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Abstract: The enzymatic reactivation process enables the recovery of catalytic activity for inactive
biocatalysts. However, its effect on the specific productivity of the processes has not been studied.
The main objective of this work was to evaluate the specific productivity of the processes with
and without reactivation using the program Spyder Python (3.7). Using fixed values for all of the
parameters, the global specific productivity was 8 mM/h-gp,;qcat for the process without reactivation, and
4 mM/h-gpjiocat for the process with reactivation. Random numbers were generated to use as different
values for parameters, and the results yielded a global specific productivity of 3.79 mM/h-gp;ocat for
the process with reactivation and 3.68 mM/h-gpiocat fOr the process without reactivation. ANOVA
tests showed that there were significant differences between the specific global productivities of the
two processes. Reactivation has great potential for use when the biocatalyst is of high cost.

Keywords: enzyme reactivation; enzyme inactivation; bioreactors; sequential batch bioreactor
simulation

1. Introduction

Enzymes are biological catalysts that offer advantages over conventional chemical catalysts due
to their high specificity, high activity under moderate reaction conditions, high rotation number and
biodegradability [1]. Enzymes were first used in 1914 and their large-scale microbial production began
in the 1960s. The commercialization of enzymes at an industrial scale is growing, thanks to new
technologies in the field of fermentation and molecular biology (protein engineering) [2]. The global
enzyme market is projected to grow from USD 5.01 billion in 2016 to USD 6.32 billion in 2021 [1,3].

Due to their biological nature, the enzymes used are labile and their activity and stability is
affected in the presence of aggressive conditions of pH, temperature [4] and organic solvents [5].
The phenomenon of enzymatic inactivation is a consequence of changes in the conformation of
the protein structure, which alters the protein from its original state to different, less functional
conformational states [6-9]. These changes are produced by the interaction of the amino acids of
the protein with the surrounding environment [6,7]. For example, in aqueous media, polar amino
acids at the surface are exposed to interactions with the solvent, while the non-polar amino acids
are located internally, interacting more with each other. Due to this form of folding, it is proposed
that one of the main factors that determines protein stability is the hydrophobic interaction of the
internal three-dimensional structure [10], which counteracts the surface forces that tend to alter the
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structure. Thus, extending original functional structure over time is one of the main challenges of
enzyme technology.

The ability of hydrolytic enzymes to catalyze synthesis reactions in non-aqueous media [11-13]
has generated interest in the research and development of enzymatic processes in non-conventional
media, in which it has been observed that the inactivation phenomenon is severe, even for immobilized
enzymes [14]. Solvent inactivation is caused by the exposure of the internal non-polar amino acid
residues of the protein, which results in unfolding and loss of the protein structure [15].

Different strategies have been developed to improve the stability of enzymes, for example,
immobilization onto supports by covalent attachment [15-17]. This method stiffens the protein
structure and makes it less sensitive to inactivating agents such as temperature and pH, which results
in greater enzymatic stability [18]. Such advances have increased the interest in applying enzymes
in industrial processes. Although immobilization offers an alternative for increasing the stability of
enzymes, this is often not sufficient and, in the presence of non-conventional media, biocatalysts suffer
from inactivation.

In order to recover enzymatic activity, an alternative is the reactivation method. Reactivation
is based on the fact that the conformational changes which cause inactivation of the enzyme are
reversible, and the activity of the enzyme can be recovered [13,19]. Biocatalysts are partially inactivated
when incubated in aqueous media using organic solvents as co-solvents, however the activity of the
biocatalyst can be recovered by removing it from the denaturing media and incubating it again in a
buffered media. The recovery of enzyme activity after incubation in aqueous media depends on the
concentration of the co-solvent. In Romero et al. [20], the activity of the partially inactivated biocatalyst
was fully recovered after incubation in phosphate buffer using 70% of cosolvent. However, when the
enzyme is completely inactivated, its activity can only be partially recovered [8]. In that case, it is
necessary to use a chaotropic agent (e.g., urea at 10 mM) to reduce the number of S-S bonds of the amino
acids in protein, unfolding the polypeptide chains (forming SH groups), and oxidizing it with, for
example, glutathione; this almost completely recovers the activity of the biocatalyst. Rueda et al. [21]
recovered 95% activity of lipase B from Candida antarctica (CALB) immobilized in glyoxyl agarose after
being incubated in dimethylformamide (DMF) 90% (v/v). It was reactivated using guanidine 9 M as
the chaotropic agent. Thermomyces lanuginosus lipase (TLL) was immobilized in glyoxyl agarose and
80% of activity was recovered after it was incubated in 80% (v/v) 1,4-dioxane and reactivated with
guanidine 9 M.

In this way, the chaotropic agents that are denaturating agents fully deploy the enzymatic tertiary
structure, and later, in an aqueous incubation stage, restore the native and functional structure.
This unfolding—folding strategy allows the elimination of strong or covalent interactions established
during the inactivation process, which prevents the restoration of the original native structure [19,22].
This strategy demonstrates the importance of multi-point immobilization technology, since it is the
maintenance of this pattern of covalent junctions that allows the unfolded enzyme to fold back correctly
and adopt the original functional configuration [23-26]. One way to assess the stability of a biocatalyst
is to use the sequential batch reactor strategy, in which the reactivated or non-reactivated biocatalyst is
recovered and reused in subsequent reaction cycles [27,28].

According to the literature, the enzyme reactivation strategy could increase the useful life of a
biocatalyst in reactions in non-conventional media, ultimately reducing production costs. However, its
implementation must be evaluated because reactivation takes time that can affect the productivity of a
process. For this reason, the main objective of this work was to evaluate the specific productivity of the
reactivation strategy using simulations in successive batch reactors.

2. Process Description and Mathematical Formulation

2.1. Mathematical Formulation

The simulation was performed for a stirred batch reactor operating in sequential batch mode
(Figure 1) under the following considerations:
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e  Michaelis-Menten enzymatic kinetics

e  First-order catalytic inactivation kinetics

e  Fixed temperature at 25 °C

e 90% conversion in each production lot

e  25% residual activity as the limit of each operation

e  Equimolar reaction with 1:1 substrate:product ratio

e No dead times between each production batch

e Including a reactivation stage after each productive batch

Sl el
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Time
Figure 1. Sequential batch reactors.

The model for the batch reactor was as follows:

[ [ )
0 U(E,X) B 0 Si

The Michaelis—-Menten kinetics depend on the degree of conversion (X):

k Si(1-X)

= X @

The first-order inactivation kinetics were as follows:
e=-¢epexp(kyt) 3)

Then, by taking Equations (3) and (2) in Equation (1), separating the variables and integrating
them, the following equation was obtained:
S:

i KEO
KX—ln(l—X) = de(l—exp(kdt)) 4)

Equation (4) corresponds to the reactor behavior model in each productive batch, which was
solved for X using the “optimize solve” function of the SciPy Library with Python 3 software (3.7).
Each batch was operated at a limit conversion of 0.9. The next lot operated with the residual activity of
the previous batch, until the residual activity was equal to 25% of initial activity.
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The reactivation step was performed under non-reactive conditions with kinetics described by
Romero et al. [20], according to:

== (y-Plexp(-kt) + B )
0

The application of this reactivation model required an assumed value of §, which determined the
level of reactivation reached. In this work, it was assumed that § varied with each batch by 0.1 units,
starting from the first phase of activation with a value of 0.95, the second 0.85, and continuing this way
until sufficient lots were carried out to the activity limit (0.25-¢p). The reactivation time was determined
by assuming a limit of reactivation activity e = ¢y-0.95-8. This activity limit reached by the reactivated
enzyme corresponded to the initial activity of the next batch.

For the simulation without considering reactivation, the total time of each operation was
calculated by:

t= Zn: tj (6)
=1

where 7 is the number of batches.
For the simulation considering reactivation, the total operating time was calculated by:

!
t= Zn‘atj+2ti (7)
= im

where [ is the reactivation stage number.
The global specific productivity for the process with and without reactivation was determined by:

n Si*V,'*Xj

J=1 Mpioeq
P:—Zn t-+bz’[ - 8)
j=1%] i=1"1

2.2. Simulation Flow Diagram

The simulation flow diagram is provided in Figure 2. The flow diagram of the operation without
reactivation is shown in Figure 2A, while the operation with intermediate reactivation is detailed in

Figure 2B.
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Figure 2. Simulation flow diagram: (A) without reactivation, (B) with reactivation.
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Details regarding the program code can be found in the repository [29].
3. Results and Discussion

3.1. Simulation with and without Reactivation

As an example, here we report results of the evaluation of processes with and without reactivation,
obtained through simulations using data from work reported in the field [20,30,31]. These works were
chosen because there are few investigations in which kinetic parameters have been determined in the
enzymatic reactivation processes. The parameters and starting data are summarized in Table 1.

Table 1. Data used to simulate system behavior.

Parameter Value
S; (mM) 200
K (mM) 10
ks (1/h) 0.022
kr (1/h) 0.1
k (1/h) 1
eg (mmol/g-h) 18
Mpiocat (8) 1

Reaction volume (L)

1

Temperature is an important parameter, because each enzyme has its optimum reaction

temperature [32], which can increase the productivity of the process. However, in the case of this work,

an ambient temperature of 25 °C was considered.

Figure 3 depicts the behavior of the conversion versus the time for the different batches without
considering reactivation. It shows the gradual loss of enzymatic activity, as it takes more time to reach
90% conversion. In the case of Figure 3, for k; = 0.022 (h™!), the biocatalyst allows the operation of

three batches, taking a total time of 66.8 h.
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Figure 3. Operation of the enzymatic reactor by sequential batches with monophasic first-order
inactivation kinetics, k; = 0.022 (h™1). (o) Batch 1; (m) Batch 2; (o) Batch 3; (#) Batch 4.

Figure 4 shows the change in the amount of product and the specific global productivity over time.
The effect of inactivation can be seen in the curvature of the accumulation of product, which decreases
over time. Meanwhile, instantaneous productivity throughout the operation shows a reduction
between each operation batch, decreasing rapidly at the beginning of the operation and slowly later
on, encompassing a total variation in specific productivity from 16.9 to 8 mM/h-gpiocat-
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Figure 4. Product and specific global productivity over time during the operation of the successive batch
enzyme reactor with monophasic first-order inactivation kinetics, k; = 0.022 h. Black line—Product (mM);
Red line—specific global productivity (mM/h-gpiocat)-

When the conversion falls over each successive reaction batch, the decrease in the specific activity
of the enzyme can also be seen (Figure 5).
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Figure 5. Specific activity during the operation of sequential enzymatic reactors with monophasic
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first-order inactivation kinetics, k; = 0.02 h1.
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By incorporating interspersed enzymatic reactivation stages, it can be seen that the number
of batches increases from four to six-and-a-half (Figure 6). Regarding the amount of product in
Figure 7, it can be seen that the accumulation of product increases with respect to the process without
reactivation; however, in terms of productivity, it decreases with respect to the inactivation process
from 8 to 4 mM/h-gpiocat due to the incorporation of the reactivation time.

”

KO3 &

Wz

4

1
0.8
S
= 0.6
2
2
[
>
5
S o4
0
0

Y a

10 15

Q)
\|

N
»

20
Time (h)

25 30 35

Figure 6. Operation of the enzymatic reactor by sequential batches with reactivation and monophasic

first-order inactivation kinetics, k; = 0.02 h™! and k, = 0.1 h~1. (e) Batch 1; (m) Batch 2; (a) Batch 3;

(0O) Batch 4; (O) Batch 5; (A) Batch 6; (x) Batch 7.
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Figure 7. Product and specific global productivity over time, during the operation of the successive
batch enzyme reactor with monophasic first-order inactivation kinetics, k; = 0.022 h and reactivation
ky = 0.1 h~1. Black line—Product (mM); Red line—Global specific productivity (mM/h-gpiocat)-

By increasing the number of batches, the life of the biocatalyst is also increased (Figure 8).
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Figure 8. Specific activity during the operation of sequential enzymatic reactors with monophasic
first-order inactivation kinetics, k; = 0.02 h~! and reactivation k, = 0.1 h 1.

8of 12

If considering a real operation, the reactivation would need to be economically justified.
For example, if the enzyme is very expensive and the product has a high added value, after an
economic analysis, perhaps the reactivation process should be used. On the contrary, if the biocatalyst
is cheap and the final product is also cheap, it would not be advisable to reactivate it, since each
reactivation stage costs money and time.

3.2. Evaluation of Specific Global Productivity with Different Parameters and Statistical Analysis

To compare the case with reactivation versus the case without reactivation using different
parameters, random values were generated, where the k; values had a uniform distribution of
0.021-1.307, which was an assumption based on the reference values;  had a uniform distribution
between 0.85 and 0.95; and k, had a uniform distribution between 0.1 and 0.37. Values of the other
parameters used were fixed. The other parameters were also randomized.
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For each combination of parameters, the case was generated without reactivation and with reactivation.
The analysis was developed using the stats, ggplot2 and Rmisc libraries from the R software [29] and the
specific global productivity was calculated as a function of k; and k;. For the case without reactivation,
the k, parameter was not used. The overall specific productivity (total product per total process time)
increased as a function of k;. For the value k; = 0.03, the maximum was obtained with two batches,
and the quantity of product was 360 mM (Figure 9A). We believe that this is the product of routine
numerical approximation problems to solve the nonlinear equation. In the case of reactivation, specific
global productivity increased with k; and k, (Figure 9B). The maximum specific global productivity
with reactivation occurred with one batch.
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Figure 9. Specific global productivity under different conditions: (A) without inactivation and (B)
with reactivation.
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It is important to note that maximum productivity does not mean more product; it means that the
product was obtained in the shortest production time.

The average value of specific global productivity with reactivation was 3.79 mM/h-g, while without
reactivation it was 3.68 mM/h-g. An ANOVA test revealed this difference to be significant (p = 0.002).

To study the differences between the case without reactivation and with reactivation, we used a
MANOVA test, as data were normally distributed (Shapiro test, p < 0.001). For each productivity, the
difference between the media used was significant (p = 2.2 X 1071%), except for the first batch, which
was not reactivation.

Figure 10 shows that the specific productivity per batch with reactivation was always higher than
productivity without batch reactivation.
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Figure 10. Specific productivity per batch with and without inactivation.

4. Conclusions

In summary, reactivation favors relevant productive parameters of the process, such as product
accumulation and the useful life of the biocatalyst. In terms of global specific productivity, the operation
with reactivation is slightly superior to the process without reactivation. ANOVA and MANOVA tests
carried out at different values of k; and k, exhibited significant differences in favor of the process with
reactivation, in the global productivity and that of each specific batch. In this sense, the reactivation
operation has technical potential for those bioprocesses in which it is required to use a high-cost
biocatalyst. This simulation also encourages the development of methods in the future to compare
investment and operating costs, based on detailed experimental studies for a given process.
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Abbreviations

S; Initial substrate concentration (mM)

X Conversion

e Specific activity at time t (mM/g-h)

I Specific activity at time 0 (mM/g-h)

v Reaction rate (mM/h)

K Affinity constant (mM)

k Catalytic constant (1/h)

kg Inactivation constant (1/h)

t Time (h)

Mpiocat Biocatalyst mass (g)

y Relationship between the specific activities of the reactivated species and ey

Relationship between species-specific activities inactivated at the end of the batch

P and g

ky Reactivation constant (1/h)

v Reaction volume (L)
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