
limitations and the kinetic behavior of co-immobilized enzymes.

For the balances of substrates and products, the transport and kinetic
equations were coupled. Equation (15) expresses the variation of the
concentration of component j inside the particle p due to reaction and
transport from the bulk to the particle:
% = RjETP +FJp (15)

where Rj is the reaction rate of j (positive for products, negative for
substrates), and Ep is the concentration of enzymes immobilized in the
particle.

Equation (16) expresses the variation of the concentration of
component j in the liquid bulk:

y_- %Fﬁ a6)
where Vp is the total volume of particles, and Vr the reaction volume. To
focus the analysis on the relative amount of the enzymes used (el, e2),
kcati was assumed to be constant irrespective of i. To facilitate data in-
silico visualization, the following data has been used as basis for
calculation: kcat; = kcat, = 10 umol min~! mgfl, and Er =1 mg ml~!
and Erp = 100 mg ml~! and initial concentration of A = 100 mM. The
ratio el = E;p/(E1p + Egp) was used to study the effect of the relative
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variation of the two enzymes while keeping constant Er and Erp
constant.

Thus, to enable comparison with the system using free enzymes, the
following restriction was imposed:

vV,
Ep-L2=E 17
TPVR T ( )

To compare different enzyme formulations, key efficiency parame-
ters were computed:
Conversion of A (Xa):

A A

Xa A, (18)
Yield of C formation:
C
Yo =— 1
°=a (19)
Average velocity of C formation:
C
R=— 20
time (20)

Mass transport limitations were modulated by varying K (in the
range of 6-2400), allowing a variation in the ratio between the char-
acteristic times of reaction and transport, defined as:

1
trmn.sport = E (21)
Ao

_ 22
R;atA0 (22)

Lreaction =

Where R; is the reaction velocity (in terms of moles per time and unit
of reactor volume). The ratio of transport and reaction time was defined
as a modified Thiele modulus, useful for assessing the magnitude of
transport limitations:

g = iransport (23)
treaction

Please note that in this study, the modified Thiele modulus was
varied in the range from 10" to 1.1 to capture both kinetically controlled
and diffusion-influenced regimes. While classical analysis considers ® >
1 necessary for strong diffusion limitation, our aim was to systematically
investigate even low to moderate mass transfer resistance. This
approach allows us to observe the early onset of the behavior, appre-
ciable concentration gradients, and changes in effectiveness factor, all of
which are relevant for understanding how kinetic asymmetry between
enzymes impacts overall cascade performance.

Effectiveness factors were defined as:

dA

Ny = =2 24
rlarA

where the numerator expresses the observed decrease of the concen-
tration of A in the liquid, and the denominator expresses the velocity (in
terms of moles per time and unit of reactor volume) at the condition of
the concentration of A in the liquid bulk.

dc

Meabs = = (25)

2atA

where the numerator expresses the observed increase of the concen-
tration of C in the liquid, and the denominator expresses the velocity (in
terms of moles per time and unit of reactor volume) at the condition
most favorable for C production (initial concentration of A).

Chemical Engineering Science 318 (2025) 122219

3. Results and discussion

3.1. Use of free enzymes

First, we investigated the optimization of the relative amounts of
enzyme 1 and enzyme 2 for formulating an optimal combi-biocatalyst
using free enzyme. The enzyme ratio is defined throughout as the pro-
portion of enzyme 1 to the total enzyme amount. To systematically
assess how enzyme kinetic properties affect cascade performance, we
evaluated three representative scenarios with different ratios of Ky
values for the two enzymes, under conditions where the initial substrate
concentration to Ky ratio (Ao/Ky) was set to 2. This ensures the system
operates in a mixed-order (0-1) kinetic regime, as discussed previously
in the Methods section.

In this study, we evaluated enzyme formulation based on two distinct
performance metrics. The first criterion is the initial reaction rate of
product formation (C/time) measured at 20 % conversion of substrate A;
this is the most widely used parameter for optimizing enzyme ratios due
to its experimental convenience and sensitivity to formulation changes.
The second criterion is the average productivity at a target yield, here
defined as the rate of C formation (C/time) at 95 % yield—reflecting the
practical goal of achieving high final conversion in industrial processes.
By comparing the enzyme ratio that optimizes each criterion, we can
directly observe how the choice of optimization metric influences the
recommended biocatalyst composition.

The results of these simulations are summarized in Fig. 2, which
shows the impact of enzyme ratio on both initial rate and productivity at
high yield, for different Ky scenarios. The full reaction courses for each
scenario are provided in Figs. S1-S3 (Supporting Information). In the
case where the Ky values are identical for both enzymes, the curve of
initial velocity of C production (when 20 % of the initial substrate has
been consumed) using different ratios of the activities of both enzymes
shifts towards a higher amount of enzyme 2. The enzymes ratio where
the maximal initial velocity is obtained is 0.3. The situation is quite
different when considering the maximum average rate at 95 % yield of C
(the fixed final yield value set for the process) or the time required to
reach this yield: the ratio between the amount of the two enzymes to
achieve maximum activity and the shortest reaction time is 0.5. To reach
95 % yield, the reaction cycle must be around 70 min, following the
conditions fixed in the model. The initial reaction rate under optimal
conditions is 0.82, while the highest average reaction rate to reach 95 %
yield is 1.34. This clearly exemplifies the importance of the lag time in
the reaction, even with the slowdown of the reaction at values over 90 %
(Fig. 3 shows optimal reaction cycles using the free enzymes), initial
activity is lower than that required to reach 95 % C yield. Fig. 3 shows
the reaction course under optimal enzyme mass ratio, the yield of B is
higher than that of C until reaching a 30 %. The yield of C surpasses that
of B after around 20 min of reaction. A is almost fully consumed when
less than 5 % of B remains in the medium.

An important point is that the final “optimal” combi-biocatalyst
defined using the initial reaction rates is quite far from the actual
optimal one (the one that provides a shorter reaction time). This is
because the increase in the percentage of enzyme 2 reduces the lag time,
although it has later a negative effect on the global reaction rate. This
combi-biocatalyst, with an enzymes ratio of 0.3, would require cycles of
almost 91 min to reach 95 % conversion, almost 30 % longer than using
aratio of 0.5. Thus, relying on initial rates to define the optimal enzyme
combination can lead to designing biocatalyst mixtures with sub-
optimal properties.

When the Ky, was increased 10-fold (Fig. 2), the maximum initial
rate was achieved using an enzyme ratio of 0.15 (i.e., a larger excess of
enzyme 2 than in the previous case was required, significantly
decreasing the amount of enzyme 1). This ratio was half that observed
using enzymes with identical Ky values and also led to a slower pro-
duction of C (the reaction rate now is 0.15). Again, the optimal ratio
between the amount of both enzymes was different when considering
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Fig. 2. Effect of the enzymes ratio (E;/Ey) in the average rate of C formation (R, mM/min) using combi-biocatalysts with free enzymes (with different combinations
of Ky values) under the condition of Ap/Kyi = 2: Kyi = Kumz = 50 (squares); mixtures of free enzymes with Ky; = 50 and Ky2 = 500 (circles) and mixtures of free
enzymes with Ky; = 50 and Ky;p = 5 (triangles). (A): At 20 % conversion of A and (B): At 95 % yield of C. For further details see Methods section.
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Fig. 3. Effect of the enzymes Ky and Ky in the reaction courses of the
modification of A catalyzed by the respective optimal combi-biocatalysts pre-
pared using mixtures of free enzymes to minimize the reaction time required to
reach 95 % C yield (see Fig. 2) under the condition of Ap/Ky = 2: Kyp = Kyz =
50 (solid line); Ky;; = 50 and Ky = 500 (dashed lines), Ky;; = 50 and Kyp = 5
(dotted lines). Black lines: Substrate A; red lines: intermediate B and blue lines:
product C. Additional parameters: K; = Ky = 10, Er = 1. Optimum E;/E7: (Kypg
= Kymp = 50) = 0.5; (Ky; = 50 and Ky = 500) = 0.25; (Kyp = 50 and Kyp = 5)
= 0.65. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

the average rate to produce 95 % product. The optimal ratio of enzymes
was 0.25, meaning a 3-fold excess of enzyme 2 must be utilized to
achieve the optimal value. Under these conditions, the average reaction
rate was 0.37, more than 3.5-fold lower than when using enzymes with
identical Ky values. This means that the reaction cycle must be increased
to around 257 min to reach 95 % product. Moreover, it is also evident
that using initial reaction rates to define the enzyme ratio may lead to a
sub-optimal enzymes mixture. Using the enzymes mass ratio of 0.15
suggested by the mass ratio optimization using initial rates, the reaction
time was prolonged to almost 277 min (7 % increase). However, the
discrepancy was smaller than in the case of using enzymes with identical
K values. The average reaction rate was almost 2.5 times higher than
the maximum initial rate, showing the great relevance of the lag time in
the initial rate. This is the reason that, using initial reaction activities to
define the optimal enzyme ratio, to reduce the lag time is more impor-
tant than the global reaction rate, meaning that a higher amount of
enzyme 2 is apparently recommended. Again, the lag time was more
relevant than the lowering of substrate A concentrations along the re-
action. Fig. 3 shows the reaction course using the optimal enzymes
mixture. In this case, the intermediate B is accumulated to a yield of 50
%, higher than when both enzymes presented similar Ky; values, even

using a higher excess of enzyme 2, and remains over the yield of C for
around 100 min. A is fully consumed when a large percentage of B re-
mains in the medium (more than 20 %).

When Ky was 10-fold smaller than Ky (Fig. 2), the picture changed
radically. Using initial rates, the optimal biocatalyst mixture consisted of
identical amounts of both enzymes. These initial rates were significantly
higher than the optimal values in the other cases, surpassing the rates
found using enzymes with identical Ky values by more than 2.5-fold.
However, when considering the average rate or time required to reach
95 % product, the results were completely different. Now, an enzyme
ratio of 0.65 gave the highest average rate and the shortest reaction
time. In fact, the reaction time decreased to around 40 min compared to
the use of enzymes with identical Ky values (requiring 1.73-fold shorter
reaction cycles to reach the desired yield of the target product). Using
the enzymes ratio defined by the optimal initial rates, the reaction time
increased to 50 min (23 % increase). In this case, the lag time was
shorter even using a smaller amount of enzyme 2 (as a result of the
smaller Ky of enzyme 2, now the enzyme 2 is saturated at lower con-
centrations of B) (Fig. 3), meaning the initial rate was only 7 % lower
than the activity derived from the average of the full reaction rate. From
the reaction course using the optimal enzyme ratios (Fig. 3), it may be
understood that even using an excess of enzyme 1, the maximum yield of
B is around 20 %, and the yield of C surpasses that of B after around 5
min. The concentration of B is not above A at any point in the reaction.

These results clearly show the high relevance of the Ky values of the
involved enzymes in determining the final optimal combi-biocatalyst for
a cascade reaction, and how the evolution and maximum concentration
of B differ in the different situations. When the Ky value of enzyme 2 is
very high, a higher percentage of this enzyme is required to prepare the
optimal biocatalyst, and the overall reaction time increases significantly.
Conversely, if the Ky of this enzyme decreases, the reaction time de-
creases as well. Furthermore, the use of initial rates leads to sub-optimal
enzyme mixtures. The percentage of enzyme 1 required to reach optimal
reaction conditions is underestimated when using initial rates, as
consequence of the significance of the enzyme 2 in reducing the lag time,
critical for the initial rates but not so much for the global reaction rate.

3.2. Use of individually immobilized enzymes

To validate the model, a simulation was run with minimal mass
transport limitations. This scenario resembles enzymes immobilized on
very small porous particles or on the surface of a support, where diffu-
sional effects are (almost) non-existent. It is expected that the results
should be nearly identical to those obtained using free (soluble) en-
zymes. The results show that, indeed, in the near absence of diffusional
limitations, the results were almost identical to those obtained with free
enzymes (the figures show the case with enzymes having identical Kyy),
figure S4. An identical amount of both enzymes enabled to get the
optimal results, but even under these minimal transport limitations,
slight differences were observed compared to the free enzymes (initial
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rates decreased from 0.82 to 0.79, and the time to reach 95 % yield
increased from 70 to 74 min). In addition, the full reaction cycles using
optimal enzymes ratio were very similar to the case of the combi-
biocatalyst formed by free enzymes (Fig. S5). Using Kyg higher or
lower than Ky, similar results to the use of free enzymes were also
observed (results not shown). Quantification of concentration gradients
revealed that the differences between intraparticle and bulk concen-
trations for all species were negligible under these conditions (Fig. S5),
confirming the absence of significant diffusional restrictions. This sug-
gests that the model is functioning correctly. Based on this, we pro-
ceeded with introducing substrate and product diffusion limitations by
increasing ¢p,q- Figs. S6-S9 shows the different simulated reactions
courses used.

Fig. 4 shows effects on the enzyme ratio. Fig. 5 shows the effects on
the reaction time needed to reach 95 % of C yield under the optimal
enzyme ratio. Under conditions of mass transport limitations, when the
Ky values of both enzymes were identical (Fig. 4), an enzymes ratio of
0.20 (a 4-fold excess of enzyme 2) allowed the maximal initial rate. This
value was slightly lower than the one observed with free enzymes (0.30).
This additional increase in the enzyme 2 amount can be explained by the
difficulties for the entry of B on the particle where the enzyme 2 is
immobilized, the enzyme saturation will be lower than using free en-
zymes. The decrease in the maximal initial activity was more pro-
nounced; the diffusional limitations of A and B led to a reduction in the
observed reaction rate by 3.2-fold when comparing combi-biocatalysts
formed by immobilized and free enzymes. However, when considering
the average reaction rate or the time to reach 95 % yield, the optimal
enzymes ratio was 0.5, similar to that observed with free enzymes. At
this optimal enzymes ratio, the average rate was 1.6-fold higher than the
optimal initial activity ratio, reflecting the importance of reducing the
lag time in the initial rate of the system. This is interesting, considering
that the lag time should have increased, but this effect was compensated
by the slowing of the reaction due to mass transport limitations of the
substrate A. In fact, the optimal reaction course now took 3.4-fold longer
than when using free enzymes combi-biocatalyst. Of particular impor-
tance, in this case, is that using the optimal combi-biocatalyst compo-
sition derived from initial rates, the reaction course was almost 50 %
longer than using the true optimal combination of enzymes. This dif-
ference was larger than when using free enzymes, with the cause being
the larger underestimation of the amount of enzyme 1 when using the
immobilized enzymes mixture. Fig. 5 shows the optimal reaction course.
The accumulation of B is slightly higher than when using the combi-
biocatalyst composed by free enzymes since the yield of B is higher
than the yield of C until almost 80 % of A has been consumed.

Using enzyme 2 with a 10-fold increase in its Ky value (Fig. 4), the
optimal enzymes ratio for the combi-biocatalyst using individually
immobilized enzymes was the same as when using free enzymes, 0.15.
The initial rate of this optimal combi-biocatalyst, formed by individually
immobilized enzymes, was 0.1, approximately 2/3 of that found using
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Fig. 5. Effect of the enzymes Ky and Ky in the reaction courses of the
modification of A catalyzed by the respective optimal combi-biocatalysts pre-
pared using individually immobilized enzymes with diffusional limitations to
minimize the reaction time required to reach 95 % C yield under the condition
of Ag/Ky = 2: Kyp = Ko = 50 (solid line); Ky = 50 and Ky, = 500 (dashed
lines), Ky; = 50 and Ky2 = 5 (dotted lines). Black lines: Substrate A; red lines:
intermediate B and blue lines: product C. Additional parameters: ¢,,,q = 1.1.
Optimum Vp1/Vpiotal Km1 = Kuz = 50) = 0.65; (Ky = 50 and Kyp = 500) =
0.35; (Kyi = 50 and Kyz = 5) = 0.55. 1) (effectiveness factor at 20 % conversion
of A) (Kyy = Kyiz = 50) = 0.38; (Kyy = 50 and Kyps = 500) = 0.58 and (Kyy =
50 and Kyz = 5) = 0.29; n (effectiveness factor at 95 % yield of C): (Ky1 = Kmz
=50) = 0.31; (Ky1 = 50 and Ky;p = 500) = 0.59 and (Ky;; = 50 and Kyjp = 5) =
0.20. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

similar free enzymes. This value was 2.5-fold lower than that found
using the optimal combi-biocatalysts formed by immobilized enzymes
with identical Ky values. Considering the global reaction course, the
optimal ratio of both enzymes increased to 0.35, again remarking the
great effect of the lag time in the initial reaction rate. The optimal
average reaction rate more than doubled the initial activity value, again
showing the relevance of the lag time in the initial rate. The optimal
enzyme ratio was not the same as detected with free enzymes (which
was 0.25). The reaction time using the optimal mixture of immobilized
enzymes was 435 min. This was almost 1.7-fold longer than the time
using the optimal combination of free enzymes and 1.9-fold slower than
the optimal combi-biocatalysts formed by immobilized enzymes with
identical Ky values. Using the combination of immobilized enzymes
indicated by the optimal initial reaction rates, the reaction course was
more than 37 % longer than using the actual optimal combi-biocatalyst.
The reaction course can be visualized in Fig. 5. In this instance, the
maximum yield of B was around 45 %, higher than using the free en-
zymes and remained higher than C even when only 10 % A remains in
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Fig. 4. Effect of the enzyme ratio (Vp;/Vpirar) in the average rate of C formation (R, mM/min) using individually immobilized enzymes with diffusional limitations
and different combinations of Ky values under the condition of Ap/Ky = 2: (Ky1 = Ky = 50): solid squares; (Ky; = 50 and Kyz = 500): solid circles and (Ky; = 50
and Kyz = 5): solid triangles. (A): At 20 % conversion of A and (B): At 95 % yield of C. Additional parameters: ¢,,,4 = 1.1.
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the reaction (Fig. 5). A is fully consumed when a large amount of B is still
present in the reaction medium.

Finally, Fig. 4 shows the case where the Ky, is 10-fold lower. Using
the initial rates in the optimization of the enzymes ratio, the optimal
enzyme combination was 0.25 (which is quite different from the use of
free enzymes, increasing the amount of enzyme 2). The value of this
optimal initial rate reached using the combi-biocatalyst formed by
immobilized enzymes is greatly decreased compared to the value
observed using the optimal combi-biocatalyst composed by similar free
enzymes, by more than 7-fold. However, this value was almost 25 %
higher than when using the optimal combi-biocatalyst formed by
immobilized enzymes with identical Ky values. For the global reaction,
the optimal enzymes ratio became 0.55, meaning that more immobilized
enzyme 2 was required to reach the optimal value compared to the case
of combi-biocatalyst formed by free enzymes (enzymes ratio 0.65). The
optimal average rate of the reaction with this combi-biocatalyst was
around 50 % higher than the initial optimal rate, again showing the high
relevance of the lag time in the initial rate and the lower impact in the
average global reaction rate. The time to reach 95 % yield was 199.62
min, very similar to the optimal reaction cycle using optimal mixture of
immobilized enzymes with identical Ky values, but almost 5-fold slower
than when using optimal mixture of similar free enzymes. Fig. 5 shows
the reaction course with the optimal combi-biocatalyst composed of
immobilized enzymes, a certain lag time is visible, and the yield of B
surpassed the yield of C until around 70 % of A has been consumed. A
and B a yields become similar when around 70 % A has been consumed,
and all A is consumed when only around 5 % of B remains in the reaction
medium.

The results presented here indicate some clear facts:

i. The optimal combination of enzymes calculated using free en-
zymes did not match that combination determined using immo-
bilized enzymes when mass transport limitations were
considered, even assuming that immobilization did not alter the
kinetic properties of the enzymes.

ii. As in the case of the combi-biocatalyst composed by free en-
zymes, the percentage of enzyme 1 required to reach the optimal
reaction conditions was underestimated when using initial rates
to determine the optimal enzyme ratio. The performance of the
optimal combi-biocatalyst designed using initial rates is far from
that of the real optimal biocatalyst calculated using the global
reaction course.

iii. Substrate and product mass transport limitations significantly
decrease the global reaction rate when using individually
immobilized enzymes. The influence of mass transport limita-
tions can also be observed in the decrease of the effectiveness
factor and the generation of concentration gradients between the
particle and the bulk phase (Fig. S10). While the concentration
gradients for substrate A remain similar regardless of the Ky
ratio, an increase in the Ky;;/Kyo ratio is associated with a pro-
nounced increase in the observed concentration gradient for the
intermediate (Fig. S10). This highlights how diffusional resis-
tance and kinetic asymmetry together exacerbate concentration
gradients within the system. Although most simulated ® values
correspond to weak or moderate diffusional limitations according
to classical criteria, our results show that significant substrate and
intermediate gradients—and reductions in effectiveness fac-
tor—can still arise. This transitional regime, where neither purely
kinetic nor extreme diffusion control dominates, is particularly
valuable for exploring the interplay between enzyme kinetic
asymmetry and mass transport, as addressed in this study.

iv. Kyg plays a critical role in the use of enzyme mixtures. Ky
similar to or smaller than Ky;; can lead to a significant improve-
ment in the performance of this kind of combi-biocatalyst.

Chemical Engineering Science 318 (2025) 122219
3.3. Use of co-immobilized enzymes

As explained in the introduction, most authors assume that the use of
co-immobilized enzymes must exert a very significant improvement on
their global performance in a cascade. Here we will analyze this for
different Ky values for the enzymes as explained above.

Initially, the effect of co-immobilizing enzymes in almost full
absence of mass transport limitations is presented in Figs. S4 and S5 for
the case where the Ky of both enzymes is identical in the combi-
biocatalyst formed by co-immobilized enzymes. The figure shows as
expected that the performance in this case is almost identical to combi-
biocatalysts composed by mixtures of free enzymes or mixtures of
immobilized enzymes in absence of diffusional limitations. When Ky is
higher or lower than Ky, values were also similar to the use of free
enzymes (not showed results). Quantification of concentration gradients
under these conditions showed negligible differences between intra-
particle and bulk concentrations for each species (Fig. S5), confirming
that mass transport was not limiting. In this way, we can validate that
there are no model artefacts. Figs. S11-S14 shows the different simulated
reactions courses used.

Fig. 6 shows effects on the enzyme ratio. Fig. 7 shows the effects on
the reaction time needed to reach 95 % of C yield under the optimal
enzyme ratio. Regarding the condition using co-immobilized enzymes
with identical Ky; and mass transport limitations, the results are dis-
similar to the use of the mixtures of free enzymes using initial reaction
rates, now the curve “initial reaction rate” versus “different ratios of the
co-immobilized enzymes” is fully symmetric, maximum initial activity is
achieved using identical amounts of both enzymes in the co-immobilized
combi-biocatalyst (i.e. a ratio of 0.5). The maximum initial rate is 1.395.
This value is 1.7-fold higher than the results obtained using blends of
free enzymes. That is, assuming that there are not negative effects on the
enzymes performance caused by the immobilization, the initial pro-
duction rate of the target compound is higher using optimal co-
immobilized enzymes than using the optimal mixtures of free en-
zymes, mass transport limitations of the product inside the co-
immobilized biocatalyst cause a higher efficiency of the second
enzyme and lead to higher initial reaction rates. More significant, this
value is 5.36-fold higher than using the optimal blend of enzymes
independently immobilized. Using the global reaction, the optimal co-
immobilized combi-biocatalyst also have an optimal enzymes ratio of
0.5. A first remarkable fact is that, using co-immobilized enzymes, the
initial rates are higher than the average reaction rates (almost by 2-fold)
in contrast to all the previous cases. This is due to a significant decrease
of the lag time (Fig. 7) in the reaction. However, the global reaction rate
is lower than when using the combi-biocatalyst formed by the mixture of
free enzymes and the reaction cycle is longer (by 1.7-fold), resulting
from the decrease in the activity of enzyme 1 due to mass transport
limitations, effect that increased when the concentration of the A de-
creases during the reaction. That means that even although the initial
reaction rates were higher using the co-immobilized enzymes, the time
to reach the target yield is longer than when using the mixture free
enzymes. That is, the co-immobilized enzymes are less efficient than the
combi-biocatalyst formed by free enzymes considering the global reac-
tion. However, the optimal co-immobilized combi-biocatalyst was more
than 1.8-fold more efficient in the global reaction than the optimal
mixture of enzymes immobilized in an individual form. This 1.8-fold
increase is the real gain achieved by the co-immobilization, not the
more than 5-fold highlighted using initial rates. In this case, the optimal
ratio of both enzymes is the same using initial rates or global reaction
parameters. It is also the same using the free or the individually
immobilized. Fig. 7 shows the reaction course using the co-immobilized
combi-biocatalyst prepared using the optimal enzymes ratio where the
evolution of the yields of B can be observed. In contrast to the results
using combi-biocatalyst formed by the free enzymes or the indepen-
dently immobilized enzymes, the yield of B is not above the yield of C at
any point, the yields of B hardly reaching 15 % as a consequence of its
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Fig. 7. Effect of the enzymes Ky and Ky in the reaction courses of the
modification of A catalyzed by the respective optimal combi-biocatalysts pre-
pared using co-immobilized enzymes with diffusional limitations to minimize
the reaction time required to reach 95 % C yield under the condition of Ay/Ky
= 2: Ky = Kye = 50 (solid line); Ky = 50 and Ky» = 500 (dashed lines), Ky;
= 50 and Ky;» = 5 (dotted lines). Black lines: Substrate A; red lines: interme-
diate B and blue lines: product C. Additional parameters: ¢,,,; = 1.1. Optimum
Vp1/Vpiotal Ky = Kz = 50) = 0.5; (Kyy = 50 and Kyz = 500) = 0.25; Ky
50 and Kz = 5) = 0.7. n (effectiveness factor at 20 % conversion of A) (Ky; =
Kuvz = 50) = 1.29; (Kyp = 50 and Ky2 = 500) = 2.19 and (Kyy; = 50 and Ky =
5) = 0.87; n (effectiveness factor at 95 % yield of C): (Kyy = Kmz = 50) = 0.57;
(Ky1 = 50 and Ky;p = 500) = 0.79 and (Ky; = 50 and Kyp = 5) = 0.46. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

rapid transformation to C. The yield of B is slightly above A remaining in
the medium when A is less than 10 %, but when A is fully consumed,
almost no B can be found, unlike the reaction using the free enzymes
(Fig. 3) or the individually immobilized enzymes (Fig. 5).

When the Ky» was increased 10-fold, Fig. 6 shows the results. The
maximal initial reaction rate is obtained with co-immobilized enzymes
at an enzymes ratio of 0.4, an excess of enzyme 2 is necessary to
compensate for higher Ky compared to the previous case. Compared to
the free enzymes, where the enzymes ratio in the optimal combi-
biocatalyst is 0.1 using the initial activities to determine the optimal
combination of enzymes, it is evidently a very different situation.
Moreover, the optimal initial activity of the co-immobilized enzymes is
2.7 higher than that using the blend of free enzymes, very likely due to
the smaller amount of enzyme 1 using the free enzymes. This improved
optimal initial rate of the combi-biocatalyst, it becomes over 3.5-fold
higher compared to the mixture of individually immobilized enzymes.
However, using the full reaction cycle, the optimal ratio of enzymes is
0.25 for the co-immobilized enzymes, as the value using the free

enzymes, and with more enzyme 2 than using the individually immo-
bilized enzymes (where the optimal ratio is 0.35). Using the optimal co-
immobilized enzymes, the reaction took more than 1.25-fold longer than
using the optimal combi-biocatalysts prepared using free enzymes (due
to the mass transport limitations of A), but 1.33-fold shorter time than
using the enzymes immobilized in an individual form. Again, using the
initial rates, it appears that co-immobilized enzymes are more efficient
than the mixture of the free enzymes, but it is just the consequence of
avoiding the lag time (Fig. 7). However, optimal mixture of free enzymes
performs the reaction in a shorter time compared to the optimal co-
immobilized enzymes, as the mass transfer limitations of A reduce the
activity of enzyme 1 in the co-immobilized biocatalyst. Curiously, the
gain of the enzymes co-immobilization is shorter now than when the Ky
of both enzymes is identical.

Using the optimal enzymes ratio value calculated using initial rates
to prepare the co-immobilized combi-biocatalyst, the reaction course
will be 10 % slower than using the actual optimal co-immobilized
combi-biocatalyst. If we extrapolate the optimal enzymes ratio calcu-
lated using the global performance of the blend of individually immo-
bilized enzymes to prepare the co-immobilized enzymes, the reaction
takes 24 % longer that using the actual optimal combi-biocatalyst. The
advantage of co-immobilization almost disappears. Using the mixture of
free enzymes, the optimal enzymes ratio is the same than using co-
immobilized enzymes. The reaction course (Fig. 7) shows a lower
accumulation of B (maximum B yields are under 40 %) compared to the
use of free or independent immobilized enzymes with this Ky; combi-
nation, that is consumed faster now.

Fig. 6 shows the results when Ky, is 10-fold lower than Kyj;. The
maximum initial rate is achieved at an enzymes ratio of 0.4, slightly
lower than using optimal combi-biocatalyst of the free enzymes (0.5),
and higher than using mixtures of the independently immobilized en-
zymes (0.25). The maximum activity was 0.38, much lower than using
the optimal blend of free enzymes but more than 22 % faster than the
optimal combi-biocatalyst formed by the independently immobilized
enzymes.

Using the global reaction, the optimal combination of both enzymes
in the co-immobilized combi-biocatalyst was at a ratio of 0.7, an excess
of enzyme 1 must be utilized to maximize the activity of the co-
immobilized enzymes combi-biocatalyst. Using the mixtures of free
enzymes, this ratio was 0.65, it was 0.55 using the combination of
individually immobilized enzymes. This suggests that, as expected,
when the importance of the lag time decrease, a higher amount of
enzyme 1 gives the highest activities in the co-immobilized combi-bio-
catalyst. The initial rate was almost twice that of the global activity,
showing the almost full disappearance of the lag time influence in the
initial rate. The global reaction rate was more than 2.4-fold higher than
using the mixture of the individually immobilized enzymes but it was
around 2.2-fold lower than using the blend of free enzymes. Fig. 7 shows
the reaction course using the optimal co-immobilized combi-biocatalyst,
where maximum B yield is the lowest of all the studied systems and



D. Carballares et al.

never is higher than the yields of C, even it is lower than the remaining
percentage of A until the end of the reaction.

In this way, this Ky ratio is the situation where the used of co-
immobilized enzymes is more advantageous from a kinetic point of
view compared to the use of mixtures of individually immobilized en-
zymes. If the enzyme ratios are extrapolated from the data obtained
using the optimal mixture of free enzymes, the global reaction time only
increases from 88 to 89 min, but using the optimal enzymes ratio
calculated utilizing the combination of individually immobilized en-
zymes, this value increases to 93 min. Differences are not very large, but
still a 5 % time may be saved with a proper optimization of the co-
immobilized enzymes design.

Hence, the results presented in this section show some clear points,
Figs. 8 and 9 summarize the main results of this paper, Figs. S15-S18
show the time courses associated to the summary Figures.

i. Using initial reaction rates, it appears that the co-immobilized
enzymes become more efficient that the mixture of free en-
zymes but this is not a real situation considering the full reaction
cycle.

. .- The apparent advantage of using co-immobilized enzymes

versus combinations of individually immobilized enzymes is

much higher using initial activity ratios that the real one,
considering global reaction courses.

— Substrate mass transport limitations decrease the overall re-

action rate, though this effect is less pronounced than when using

individually immobilized enzymes. The impact of mass transport
resistance is also evident in the smaller reduction of the effec-
tiveness factor and the development of concentration gradients
between the particle and the bulk phase (Fig. S19). The concen-
tration gradients for substrate A are similar regardless of the Ky
ratio, and the gradient for intermediate B remains nearly negli-
gible under these conditions (Fig. S19). During the lag phase

(initial reaction rate) the concentration of intraparticle B is

higher than in the bulk supporting the fact the initial formation

rate of C provided by the coimmobilized enzymes is higher than
free enzyme.

iii.
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iv. .- The use of co-immobilized biocatalyst with an enzyme 2 having
a much higher Ky is the only case where the percentage of
enzyme 1 is over estimated if the optimal enzyme ratios are
calculated using initial rates and not the whole reaction course
(including combi-biocatalysts formed by free or individually
immobilized enzymes). This includes the 9 cases studied in this
paper.

.- Optimal ratio of enzymes for the preparation of the co-
immobilized biocatalyst can be nearly extrapolated from the re-
sults using the optimal mixtures of free enzymes even if they are
not exact. Results are identical if the Ky; values are similar or Ky»
is higher than Ky;. If the Ky2 is lower than Ky, there are some
differences, but the effects on the time necessary to complete one
reaction cycle are not very significant.

4. Overall discussion and conclusions

The results presented in this paper show some relevant factors using
several enzymes in multi-enzymatic cascades. Figs. 8 and 9 offer a
summary of the most relevant results. Optimal enzyme ratio dependent
on enzyme formulation, kinetic parameters and mass transport control
are shown in Fig. 8. the reaction time needed to reach the target of 95 %
of C formation yield is plotted as a function of biocatalyst formulation,
kinetic constants and mass transport control at the optimal enzyme
ratio. The first fact is that the use of enzymes where Kyys is similar to or
lower than Ky;; may be very relevant to have mixtures of enzymes with
very good performance. This may have more impact in the final combi-
biocatalysts performance than a proper design of the final combination
of enzymes or the use of co-immobilized enzymes. If possible, a very
high Kyj2 should be avoided.

The substrate A mass transfer limitations produce a severe decrease
in the cascade reaction rate. These diffusional problems can explain a
worsening of the reaction rate even if the enzyme properties are fully
preserved, as in the current presentation. The diffusional problems (in
this instance of the intermediate B) are responsible for an increase in the
initial reaction rate using co-immobilized enzymes. This way, apparent
super-activation of the co-immobilized enzymes compared to mixtures
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Fig. 8. Effect of different the Ky;1/Ky2 on the optimal enzyme ratio to obtain a 95 % yield of C by the respective optimal combi-biocatalysts prepared using free
enzymes (A); individually immobilized enzymes (B) and co-immobilized enzymes (C). Fig. 9: Time required to obtain a 95 % yield of C at different Kyj;/Ky2 by the
respective optimal combi-biocatalysts prepared using free enzymes (A); individually immobilized enzymes (B) and co-immobilized enzymes (C).
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Fig. 9. Time required to obtain a 95 % yield of C at different Ky;/Ky2 by the respective optimal combi-biocatalysts prepared using free enzymes (A); individually

immobilized enzymes (B) and co-immobilized enzymes (C).

of free enzymes can be expected when co-immobilizing enzymes if
measuring the formation of the final product, as in the first moments of
the reaction, the lag time produced by the lack of intermediate product
means that the final product cannot be synthesized in other combina-
tions of enzymes. However, this is not translated to the global reaction.
In fact, the global reaction catalyzed by the co-immobilized enzymes is
slower than that catalyzed by the mixture of the free enzymes, as a
consequence of the mass transfer of A.

The results also show that, in most instances, the use of initial rates to
define the ratio of enzymes may lead to a sub-optimal combi-biocatalyst
giving as a result an excess of enzyme 2 (to decrease the lag time). The
optimization of the combination of enzymes must be performed using
the time necessary to reach the desired reaction yield. This is true mainly
using the free and individually immobilized enzymes. Using co-
immobilized enzymes, the composition of the optimal biocatalyst is
similar using the data from the full reaction course or initial reaction
rates only in the case of enzymes with similar Ky Other instances give
an excess of the enzyme with the higher Ky in the final co-immobilized
combi-biocatalyst if using the initial reaction rates.

The extrapolation of the results using the optimal mixture of free
enzymes are not valid to define the optimal ratio of enzymes using
individually immobilized enzymes, but, curiously, they may be valid to
design the co-immobilized enzymes combi-biocatalyst. The optimal
combi-biocatalyst compositions are identical when the Ky of both en-
zymes were identical or if Ky is higher than Kyjj, and similar if Ky, is
lower. However, this is not true if the optimization of the enzymes
composition for the co-immobilized combi-biocatalyst is performed
using the values obtained when using the mixtures of immobilized en-
zymes, except if the enzymes have identical Ky.

That way, with information on the Ky values of the enzymes
involved in the process, it is possible to decide if it is possible to use or
not the values calculated using free enzyme mixtures or initial rates. If
the immobilization induces changes in the kinetic properties of the en-
zymes, or if the products have some inhibition potential in enzyme 1 or 2
(a more realistic system), the system optimization will be more complex.

To validate our modeling framework under conditions of higher A/
Ky, we have included in Figs. 8 and 9 the equivalent cases for the
condition of Ag/Ky = 20, where zero order kinetic applied to the
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reaction (1) (The corresponding time courses are included as Fig. S20-
21). Similar trends and conclusions applied and are observed but reac-
tion times are lower for all the biocatalyst formulations.

The use of identical k¢, values and the exclusion of enzyme inhibi-
tion and deactivation were deliberate simplifications in this study. While
these assumptions allowed us to focus on kinetic asymmetry (through
Ky and mass transport limitations, they necessarily constrain the gen-
erality of our model. In practical applications, differences in kcat be-
tween enzymes can shift the rate-determining step in a cascade and
thereby alter the optimal enzyme ratio. For example, if E2 has a much
lower turnover number than E1, a higher E2 loading would be required,
regardless of Ky values. Similarly, differences in enzyme stability can
affect catalyst lifetime and process economics, and may render co-
immobilization undesirable if one enzyme deactivates more rapidly
than the other. Incorporating these additional factors into future
modeling efforts would provide a more comprehensive basis for bio-
catalyst optimization.. In summary, these results indicate significant
differences in effective use of the two enzymes, dependent upon the ratio
in which they are added (for the three type of formulation biocatalysts).
This is of great importance for the process operation, but also to incor-
porate in the design of combi-biocatalysts. Further complications can
clearly arise when one enzyme is much for stable than the other. How-
ever, what is also clear from the results presented here is that the effect
of the individual enzyme K values is also of great significance. This is to
be expected, but the work here also provides a quantitative indication
about the effect of lowering of Ky values for a given enzyme and the
return that may be granted. Protein engineering allows the modification
of Ky values, although K.,¢/Ky is still too often used as the metric for
screening. In principle, enzymes can be engineered and screened for
lower Ky values (Woodley 2022). Using the data from this paper the
cost-benefit analysis of making such protein changes can now be
evaluated.

In this study, we have advanced the understanding of the design of
immobilized multi-enzymatic systems in a novel but complementary
manner to previous approaches. (Hgst et al., 2022; Paschalidis et al.,
2023; (Paschalidis et al., 2024)). We evaluated enzyme formulation
using two distinct performance metrics: initial activity and final product
yield. This binary treatment highlights how the choice of optimization
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criterion can influence design outcomes. However, industrial biocatalyst
development often requires balancing multiple objectives—such as
maximizing productivity, minimizing enzyme cost, and achieving full
conversion within a defined time frame. Incorporating multi-objective
optimization frameworks could significantly enhance the practical
utility of this modeling approach (Paschalidis et al., 2022). Such
frameworks would enable simultaneous evaluation of trade-offs,
thereby guiding the selection of enzyme ratios or formats that best
meet a broader set of process constraints. We see this as a valuable di-
rection for future work.

Finally, while our model employs a lumped parameter approach (via
K;) to describe mass transfer limitations, this choice prioritizes
simplicity and computational efficiency over spatial accuracy. It allows
us to explore broad trends and perform dynamic, system-level optimi-
zation across many kinetic regimes. However, these simplifications also
limit our ability to capture intraparticle concentration gradients, local
enzyme saturation, or heterogeneity in enzyme positioning within sup-
ports. More mechanistic, spatially resolved models have been proposed
(e.g., (Paschalidis et al., 2023)) which can capture local concentration
gradients and enzyme positioning effects in porous carriers and derive
analytical criteria for optimal enzyme arrangements. These fine-grained
spatial models complement our lumped dynamic framework, and a
hybrid approach incorporating both spatial and temporal dynamics
could further improve the predictive power and applicability of in silico
biocatalyst design.
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Figure S1: Effect of the enzyme ratio (Ei/Et) in the reaction courses of the modification of A

catalyzed by a mixture of free enzymes to minimize the reaction time required to reach 95% C

yield, Kyi=Km>=50. Dashed lines: Substrate A, solid lines: intermediate B and dotted lines:
product C. Additional parameters: Kcat,;= Kcat,=10, Er=1.
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Figure S2: Effect of the enzyme ratio (Ei/Er) in the reaction courses of the modification of A
catalyzed by a mixture of free to minimize the reaction time required to reach 95% C yield,
Kwmi=50 and Kym>=500. Dashed lines: Substrate A, solid lines: intermediate B and dotted lines:
product C. Additional parameters: Kcat;= Kcat,=10, Er=1.
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Figure S3: Effect of the enzyme ratio (Ei/Er) in the reaction courses of the modification of A
catalyzed by a mixture of free enzymes to minimize the reaction time required to reach 95% C
yield, Kyi=50 and Kyp=5. Dashed lines: Substrate A, solid lines: intermediate B and dotted lines:
product C. Additional parameters: Kcat,;= Kcat,=10, Er=1.
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Figure S4: Effect of the enzymes ratio in the average rate of C formation using combi-biocatalysts
without significant diffusional limitations and Kmi=Km>=50: free enzymes mixtures (full line, full
square), individually immobilized enzymes (full line, full circles) or co-immobilized enzymes
(full line, empty triangles). (A): At 20 % conversion of A and (B): At 95 % yield of C. Additional

parameters free enzymes mixtures: Kcat;= Keat,=10, Er=1, ¢, . =2.7 10-3.
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Figure S5: Reaction course of optimal combi-biocatalysts without significant diffusional
limitations. Mixtures of free enzymes, individually immobilized enzymes and co-immobilized
enzymes. Black lines: Substrate A; red lines: intermediate B and blue lines: product C. Additional
parameters: Kcat;=Kcat,=10, Er=1. Optimum Vpi/Vpwow =0.5. ¢, . = 2.7 10-3. Concentration
time courses of A, B, C and overlap with intraparticle concentration under these conditions.
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Figure S6: Effect of the enzyme ratio (Vri/Vpwil) in the reaction courses of the modification of
A catalyzed by an individually immobilized enzyme to minimize the reaction time required to
reach 95% C yield, Kni=Km>=50 without diffusional limitations. Dashed lines: Substrate A, solid
lines: intermediate B and dotted lines: product C. Additional parameters: Kcat;= Kcat,=10, Er=1,
G.oq = 2-7 107,
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Figure S7: Effect of the enzyme ratio (Vri/Vrwil) in the reaction courses of the modification of
A catalyzed by an individually immobilized enzyme to minimize the reaction time required to
reach 95% C yield, Kni=Kwm>=50 with diffusional limitations. Dashed lines: Substrate A, solid
lines: intermediate B and dotted lines: product C. Additional parameters: Kcat;=Kcat,=10,

E1:E2:100, ¢) =1.1.
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Figure S8: Effect of the enzyme ratio (Vpi/Vpiwi) in the reaction courses of the modification of
A catalyzed by an individually immobilized enzyme to minimize the reaction time required to
reach 95% C yield, Kvi=50 and Km>=500 with diffusional limitations. Dashed lines: Substrate A,
solid lines: intermediate B and dotted lines: product C. Additional parameters: Kcat;=Kcat,=10,

E=E>=100, ¢ =1.1.
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Figure S9: Effect of the enzyme ratio (Vri/Vpwil) in the reaction courses of the modification of
A catalyzed by an individually immobilized enzyme to minimize the reaction time required to
reach 95% C yield, Kmi=50 and Ky,=5 with diffusional limitations. Dashed lines: Substrate A,
solid lines: intermediate B and dotted lines: product C. Additional parameters: Kcat;=Kcat,=10,
Ei=E,=100, ¢ =1.1.
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Figure S10: Effect of the enzymes Kmi and Kwmz in the reaction courses of the modification of A
catalyzed by the respective optimal combi-biocatalysts prepared using individually immobilized
enzymes with diffusion matters to minimize the reaction time required to reach 95% C yield under
the condition of A¢/Ky=2: Kyi= Km2=50 (A); Kmi=50 and Km>=500 (B), Kmi=50 and Knm=5
(C). Black and solid lines: Substrate A; black and dashed lines: Substrate A1; red and solid lines:
intermediate B; red and dashed lines: intermediate B1 and red and dotted lines: intermediate B2.

Additional parameters: Kcat;=Kcat,=10, Er=1. ®Pmoa =1.1. Optimum Vp1/Vpiota (Knvi= Km2=50)
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Figure S11: Effect of the enzyme ratio (Vpi/Vpwrar) in the reaction courses of the modification of
A catalyzed by a co-immobilized enzyme to minimize the reaction time required to reach 95% C
yield, Kyi=Km>=50 without diffusional limitations. Dashed lines: Substrate A, solid lines:
intermediate B and dotted lines: product C. Additional parameters free enzymes mixtures:
Kcat,=Kcat,=10, Er=1, ¢ =2.7107.
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Figure S12: Effect of the enzyme ratio (Vri/Vrwal) in the reaction courses of the modification of
A catalyzed by a co-immobilized enzyme to minimize the reaction time required to reach 95% C
yield, Kmi=Km>=50 with diffusional limitations. Dashed lines: Substrate A, solid lines:
intermediate B and dotted lines: product C. Additional parameters: Kcati=Kcat,=10, Er=100,

¢ oa= 11
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Figure S13: Effect of the enzyme ratio (Vpi/Vpiwti) in the reaction courses of the modification of

A catalyzed by a co-immobilized enzyme to minimize the reaction time required to reach 95% C

yield, Kvi=50 and Knm>=500 with diffusional limitations. Dashed lines: Substrate A, solid lines:

intermediate B and dotted lines: product C. Additional parameters: Kcati=Kcat,=10, Er=100,

=1.1.
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Figure S14: Effect of the enzyme ratio (Vri/Vpwl) in the reaction courses of the modification of
A catalyzed by a co-immobilized enzyme to minimize the reaction time required to reach 95% C
yield, Kvi=50 and Km=5 with diffusional limitations. Dashed lines: Substrate A, solid lines:
intermediate B and dotted lines: product C. Additional parameters: Kcati=Kcat,=10, Er=100,

¢ =1L



100 20
118

80 116
—- 14

60 - 112

;‘ 1108

40 - 408
—. 0.6

20 {04
102

o= 0

0 10 20 30 40 5 60 70 80

Time (min)

Figure S15: Effect of the enzymes Ky and Ky in the values of XA, YC and rcapp by the
respective optimal combi-biocatalysts prepared using mixtures of free enzymes, individually
immobilized enzymes and co-immobilized enzymes (Kmi=Km>=50) without diffusional
limitations. Red line: YC; blue line: rcapp and black line: XA.
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Figure S16: Effect of the enzymes Ky and Ky in the values of XA, YC and rcapp by the
respective optimal combi-biocatalysts prepared using individually immobilized enzymes (A) and
co-immobilized enzymes (B) (Kyvi=Km>=50) with diffusional limitations. Red line: YC; blue line:
rcapp and black line: XA.
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Figure S17: Effect of the enzymes Ky and Ky in the values of XA, YC and rcapp by the
respective optimal combi-biocatalysts prepared using mixtures of free enzymes (A), individually
immobilized enzymes (B) and co-immobilized enzymes (C) (Kmi=50 and Km>=500) with
diffusional limitations. Red line: YC; blue line: rcapp and black line: XA.
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Figure S18: Effect of the enzymes Ky and Ky in the values of XA, YC and rcapp by the
respective optimal combi-biocatalysts prepared using mixtures of free enzymes (A), individually
immobilized enzymes (B) and co-immobilized enzymes (C) (Kmi=50 and Kwm;=5) with
diffusional limitations. Red line: YC; blue line: rcapp and black line: XA.
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Figure S19: Effect of the enzymes Kmi and Kwmz in the reaction courses of the modification of A
catalyzed by the respective optimal combi-biocatalysts prepared using co-immobilized enzymes
with diffusion matters to minimize the reaction time required to reach 95% C yield under the
condition of 4¢/Kn=2: Kmi= Km2=50 (A); Kmi=50 and Kme=500 (B), Knmi=50 and Kyp=5 (C).
Black and solid lines: Substrate A; black and dashed lines: Substrate Al; red and solid lines:
intermediate B and red and dashed lines: intermediate B1. Additional parameters:

Kcat;=Kcat,=10, Er=1. Pmoa = 1.1. Optimum Vpi/Vpwea (KM= Km2=50) =0.5; Kmi=50 and
Km2=500) =0.25; (Kmi=50 and Km>=5) = 0.6.
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Figure S20: Effect of the enzymes Ky and Kwm in the reaction courses of the modification of A
catalyzed by the respective optimal combi-biocatalysts prepared using individually immobilized
enzymes with diffusional limitations to minimize the reaction time required to reach 95% C yield
under the condition of 4y/Knv=20: Kmi=5 and Km>=500 (solid line); Kmi=5 and Km2=5 (dashed
lines), Kwmi=5 and Km>=50 (dotted lines). Black lines: Substrate A; red lines: intermediate B and
blue lines: product C.
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Figure S21: Effect of the enzymes Kmi and Kwmz in the reaction courses of the modification of A
catalyzed by the respective optimal combi-biocatalysts prepared using co-immobilized enzymes
with diffusional limitations to minimize the reaction time required to reach 95% C yield under
the condition of 4¢/Kn=20: Km 1=5 and Km2=500 (solid line); Kmi=5 and Km>=5 (dashed lines),
Kwmi=5 and Km:=50 (dotted lines). Black lines: Substrate A; red lines: intermediate B and blue
lines: product C.
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