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Abstract: Schizochytrium sp. is a microorganism cultured for producing docosahexaenoic acid
(DHA). Genome-scale metabolic modeling (GEM) is a promising technique for describing gen-
protein-reactions in cells, but with still limited industrial application due to its complexity and high
computation requirements. In this work, we simplified GEM results regarding the relationship
between the specific oxygen uptake rate (—rop), the specific growth rate (1), and the rate of lipid
synthesis (rp) using an evolutionary algorithm for developing a model that can be used by a soft
sensor for fermentation monitoring. The soft sensor estimated the concentration of active biomass (X),
glutamate (N), lipids (L), and DHA in a Schizochytrium sp. fermentation using the dissolved oxygen
tension (DO) and the oxygen mass transfer coefficient (ka) as online input variables. The soft sensor
model described the biomass concentration response of four reported experiments characterized by
different ky a values. The average range normalized root-mean-square error for X, N, L, and DHA
were equal to 1.1, 1.3, 1.1, and 3.2%, respectively, suggesting an acceptable generalization capacity.
The feasibility of implementing the soft sensor over a low-cost electronic board was successfully
tested using an Arduino UNO, showing a novel path for applying GEM-based soft sensors in the
context of Pharma 4.0.
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1. Introduction

A soft sensor is a mathematical model that uses online measured variables to estimate
another associated that cannot be directly measured with electronic probes. Soft sensors are
part of the modernization efforts started by the process analytical technologies guidelines,
PAT [1], and later concepts such as Pharma or Fermentation 4.0 [2—4]. This digitalization
of bioprocesses, part of industry 4.0, has been fueled by the incorporation of computers
and low-cost electronic boards, such as Arduino [5-7]. The soft sensor estimation method
is designed offline using previous knowledge of the process represented in the form of
mathematical models that allow making input-output associations [7,8]. Soft sensors have
been used to estimate the specific growth rate, biomass, product concentration, and the
specific oxygen uptake rate of the biomass of various microorganisms [4,6,9,10]. State of the
art shows that the most common input variables used in research to estimate the specific
growth rate are data from spectrophotometry and gas analyzers [4,11,12], sensors not often
present in industrial fermentation setups. Depending on the complexity of the soft sensor,
its implementation can require computers with a high computational capacity [13] and the
use of additional microcontrollers for data acquisition [6,14].
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Genome-scale metabolic models (GEMs) are the mathematical representation of gene-
protein-reactions in cells through a network of chemical reactions reconstructed from the
genome and literature [15]. GEMs can be used to analyze fluxes and metabolic responses
using constraint-based modeling approaches for determining the biotechnological potential
of certain strains [16]. Flux balance analysis (FBA) allows calculating the optimal flow of
metabolites from a network input to a network output [17]. The optimal flux solutions
predicted by FBA are often not unique [18]. Flux variability analysis (FVA) can be used
to identify the range of possible fluxes to reduce the solution space [19,20]. Dynamic flux
balance analysis (AFBA) is an established approach used to obtain metabolite and biomass
concentration through metabolic functions [21]. The dFBA performs FBA iteratively at
each time point, where the estimated fluxes are used to calculate the nutrient uptake
kinetics [22]. The use of dFBA appears as a powerful tool to estimate microbial dynamics
related to the state of the cells and the effects of substrate limitation [23]. Moreover,
artificial intelligence and machine learning methods applied in conjunction with GEMs
have attracted recent attention due to the potential improvement of prediction capabilities
for certain strains [24-26] and the reduction of the computing effort when running the
models [27,28]. Nevertheless, the use of GEMs and the related optimization algorithms have
had limited industrial application due to their computation requirements, which exceed
those of traditional off-the-shelf electronic control and monitoring equipment offered in the
market [29].

Thraustochytrids are aerobic and heterotrophic microorganisms. Particularly, those
of the genus Schizochytrium have been used to produce the economically valuable docosa-
hexaenoic acid molecule (DHA, C22:6n-3) through industrial-scale fermentation [30,31].
Improving the productivity of lipids and DHA in thraustochytrid fermentation is an active
research topic [31-37]. Thraustochytrid fermentations are complex and highly affected
by culture conditions. Dissolved oxygen concentration and the volumetric oxygen mass
transfer coefficient (kpa) are factors known to affect lipids and DHA accumulation in
Schizochytrium strains [38-40]. After a rigorous literature search, only one work [38] has ex-
plicitly reported comparative pilot-scale experiments with dissolved oxygen, oxygen mass
transfer coefficients with step changes, biomass, substrate, lipids, and DHA concentration
values throughout the fermentation runs.

Regarding our research, three main knowledge gaps have been identified:

e A method for adapting GEM estimations into an online soft sensor for culture fermen-
tation monitoring has not yet been reported.

e No research has stated if a soft sensor can be implemented directly into low-cost
electronic boards instead of computers.

e  No reported mathematical model has been able to describe the effect of dissolved
oxygen on biomass growth and DHA accumulation of Schizochytrium sp.

In this work, a soft sensor for monitoring a Schizochytrium sp. carbon fed-batch
fermentation was proposed. The soft sensor was based on a mathematical model and the
dynamic relationship between the specific oxygen uptake rate (roy), the specific growth
rate (i), and the specific lipid synthesis rate (r1,). The relationship between these rates was
first analyzed using a GEM. The GEM results were then simplified using an evolutionary
algorithm and tuned to describe reported data [38] of four experiments of Schizochytrium
sp. fermentation. The possibility of implementing the algorithm with a low-cost electronic
board was tested using an Arduino UNO, considering offline data and the previously
determined model parameters received from a computer connected through the serial port
of the electronic board.

2. Materials and Methods
2.1. Mathematical Model for Schizochytrium Carbon-Fed-Batch Fermentations

In a carbon-fed-batch fermentation of Schizochytrium sp., nitrogen and carbon sources
are added at the beginning of the culture, with the later addition of only a carbon source
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to maintain a stable concentration. The total biomass (TB) was equal to the sum of the
biomass free of neutral lipids (LFB) and the neutral lipids (L) accumulated in the cells:

TB=LFB+L 1)

Shortly after the depletion of nitrogen sources, the concentration of the active part
of biomass (X) should remain constant; increases in the LFB can occur due to lipid
turnover in the form of carbohydrates. However, additional active biomass has no catabolic
activity [41-43]:

X =LFB(ty = 0) )

Regarding the stoichiometric reaction, assuming that the carbon and nitrogen sources
were glucose (S) and glutamate (N), respectively, the synthesis of active biomass (X)
depends on the specific growth rate p:

a;S + b1N' + C102/ (LL —)) X'+ d1C02/ (3)

with (') representing variables expressed in mol units. Similarly, a simplified stoichiometric
reaction for the synthesis of neutral lipids (L") depends on the specific rate of lipid synthesis:

;S + 0, ("L =) I + d,CO, (4)

Reactions in Equations (3) and (4) are lumped equations that include biochemical
reactions needed for the synthesis of the active biomass, neutral lipids, and the energy
required. The fermentation model was represented by a set of differential equations for
each component in the culture medium as follows:

dX/dt = uX ®)
dL/dt =11 X (6)

dN/dt = —pX/ YNy ?)
dS/dt=—(u/Yx/s) + ms + 11,/ Y (1 /5)X (8)
dO,/dt = OTR — rgpX )

OTR = kpa(Oy* — Oy) (10)

In these equations, the volume change was assumed to be negligible, considering
that the culture is continuously fed with a highly concentrated carbon source solution. In
Equation (10), OTR is the oxygen transfer rate, k; a is the volumetric oxygen mass transfer
coefficient, and O,* the oxygen concentration of the culture broth in equilibrium with
the partial pressure of oxygen in the gas used for aeration. The dissolved oxygen level
measured by a dissolved oxygen sensor (DO) is related to the oxygen concentration in the
culture (Oy) by:

0, = 0,*D0O/100% (11)

The fraction between DHA and lipids is constant when no important oxygen-related
limitation occurs [44]:
DHA(t) = kppa-L(t) (12)

Stoichiometric reactions (Equations (3) and (4)) are related to the kinetic relations in
Equations (7)—(9) through the yield and maintenance coefficients:

Y(x/s) = Mx/a1-Ms; Y(x/n) = Mx/b1-Mn; Y(x/02) = Mx/c1-Mog; Y(x/coz) = Mx/d1-Mcoz  (13)

Y(1/5)=ML/a2-Ms; Y(1./02) = ML/c2-Mog; Y(1/co2) = ML/d2-Mco2 (14)
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where M; are the molecular weights of the i components. The rates measured in mol/h can
be represented in g/h, using the molecular weight. If ¢c; and cp, which describe the relation-
ship between r’op-pt and r’py-1"1, respectively, are known, p and r’y, can be calculated:

p=r'o/c1 (15)
r'p=1r';/c2 (16)
I, = I"L-ML (17)

An estimate of rpy can be obtained from reordering Equation (9), using online mea-
surements of dissolved oxygen level and the value of kj a:

rop= (kpa(Oyx* — Oy) — dO, /dt)/X (18)

For solving the derivative term in Equation (5), the finite approximation was used as
follows, with At depending on the sample time of the input data:

dX/dt = (X(t) — X(t — At))/At (19)

2.2. Kinetic Relationships on Thraustochytrid Culture Described by a GEM

To analyze the relationship of the specific oxygen uptake rate (rop) on the specific
growth rate (i) and the specific rate of lipid synthesis (r1.), a GEM for an Oblongichytrium
strain, a microorganism of the same Schizochytrium family, was used [45]. The GEM dis-
tinguishes a biomass equation representing the growth of the active part of the biomass
and a different reaction for the synthesis of storage lipids. Flux distribution in the reaction
network depends on the specific nutrient (glucose, glutamate, oxygen) consumption rates.
FBA [46] was used to determine the maximum specific growth rate of the active biomass in
the solution space constrained by the given values of lower bounds assigned to the spe-
cific consumption rates of glucose (—1’(s 1)), glutamate (—r’(\ b)), and oxygen (—1’(o2,1b))-
Although the maximum specific growth rate estimate with FBA is unique, this solution
can be obtained with different flux distributions. FVA was carried out to determine the
maximum specific rate of lipid synthesis (rp ") that can be obtained when the biomass grows
at the maximum rate [20]. The specific rate of nutrients and oxygen consumption were
assumed to be equal to the minimum (absolute) values given by FVA, after the flux through
the reactions that produce the active biomass and lipids were fixed to their maximum
values. This was conducted to avoid the synthesis of other products that might consume
oxygen, require energy, or produce CO, or other metabolites. Results obtained with FBA
and FVA solutions were compared with those determined by minimizing the norm of the
fluxes, a strategy suggested for loop-removing and for detecting possible thermodynamic
inconsistencies [47].

In this work, the theoretical values of the coefficients in Equation (3) were calculated as:

a; = | —r'gl /max(u); by = | —r'ny | /max (u); c; = | —1’op | /max (n) (20)

In the same way, stoichiometric coefficients in the simplified reaction for lipid synthesis
were obtained, assuming that only the carbon source was consumed for neutral lipid (energy
storage) synthesis in this reaction (Equation (4)):

ap=1—r'sl/max (r'y);co =1 —r'ogp | /max (r'y) (21)

The molecular weight of the biomass was considered as 1 g/mmol [48], and the
molecular weight of the neutral lipids was obtained from the lipid profile reported [45], as
0.848 g/mmol.

All GEM simulations were performed using MATLAB R2017b and the COBRA toolbox
software packages with Gurobi LP/MILP solvers (version 8.1.1, Gurobi Optimization, Inc.,
Houston, TX, USA).
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2.3. Evolutionary Algorithm for Simplified Kinetic Relations

The initial r’py-p-1'y, relationship obtained from the GEM was simplified and tuned
to data reported [38] using an evolutionary algorithm. The evolutionary algorithm was
implemented in MATLAB R2017b (MathWorks Inc., Natick, MA, USA), minimizing the
normalized root mean square error (NRMSE), here E, between the estimated Z and the
experimental data Z, calculated as:

E}rclzl (Zk_zk)2
n

E(%) =" —""——
( 0) Zmux - Zmin

-100 (22)

The evolutionary algorithm parameters were as follows: 110 individuals in every
generation, each consisting of six parameters (Umax, 'Lmax, Kc1, Ke2, kppa, and Yx/n), and
elitism of 10/110. Ten new groups of parameter values were obtained from every elite
individual. The new individual consisted of the random multiplication of three of the six
parameters by another random number between (0.5, 1.5) at each iteration. The initial
solution consisted of the initial values obtained from the GEM, randomly multiplied by
a value in the range (0.5, 1.5). Training data consisted of the experiments performed
at kpa =273, and 150.1 h~! [38]. Validation data for avoiding under- and overfitting
corresponded to the experiment with kya = 88.5 h~1[38]. The evolutionary algorithm was
restarted 100 times and executed 1000 epochs. Then the following analysis over the error
per epoch was performed: when the error between the validation data increased after a
continuous decrease, the set of values for this iteration and epoch was stored. Testing
of the model generalization capacity was performed over the fourth experiment, which
consisted of kya = 150.1 h~! from t = 0 to t = 40 h, and then after kya = 88.5 h~! [38] which
corresponded to data not used in the training stage.

2.4. Reported Data Used for Parameter Fitting

Experimental data reported in [38] were used to train and validate the soft sensor. In
that study, Schizochytrium sp. HX-308 was grown in carbon fed-batch cultures (glucose was
fed to keep its concentration above 15 g/L) performed with different agitation rates and
aeration rates to modify the volumetric oxygen mass transfer coefficient (kpa) at values
determined as 27.3 h~! (100 rev/min, 1 vvm), 88.5h~! (200 rev/min, 1 vvm), and 150.1 h—!
(250 rev/min, 1.4 vvm), with kj a values calculated following a similar method [39,49]. The
reported data also showed a two-stage oxygen supply control strategy in which, during
the first 40 h, k; a was controlled at 150 h~1 and then decreased to 88.5 h—!. The inoculum
preparation steps determine the initial concentration of the biomass and lipid content of this
biomass. These protocols provide cultures having biomass concentration and composition
with a low variability for starting the fermentation under study.

2.5. Soft Sensor Testing on Electronic Board

The soft sensor based on relationships in Equations (5)—(7), (9)-(12) and (16)-(20) was
implemented in an Arduino UNO electronic board (Arduino CC, Turin, Italy), specifi-
cally on the ATmega328P microcontroller. The Arduino UNO was programmed using
the Arduino IDE Software (Arduino CC, Italy) for receiving an array of data consisting
of time, dissolved oxygen concentration, and kya. After receiving the input array, the
microcontroller calculated the kinetic parameters (ro; followed by p and r) and then
estimated the concentrations (X, N, L, and DHA); these values were returned through the
microcontroller serial output. All calculations for testing and plotting the results of the
soft sensor were performed in Arduino UNO (The algorithms used in this work can be
downloaded at: https:/ /www.researchgate.net/publication/363696038_Suplementary_
Materials_Alarcon_Shene_2022 (accessed on 20 October 2022)).
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3. Results
3.1. Effect of Nutrient and Oxygen Consumption on the Growth and Lipid Synthesis by
Thraustochytrids Analyzed Using GEM

Figure 1A shows the results obtained with GEM. Results in Figure 1 were obtained
assuming that the specific rate of ATP synthesis for maintenance |1’aTpm | was zero. When
this rate is different from zero, the specific growth rate will be equal to zero if the specified
| —1’0p1p | does not allow the production of the energy for maintenance. The specific
growth rate of the active biomass (i) is shown as a function of the lower bound of the
specific oxygen uptake rate | —1’op 1, |, when the lower bound of the specific consumption
rates of glucose | —r’gy, | and glutamate | —r"\j, | were fixed at 10 mmol S/ (g X-h) and
2 mmol N/ (g X-h), respectively. In Figure 1A,B, each p value is the maximum for the given
setof | —r'opp!, | —1'sp !, and | =1’y | values, and one or more of these will be the
limiting factor. As | =1’y | increases, p increases linearly because cell growth is limited
by oxygen consumption for the specified lower bounds of the specific glucose and gluta-
mate consumption rates. In the range of low values of | —r'gy 1, | < 2.7 (mmol O,/gX-h),
all the consumed glucose and oxygen were used in the synthesis of active biomass. When
| —1’op1p | Was equal to 2.7 (mmol O,/g X-h), p reached a maximum, with no further
increases possible because the specific consumption rate of glutamate is equal to | —1'yp |
(Figure 1B). Further increases in |-r'op ), | allow the synthesis of lipids through the con-
sumption of glucose (lipids synthesis does not require glutamate). Figure 1A shows that 'y,
(r'r1) increased as | —r’oy 1 | increased. For comparison, Figure 1A also shows changes in
r'p (r'12) when biomass growth is not allowed. In this case, 1y, is different from zero as soon
as | —r'opp | is different from zero. The results presented in Figure 1 were obtained for the
specified composition of active biomass and fatty acids in the neutral lipids in the original
GEM [45], in specific culture conditions that resulted in the growth of active biomass (first),
followed by lipids synthesis.

TA
< 1 T T T
T O2 O2 +N O2 +N+8S
> 08 flimited limited limited ]
i 0.6 | growth growth growth wo|
5 - === ¢ E
E 04 -7 g
= - ---Tp
— >
~— 0.2r 7 i
T z-
£ 0 I I I
= 0 5 10 15 20
T B
< T
T 1010 O, +N
% g limited imited 0. +N+S ]
» growth| growth 2
S 6f limited R
= growth N
5  4r re|
g S
£ 2r 7
ﬁ” 0 L L L
= 0 5 10 15 20
. Z

' -1 ,.—1
|r02| [mmol O2 gX h1]

Figure 1. Effect of the specific oxygen uptake rate | r/oz. | on (A) the specific growth rate (i) and the
specific rate of lipid synthesis (ri ; 1’11 is the maximum value of ri after 1 was maximized, and r'y» is
the maximum value of r/L when the flux through the biomass equation was set to zero) and (B) the
specific consumption rate of glutamate | ri\I | and glucose | ré .

3.2. Mathematical Model for the Soft Sensor Using Simplified GEM Results

Figure 2 shows the relationship between r’p,-pi-1’1, based on the simplification of the
results shown in Figure 1 using the evolutionary algorithm, which adjusted the mathe-
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matical model (Equation (5) to Equations (7), (12) and (18)) to reported data [38]. The
presence of W max and 1'p max in the relationships are insights provided by the GEM, based
on the lower bound of the specific consumption rates of glucose | —r’g, | and glutamate.
Figure 2 describes a culture in which the specific growth rate of active biomass, y, and
the rate of lipid accumulation, r’, are linearly related with |1’y I while DO is constant
and the lower bounds of carbon and nitrogen consumption are not reached. This linear
relationship ends at 1’0y = rmax ke which accounts for 0.393 (mmol O, /(gX-h); over this
I1’0p | value, ry, remain at rmax. In the case of p, the linear relationship with Ir’oy | ends at
1’02 = Hmax-kc1-(100-DO), which is equal to 2.093 (mmol O, /gX-h) when DO = 10%; further
increases in Ir’pp | do not affect the values of p which remain at pmax. The simplified
r’op-p-r’L, relationship (shown in Figure 2) does not explicitly require values of | -1’0y I,
| —r’gl or | —r'N 1.

Oxygen (02), Glutamate (N), Glucose (S)

 "%lo, 0,+$ 0,+N+§
< limited limited limited
T growth growth growth p
x 0.06| max
o) slope=1/(k_,(100—-DO))
-
g 0.04 - 1 (DO=10% )
E —r,
- s]ope=’|/kC2
= 0021 .
5 M Lmax
=4
1 0 1 1 1 1 1 J
0 0.5 1 1.5 2 2.5 3
' -1, -1
Ir'gpl [Mmol O, -g X~ -h 1]

Figure 2. Simplified relation between specific oxygen uptake rate |r’op |, the specific growth rate of
active lipid-free biomass (u), and the specific rate of lipid synthesis (r/L.), following the insights from
GEM, for describing the simultaneous growth of the active lipid-free biomass and lipid synthesis
observed. Increases in I1'0y | lead to total biomass growth, which accounts for active lipid-free
biomass and lipids, first limited by oxygen mass transfer, then by glucose uptake (S), and finally,
glucose and nitrogen (N) uptake.

Table 1 shows the parameters used for describing all four experimental runs using
the r’op-p-r’y, simplified relationship (Figure 2) and the mathematical model (Equation (5)
to Equations (7), (12) and (18)) using the initial state of the system (given by the initial
concentrations of X, N, L, and DHA), k; a, and the online measurements of DO. Parameters
were adjusted with the evolutionary algorithm, considering exp I and II for training, exp III
for validation, and exp IV for testing.

Table 1. Soft sensor parameters and the error between experimental and model results regarding
the concentration of the active lipid-free biomass Xerror, glutamate Nerror, lipids Lerror, and DHAerror.
Units: tmax h™ L, 1’1 max (mmol L/g X-h), ke; (mmol Oy /g X), kep (mmol Oy /g X), kppa (<), Yx/N
(g X/gN).

Exp (}1?;?) Model Parameters * X(%Z;“ l\lﬁ/t)')‘“ L(%Z;“ DI—:‘?O;‘““
I 150.1 HUmax = 0.0583 1.1 1.7 1.8 3.3
I'imax = 0.0089
I 27.3 knc‘f": 0.3988 1.2 1.2 0.8 2.1
11 88.5 ke =44.1433 2.3 2.0 0.7 3.9
kpua = 0.3730
v step 150.1 to 88.5 at 40 h Yy /N = 0.8053 1.8 0.8 1.2 3.7
1.1+04 1.3+04 1.1+05 32408

Average =+ std

* Parameters shown in Figure 2.
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200

Input variables

3.3. Soft Sensor Implemented in Arduino UNO

Figure 3 shows the soft sensor estimations implemented over the Arduino UNO
board. The average normalized mean square error (Equation (22)) for the concentration
of active biomass (Xerror), glutamate (Nerror), lipids (Lerror), and DHA were in all cases,
below 5% (Table 1). The Arduino UNO microcontroller had stored in its internal memory
the parameters of the model (Table 1), acquiring the inputs (time of the measurement,
the dissolved oxygen level DO, and the value of the volumetric oxygen mass transfer
coefficient ky a) at each time step through a serial communication port. The soft sensor
algorithm implemented in Arduino UNO calculated the time variation for dissolved oxygen
concentration (dDO/dt). This value was used for estimating Irop | (Equation (19)) from
which p and r;, were calculated. The use of float variables in Arduino UNO, allowed the
calculation of X, N, L, and DHA with six digits after the decimal point.

Estimated internal variables Estimated output variables

0.2

150 - = =ka 0.15 oz
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100 N 0.1 —
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0 0 . S —
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Figure 3. Soft sensor output variables in (C,F,I,L) obtained from estimated internal variables related
to the state of the fermentation (r’gp-p-r'p in (B,E,H,K)) calculated from input (kpa and DO in
(A,D,G)))). The soft sensor was implemented in Arduino UNO, with experiment I: kp a = 150 h!
(first row); experiment II: kp a = 27.3 h~! (second row); experiment I1I: ky a = 88.5 h~! (third row), and
experiment IV: kpa = 150 h~1 until time 40 h, and then 88.5 h~! (fourth row).
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4. Discussion

GEMs are the most comprehensive mathematical models available for describing
certain cell strains with complex behavior. GEMs consider a constant cell composition
that in practice depends on the environment conditions. One source of variability in cell
composition is the accumulation of lipids (or carbohydrates in other systems) triggered by
changes in the culture medium (such as nitrogen exhaustion). Due to this, in this work,
the cell biomass was assumed to be formed by the active biomass and the stored lipids
(Equation (1)), which is an approach that has been used to model the growth of a related
thraustochytrid [45]. It is known that the accumulation of certain metabolites is related
to changes in phenotypic traits, which will also impact the behavior of the strain. Recent
literature offers some approaches for dealing with this situation [50], however, this level of
detail is above the scope of the present work, and can be considered as part of the limitation
of the presented model.

The direct use of GEM for fermentation monitoring was not investigated further in
this work, considering the high computational requirements of the algorithms over the
hardware (computing power, volatile memory, and data storage) which are incompatible
with the capabilities of off-the-shelf industrial control equipment. Instead, our research
focused on using predictions of GEM to derive a relationship between the kinetic terms:
r'op, 1, and 1’y (Figure 2) that can be used in a soft sensor capable of being implemented
over low-cost electronic hardware. This relationship was derived from GEM predictions
shown in Figure 1. The simulations were made considering the specific rate of ATP
synthesis for maintenance was zero. GEM predictions with a specific rate of ATP synthesis
for maintenance different from zero (not shown) showed that biomass growth and lipid
synthesis were not allowed until the lower bound of the specific rate of oxygen consumption
has a value that allow the synthesis of ATP for maintenance. In this case, the maximum
value for the specific lipid synthesis was lower than the value obtained when the specific
rate of ATP synthesis for maintenance was set to zero (Figure 1), a difference that is
explained because a fraction of the consumed carbon is used for the synthesis of ATP.
Regarding the comparison between the fluxed obtained using FBA and FVA, and those
determined by minimizing the norm of the fluxes for detecting possible thermodynamic
inconsistencies, no differences were detected.

The reported GEM [45] assumed that if the N source is available, the growth of active
biomass was favored first, and then afterward, the lipids synthesis. This assumption,
successfully used in the reported work, was tested here but proved insufficient to describe
the experimental data [38]. For the case study of Schizochytrium sp., parameters in the
simplified relationship (graphically shown in Figure 2) were obtained by the evolutionary
algorithm in which growth of the active biomass and lipid synthesis can occur simultane-
ously even at low 1’p; values, a consideration that coincides with the observation reported
by others [44]. In Figure 2, after reaching the highest specific rate of lipid synthesis, with
r'op = 0.393 (mmol O, /g X-h), the specific growth of active biomass can still increase if
r’op increases. The behavior of the specific lipid synthesis rate as a function of r’p; could
be explained by metabolic limitations rather than oxygen and glucose uptake limitations.
Moreover, for values of 1’y above 2.093 (mmol O, /g X-h), further increases in the specific
growth of active biomass would not be possible due to oxygen, nitrogen, and carbon uptake
limitations. Then, after glutamate is depleted, the consumed oxygen is only used for lipid
synthesis. When deriving the mathematical model for the soft sensor, it was considered
that glucose depletion limited neither cell growth nor lipid synthesis as the fermentations
were performed with a glucose concentration controlled above 15 g/L [38,44].

The simplified version of the r’op-p-r'y, (shown in Figure 2) allowed its further testing
on the low-cost Arduino electronic board, a transition not possible with the direct use of
GEM. The adapted relationship, in our opinion, is one of the main contributions of this work
and shows a novel path for using GEM prediction in low-cost hardware, one of the main
challenges for GEM industrial application, as stated by others [29]. This resulted in a soft
sensor that uses typical inputs from online sensors with software requirements at a level
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compatible with typical control equipment hardware. Additionally, the implementation
of the soft sensor on the Arduino UNO explored the capabilities of using the electronic
board not only for data acquisition, as was previously shown [5,6,14], but for the complete
algorithm execution without the need for an additional computer; results not previously
presented in the related literature, which translate into a cost reduction when compared to
the cost of an implementation that requires an additional computer.

An evolutionary algorithm was used for parameter adjustment in the simplified
r’op-p-r’y, relationship (shown in Figure 2). With regard to the optimization algorithm,
gradient-based methods are useful when analyzing solution spaces with few local minima
points. Considering that no previous information about the solution space was available,
and that the quantity of local minima points was unknown, a direct search algorithm
was preferable. For this reason, an evolutionary algorithm appeared as the preferable
option. Evolutionary algorithms are considered part of the so-called artificial intelligence
techniques, methods that are increasingly used in soft sensor implementations to speed up
online estimation [27,28].

The development presented in this work differentiates from the recent literature,
considering that here, the objective was not to speed up the solution of GEM but rather to
reduce the computational complexity of the model for its implementation with low-cost
hardware and reduced data requirements. The soft sensor presented can be considered part
of Pharma 4.0 due to incorporating elements of advanced computation, such as evolutionary
algorithms, data acquisition, processing, and storing.

The soft sensor used the dissolved oxygen concentration and the volumetric oxygen
mass transfer coefficient as online input variables, measurements that are common in
industrial aerobic fermentation setups. Specifically, ki a can be estimated through empirical
relationships that involve agitation rate and aeration rate for a given bioreactor geometry.
In this regard, this soft sensor can be implemented using typical off-the-shelf sensors and
simple measurements, reducing the complexity and cost of the implementation, showing
potential application in industrial fermentations. The 1’py-p-r'y, relationship (Figure 2)
would not limit the applicability for the development of a soft sensor for other systems
because its parameters have to be fitted using data obtained from the operation of the
system under conditions similar to those in which the sensor will be used. It should be
considered that in an industrial fermentation, operational conditions (or the profile of
operational conditions) are kept nearly constant (batch to batch) for the production, in this
case, of a biomass with a defined composition. For this purpose, the use of the simplified
relationship can fit the requirement for monitoring and control. Parameters in the r’pp-
p-r'p, relationship can be adjusted through the use of the evolutive algorithm, as more
data become available, especially for conditions close to those defined as optimal for the
production of a biomass enriched with lipids containing DHA.

The average prediction error of the soft sensor shown in this work (expressed as
NRMSE) was below 1.3% for X, N, and L, and 3.2 % for DHA. These errors are in the range
of other reported soft sensors, such as those designed for estimating the biomass concentra-
tion of Trichoderma reesei (1.6%) and Pichia pastoris (10.9%) [51,52]. Still, the comparison with
related soft sensors is difficult due to the different physical measurements used: online
gas analyzers, capacitance sensors, and substrate concentration from laboratory analysis, a
variable that, if required, makes the automatization difficult. In contrast, the soft sensor
presented in this work did not require concentration measurements after the initial values,
which appears as an advantage for automating the monitoring process. Incorporating dif-
ferent terms for the growth of active biomass and lipid synthesis is an important difference
from related soft sensors.

5. Conclusions

In this work, a soft sensor for monitoring a Schizochytrium sp. fermentation process
was designed and its implementation was tested.
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Contribution 1: A novel mathematical model was proposed to describe the fermen-
tation of Schizochytrium sp. as a response to oxygen-related variables. This contribution
allows considering the growth of the active biomass and lipid synthesis dependent on
oxygen-related parameters, a factor known to alter the biomass composition but which has
not been addressed in a kinetic model of strains of the thraustochytrid family previously.

Contribution 2: A soft sensor was derived from the GEM insights. The relations
between the specific oxygen uptake rate, rop, the specific growth rate, u, and the rate
of lipid synthesis, 17, were derived from GEM and analyzed using FBA and FVA. Then,
these relations were simplified for its use in a set of kinetic equations, using an evolutive
algorithm. The soft sensor was able to estimate the specific growth rate of active biomass
and the specific lipid synthesis rate, internal variables which in turn were used to estimate
the concentration of active biomass, glutamate, lipid, and DHA. The inputs to the soft
sensor were the dissolved oxygen and the volumetric oxygen mass transfer coefficient,
ki a, (variables measured in industrial fermentations), in addition to the initial state of the
system given by a concentration of biomass, glutamate, and lipids. A potential application
of the designed soft sensor could be to estimate the time at which glutamate was depleted,
and the time at which oxygen uptake decreases, a signal of reaching a maximum DHA
content in the biomass, for enhanced fermentation efficiency.

Contribution 3: The designed soft sensor was implemented and tested on an Arduino
UNO microcontroller. The implementation of the soft sensor model in the low-cost micro-
controller has not been previously reported and shows a novel route for adapting GEM
results for its potential industrial application using off-the-shelf electronic boards in the
context of Pharma 4.0.
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