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Abstract

Mixotrophic cultivation holds great promise to significantly enhance the productivi-

ties of biomass and valuable metabolites from microalgae. In this study, a new kinetic

model is developed, explicitly describing the effect of the most influential

environmental factors on both biomass growth and the production of the high‐

value product lutein. This extensive study of multinutrient kinetics for Tetradesmus

obliquus in a mixotrophic regime covers various nutritional conditions. Crucial

nutrients governing the model include nitrate, phosphate, and glucose. Using seven

state variables and 13 unknown parameters, the model's accuracy was ensured

through a well‐designed two‐factor, four‐level experimental setup, providing ample

data for reliable calibration and validation. Results accurately predict dynamic

concentration profiles for all validation experiments, revealing broad applicability.

Optimizing nitrogen availability led to significant increases in biomass (up to fourfold)

and lutein production (up to 12‐fold), with observed maximum biomass concentra-

tion of 6.80 g L−1 and lutein reaching 25.58mg L−1. Noticeably, the model exhibits a

maximum specific growth rate of 4.03 day−1, surpassing reported values for

photoautotrophic and heterotrophic conditions, suggesting synergistic effects.

Valuable guidance is provided for applying the method to various microalgal species

and results are large‐scale production‐ready. Future work will exploit these results to

develop real‐time photobioreactor operation strategies.
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1 | INTRODUCTION

Unlocking the potential of microalgae as a revolutionary source of

lutein (C40H52O2), a highly coveted carotenoid compound, has recently

garnered significant attention due to their often‐remarkable lutein

content, which even surpasses current commercial sources (e.g.,

marigold flowers) and offers unique advantages including year‐round

availability, reduced land and water requirements, and simplified

extraction and purification processes (Chen, Chen, et al., 2019; Guedes

et al., 2011). Rising interest in alternative sources of lutein stems from
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its increasingly numerous industrial applications as a natural colorant

(E161b) in various fields including food, animal tissues, drugs, and

cosmetics (del Rio‐Chanona et al., 2017). Furthermore, lutein has well‐

documented antioxidant and anti‐inflammatory properties, which

makes it a valuable bioproduct with high market demand. Notably,

the lutein market in the United States was valued at USD 135 million in

2015 and is projected to grow 6% annually up to 2024, whereas the

European Union's market is forecasted to nearly double from EUR 255

million in 2020 to EUR 409 million by 2027 (Chen, Chen, et al., 2019;

Saha et al., 2020).

The primary challenge in harnessing microalgae for lutein

production lies in the overall limited biomass and lutein yields.

Despite successful commercial production of valuable carotenoids

from other microalgal species, microalgal lutein production remains

untapped (Saha et al., 2020). Overcoming yield limitations thus

becomes imperative for achieving commercial viability. A recent

review by Zheng et al. (2022) emphasizes the urgent need to identify

high‐yielding microalgal strains with a minimum lutein content of

5–10 g kg−1 while achieving much higher biomass productivities.

Therefore, optimizing cultivation conditions to enhance the copro-

duction of biomass and lutein emerges as an indispensable step

towards the economic feasibility and establishment of a commercially

viable process.

This study pursues a promising solution that relies on a dual‐

pronged approach, combining mixotrophic cultivation and mathematical

modeling to optimize cultivation conditions and enhance the coproduc-

tion of biomass and lutein. Mixotrophic cultivation, which utilizes both

light and organic carbon as energy sources, has demonstrated its

superiority over traditional photoautotrophic and heterotrophic methods,

resulting in higher biomass productivities, growth rates, and cell densities

(Yang et al., 2014). Additionally, mixotrophic conditions have been

associated with the highest reported lutein production, as it positively

correlates with growth (Zheng et al., 2022). On the other hand,

mathematical modeling offers a robust engineering tool to help

understand the intricate responses of microalgae to their growth

environment, which can be used to increase the economic viability and

sustainability of microalgal systems (Bekirogullari et al., 2020).

The freshwater microalga Tetradesmus obliquus is a perfect

candidate for such a study as it is highly suited for mixotrophic

conditions and has high lutein content (Oliveira et al., 2021).

Channeling its full potential for high biomass and lutein production,

however, will require a precise control of environmental factors such

as nutrient availability. To this end, robust multifactorial kinetic

models are usually necessary. In a previous study (Bentahar &

Deschênes, 2022), significant progress was made in optimizing key

nutrients, resulting in a notable increase in T. obliquus biomass,

reaching up to 8 g L−1 in only 6 days. A first multinutrient model

(0.77 < R2 < 0.99) intended for biomass production was successfully

developed (Bentahar & Deschênes, 2023). Improvements are

however necessary for this model concerning nutrient kinetics

(mainly for phosphate) and to obtain a mathematical description for

the production of lutein. Both elements require new experimental

data as compared to our previous studies. This, this study proposes

an entirely new experimental plan (full factorial design) to develop an

entirely new model. This represents a significant step forward,

enhancing predictive capabilities for both biomass and lutein

productivity across a wide range of conditions.

The study is organized as follows: first, the new experimental

design for model calibration and validation is presented, using a two‐

factor, four‐level design of experiments (42) with 16 trials and a

10‐fold variation in nitrate and phosphate concentrations. Then, the

mathematical structure of the model that was selected to describe

the growth and lutein production kinetics of T. obliquus under

mixotrophic conditions is illustrated, combining the Monod, Droop

and Luedeking–Piret kinetic equations. The entire model includes

seven state variables and 13 unknown parameters to be estimated.

Next, the model's parameters were accurately estimated using a

combination of Nelder–Mead and Levenberg–Marquardt methods,

ensuring the model's reliability. Finally, the model's ability to predict

and reproduce experimental data under various nutrient regimes was

validated, confirming its utility as a powerful tool for optimizing and

predicting mixotrophic microalgal cultivation of T. obliquus and

potentially other microalgae species.

2 | MATERIAL AND METHODS

2.1 | Microalgae, media, and cultivation conditions

The microalga T. obliquus strain was obtained from the Canadian

Phycological Culture Center at the University of Waterloo (Ontario,

Canada). The medium used for cultivation was a modified version of

Bold's Basal Medium (BBM), adjusted to an initial pH of 6.8

(Stein, 1973). The medium was supplemented with pure glucose at

10 g.L‐1 as the sole organic carbon source in the mixotrophic mode.

The experimental design involved the variation of concentrations for

two critical components of BBM (i.e., nitrate and phosphate). The

other BBM components (Table 1) were initially set at their optimum

concentrations, as proposed by Bentahar and Deschênes (2022). All

chemicals were obtained from Sigma‐Aldrich and culture media were

sterilized at 121°C for 20min before use.

Batch mixotrophic cultivations were performed in 1 L Erlenmeyer

flasks containing 600mL of medium (working volume) in a Multitron

II incubator shaker (INFORS HT). All manipulations were conducted

under sterile conditions in a laminar flow biological hood. The

cultivation conditions were maintained as follows: inoculation at

1 × 106 cells mL−1 (Day 0), temperature of 21°C, pH maintained at

7.20 using a 50mM Tris‐HCl buffer, continuous orbital agitation of

120 rpm, constant light intensity of 100 µmol m−2 s−1 and input CO2

concentration of 1%. An overview of the systems is given in Figure 1.

2.2 | Experimental design

The experimental design employed in this study was built upon insights

gained from our prior investigation (Bentahar & Deschênes, 2023). The
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primary goal was to examine the influence of varying nitrate and

phosphate concentrations on the biomass and lutein production of the

microalga T. obliquus under mixotrophic conditions. In contrast to the

earlier study, which utilized Taguchi's fractional factorial design

incorporating nitrate, phosphate, and iron, the current approach

deliberately narrows its focus to nitrate and phosphate due to the

minimal impact of iron on the targeted parameters. This shift

necessitated an entirely new set of experiments utilizing a 24 (two

factors in four levels) full factorial design, carrying out 16 unique

combinations and allowing for a more detailed exploration of the

intricate relationships between nutrient intakes and the observed

outcomes regarding growth and bioproducts. Nitrate and phosphate

concentrations were systematically varied at four levels each (1×, 2×, 5×,

and 10× BBM, as outlined in Tables 2 and 3), enabling a comprehensive

TABLE 1 Composition of modified BBM used for Tetradesmus obliquus mixotrophic growth, omitting nitrate and phosphate.

Nutrients Concentrations BBM's equivalent concentrations

Glucose (g L−1) 10.00 –

Sulfate (SO4
−) (mg L−1) 309.89 10×

Chloride (Cl−) (mg L−1) 122.40 5×

Magnesium (Mg2+) (mg L−1) 37.06 5×

Calcium (Ca2+) (mg L−1) 6.82 1×

Iron (Fe2+) (mg L−1) 10.00 10×

Boron (BO3
3−) (mg L−1) 10.38 1×

Manganese (Mn2+) (mg L−1) 0.50 1×

Zinc (Zn2+) (mg L−1) 0.05 1×

Molybdate (MoO4
2−) (mg L−1) 0.26 1×

Copper (Cu2+) (mg L−1) 0.02 1×

Cobalt (Co2+) (mg L−1) 0.01 1×

Abbreviation: BBM, Bold's Basal Medium.

F IGURE 1 Batch cultivation experiments of Tetradesmus obliquus
microalgae under mixotrophic conditions.

TABLE 2 Selected factors and their corresponding level settings.

Factor/nutrient Level 1 Level 2 Level 3 Level 4

Nitrate (NO3
−) (mg L−1) 182.4 364.8 912 1824

Phosphate (PO4
3−) (mg L−1) 163.05 326.1 815.25 1630.5

Note: The four levels correspond to equivalent concentrations of 1×, 2×,
5×, and 10× Bold's Basal Medium, respectively, for each selected factor.

TABLE 3 Two‐factor, four‐level design of experiments (24) with
16 trials, n = 2.

Experimental runs
Level of factors (nutrients)
Nitrate Phosphate

1 1 1

2 1 2

3 1 3

4a 1 4

5 2 1

6a 2 2

7 2 3

8 2 4

9a 3 1

10 3 2

11 3 3

12 3 4

13 4 1

14 4 2

15a 4 3

16 4 4

aThe experiments utilized for model validation.
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assessment of the effects of a 10‐fold change in these factors on the

model parameters. Although glucose was not varied as a factor in the

experimental design, it was subsequently introduced as a state variable

alongside nitrate and phosphate while developing the mathematical

model for biomass and lutein production. Each case was conducted in

duplicate (n= 2) to ensure the accuracy of the experimental data.

Cultures were sampled twice a day during the growth phase and daily

during the other phases for 12 days and analyzed using a variety of

techniques, including ionic analysis, high‐performance liquid chromatog-

raphy (HPLC), and elemental analysis (C:H:N) to acquire the necessary

data for model development and validation. Culture samples were

centrifuged for 6min at 3400 g to separate the cells from the

supernatant, with the cell pellets used to determine biomass concentra-

tion, internal nitrogen and phosphorus cell quotas, and lutein content. In

contrast, the supernatant was kept to measure glucose, nitrate, and

phosphate concentrations.

2.3 | Analytical methods

To determine the biomass concentration, samples were washed twice

with deionized water to remove excess salts, frozen at −80°C for at

least 24 h and freeze‐dried over 72 h at −46°C using a FreeZone 2.5 L

Benchtop Freeze Dryer. The dried cell weight was then measured

using a VWR analytical balance ( ± 0.1 mg) to obtain the biomass

concentration (g L−1). The initial cell inoculum (Day 0) was manually

counted using a hemacytometer (LW Scientific).

The internal nitrogen quota of the freeze‐dried cells was

quantitatively determined using a CHN elemental analyzer

(COSTECH ECS 4010; Costech Analytical Technology) in conjunc-

tion with a zero blank autosampler and a reactor that converts the

sample C and N to CO2 and N2, respectively. A standard

calibration was established using acetanilide as a reference

compound. The internal phosphorus quota of the algal cells was

not measured directly but rather inferred based on the increment

of algal biomass dry weight and the consumption of phosphate.

Following mass balance principles in the cultivation system, the

intracellular phosphorus content of algal cells was calculated as

the ratio of phosphate uptake to the increment of algal biomass

dry weight (Wu et al., 2013).

The algal pigments were extracted in 95% methanol, lysed by

sonication (QSonica, Model Q125, 100W) for 4 × 5 s on ice and

centrifuged in an Eppendorf centrifuge (5430R, Eppendorf) at

6500 rpm for 5 min at 4°C. Extracts were filtered through a 0.2 µm

polytetrafluoroethylene syringe filter and poured into an auto-

sampler vial gently sparged with argon to limit oxidation. An

Agilent 1200 series HPLC unit (Agilent Technologies) with a TSP

UV 6000 LP diode‐array absorbance detector (400–700 nm) and a

Symmetry C8 column (150 × 4.6 mm, 3.5 µm particle size; Waters

Corporation) was used for pigment separation as described in

Zapata et al. (2000). Lutein was detected and quantified based on

retention time and spectral properties of external pigment

standards.

Measurement of the main anions (nitrate and phosphate) were

determined by ion chromatography (Dionex Integrion RFIC, Thermo

Scientific) equipped with an automated sampler (Dionex AS‐AP

Autosampler, Thermo Scientific). Separation and quantification were

carried out using a Dionex IonPac AG18 (4 × 50mm) guard column

with a Dionex IonPac AS18 (4 × 250mm) analytical column and a DRS

Dionex ADRS 600 (4 mm) suppressor. The elution was obtained by

the isocratic method at 30mmol L−1 of KOH for 17min. The flow rate

was 1mLmin−1, the sample injection volume was fixed at 12.5 μL and

Chromeleon 7.2 SR5 software was used for data acquisition. The

calibration was performed on standard solutions (all from Sigma‐

Aldrich) prepared in the concentration range of the samples to be

analyzed.

The glucose concentrations in the supernatants were measured

with an Agilent 1100 Infinity HPLC instrument. The HPLC was

equipped with a Waters Sugar‐Pak column (6.5 mm × 300mm) and a

refractive index detector was used. The column was maintained at a

temperature of 90°C and the mobile phase consisted of 50 ppm

EDTA (in Milli‐Q water) with a flow rate of 0.5 mLmin−1. Samples

were filtered through 0.45 µm nylon syringe filters before injection

and the run time was 30min. The calibration was performed using a

range of standard solutions (from Sigma‐Aldrich).

2.4 | Model construction and parameter estimation

A completely revised model was developed based on the

recommendations of our previous research (Bentahar &

Deschênes, 2022, 2023). The basic logic behind the revised model

was similar to that used in the earlier model (Bentahar &

Deschênes, 2023). Nitrate, glucose, and phosphate were selected

as the key factors influencing both biomass and lutein synthesis

since their productivity is closely correlated (Henríquez

et al., 2016). Unlike the earlier model, the Droop model

(Droop, 1968) was employed to characterize the storage of

nitrogen and phosphorus in the form of internal quotas before

their effective use for growth, whereas the classical Monod model

(Monod, 1949) was applied to describe the impact of glucose.

Description of mixotrophic growth rate and nutrient uptake rate

were based on the multiplicative method that simultaneously

allows all factors to affect the overall cell growth (Equations 1–3).

μ q q G μ
Q

q

Q

q

G

K G
( , , ) = 1 − 1 −

+
,N P

N

N

P

P sG
max

min min























(1)

ρ N q ρ
N

K N

q

Q
( , ) =

+
1 − ,N N

sN

N

N
max

max







 (2)

ρ P q ρ
P

K P

q

Q
( , ) =

+
1 − ,P P

sP

P

P
max

max







 (3)

where μmax (day
−1) is the maximum mixotrophic growth rate; N (mg

nitrate L−1), P (mg phosphate L−1), and G (g glucose L−1) are the
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nitrate, phosphate, and glucose concentrations in the medium as

the sole nitrogen, phosphorus and organic carbon sources,

respectively; qN (gN gC−1) and qP (gP gC−1) are the internal nitrogen

and phosphorus quotas. ρNmax (gN gC−1 day−1) and ρPmax (gP gC−1

day−1) represent the maximum nitrogen uptake rates; QNmin

(gN gC−1) and QPmin (gP gC−1) are the minimum quotas of nitrogen

and phosphorus, below which growth cannot occur; QNmax

(gN gC−1) andQPmax(gP gC−1) are the maximum quotas for nitrogen

and phosphorus, above which nutrient uptake stops; and KsN (mg

nitrate L−1), KsP (mg phosphate L−1), and KsG (g glucose L−1)

represent the half‐saturation constants for nitrate, phosphate

and glucose, respectively.

Description of lutein production was introduced as a separate

state variable based on Luedeking–Piret kinetic model (Luedeking &

Piret, 1959), proven effective in previous studies (Wu et al., 2007;

Zhang et al., 1999). This model represents the lutein formation rate of

cells as a combination of a growth‐associated constant α (mg

lutein g cells−1) and a nongrowth‐associated constant β (mg lutein g

cells−1 day−1). α represents the instantaneous yield of lutein forma-

tion due to cell growth, whereas β represents the specific rate of

product formation.

The complete model structure integrates seven state variables:

biomass (X , g cells L−1), internal nitrogen quota (qN, gN gC−1), internal

phosphorus quota (qP, gP gC−1), nitrate (N, mg nitrate L−1), phosphate

(P, mg phosphate L−1), glucose (G, g glucose L−1) and lutein (L, mg

lutein L−1) as follows (Equation (4)):

μ q q G X

ρ N q μ q q G q

ρ N q X

ρ P q μ q q G q

ρ P q X

K μ q q G X

α μ q q G X βX

= ( , , )

= ( , ) − ( , , )

= − ( , )

= ( , ) − ( , , )

= − ( , )

= − ( , , )

= ( , , ) +

.

dX

dt N P

dq

dt N N P N

dN

dt N

dq

dt P N P P

dP

dt P

dG

dt G N P

dL

dt N P

N

P











(4)

Estimating model parameters in complex, multifactorial

models is known to be challenging (Bekirogullari et al., 2020;

Benavides et al., 2015; Darvehei et al., 2018; Deschênes &

Wouwer, 2016; Zhang et al., 1999). As in the earlier model

(Bentahar & Deschênes, 2023), a nonlinear least‐squares optimi-

zation procedure was chosen to estimate the parameters. The

optimization process was performed using a combination of the

Nelder–Mead and Levenberg–Marquardt methods (Levenberg,

1944; Marquardt, 1963; Nelder & Mead, 1965). The fminsearch,

fmincon, and lsqnonlin routines from MATLAB® 2019a were

employed to find the optimal parameter values that minimized

the difference between experimental data and the model's

predictions. The initial parameter guesses were those obtained

from the earlier model as the accuracy of such models depends

critically on the choice of objective functions and constraints (Ryu

et al., 2018).

3 | RESULTS AND DISCUSSION

3.1 | Effects of various concentrations of nitrate
and phosphate on biomass production

This study conducted a run of 16 batch cultures to investigate the

impacts of nitrate and phosphate concentrations on T. obliquus

biomass growth and lutein production under mixotrophic conditions.

The experiments were duplicated using low and high nitrate and

phosphate concentrations. The progress of cell growth over a 12‐day

period is displayed in Figure 2a–d. Results showed that the biomass

concentration significantly increased (p = 6.2 × 10−82) with the

increase in initial nitrate concentration up to 912mg L−1 (equivalent

to 5× BBM), with a fourfold increase in biomass concentration,

ranging from a minimum of 1.69 g L−1 to a maximum of 6.80 g L−1.

These results are consistent with the literature (Chen, Hsu,

et al., 2019), which reported that maximal biomass production

increased dramatically with increasing calcium nitrate concentrations.

They found the highest biomass production (12.73 g L−1) with a

nitrate concentration of 2362.9mg L−1. These findings support the

positive impact of nitrate concentration on biomass growth and

highlight the potential for increased biomass production with higher

nitrate concentrations. However, an analysis of variance test showed

no significant difference (p = 0.59) when nitrate concentration was

increased from 912mg L−1 to 1824mg L−1 (5× BBM to 10× BBM

equivalent). This observation suggests an additional limiting factor

(i.e., glucose) being depleted from the medium. On the other hand, no

significant difference (0.05 < p < 0.71) in biomass production was

found with the increase in phosphate concentration from 163mg L−1

to 1630mg L−1 (1× BBM to 10× BBM equivalent), except when using

a nitrate concentration equivalent to 10× BBM (p = 3.8 × 10−5).

The importance of nitrogen (N) concentration in the culture

medium for T. obliquus growth is well established (Bentahar &

Deschênes, 2022). However, phosphorus (P) is also essential for

microalgal growth. It is crucial to synthesize cellular components such

as the cell membrane, DNA, RNA, and ATP (Atiku et al., 2016).

Previous studies have shown that P deficiency in the culture medium

reduces T. obliquus growth (Akgül & Akgül, 2022; Xin et al., 2010).

N–P coupling has also been found to have a significant effect on

nutrient uptake, dry mass, and pigments (Huang et al., 2021).

Beuckels et al. (2015) reported that T. obliquus adjusts its N and P

concentrations based on the supply in the medium, with high N

concentrations being crucial for effective P uptake. This study

complements these findings by highlighting the dynamics of biomass

production under a broad spectrum of growth conditions and

providing a mathematical kinetic model to describe this process.

The results suggest that while N concentration has a significant

impact on biomass production, P concentration may not have a direct

impact under mixotrophic conditions. However, the combination of N

and P concentrations may still significantly impact T. obliquus growth

and further investigation is required to explore this interaction. The

findings suggest that higher nitrate concentrations could be used to
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increase T. obliquus biomass production, but this must be balanced

against the cost of the added nutrients.

3.2 | Effects of various concentrations of nitrate
and phosphate on lutein production

The dynamic changes in lutein concentration were studied under

varying nitrate and phosphate conditions, as displayed in Figure 3a–d.

Results indicated a significant increase in lutein concentration as the

initial nitrate concentration was raised from 182.4 to 1824mg.L−1

(p = 3.6 × 10−97), resulting in a 12‐fold increase in final lutein

concentration from 2.13mg L−1 (Experiment 1) to 25.58mg L−1

(Experiment 16). However, no significant correlation was observed

between changes in phosphate concentration and lutein production

(0.055 < p < 0.76), except when using a nitrate concentration equiva-

lent to 10× BBM (p = 0.007). This suggests that phosphate

supplementation alone has a limited impact on lutein production,

whereas elevated nitrate concentration has a significant effect.

Notably, this study demonstrated higher lutein concentrations than

previous studies in T. obliquus under mixotrophic and autotrophic

conditions, with a maximum lutein concentration of 8.2 and 5.6 mg

L−1, respectively (Chen, Hsu, et al., 2019; Yen et al., 2011). This might

be due to the effect of nitrogen availability, as nitrogen is critical in

maximizing lutein accumulation in microalgae (Chen, Hsu, et al., 2019;

Henríquez et al., 2016). Increasing the nitrogen concentration can

improve lutein synthesis under optimal light supply, even though

lutein does not require nitrogen for synthesis (Zheng et al., 2022).

Regarding lutein yields and productivities, results showed a range

of lutein yield from 1.17 to 4.08mg g−1 and lutein productivity from

0.18 to 2.13mg L−1 day−1, which compares favorably with previous

studies. For instance, lutein content of 1.5mg g−1 and yield of

3.06mg L−1 day−1 were achieved in mixotrophic cultivation of

T. obliquus with 2% glucose and 4.5 g L−1 calcium nitrate (Chen, Hsu,

et al., 2019). Additionally, under mixotrophic conditions using 6 g L−1

crude glycerol and a 20:1N/P ratio, maximum lutein productivity of

3.59mg L−1 day−1 was reported (Rajendran et al., 2020). Other factors,

such as mode of nutrition and light source and intensity, have also

been investigated for their impact on lutein production in microalgae.

Autotrophic cultivation was found to be more favorable for lutein

production in T. obliquus, yielding a higher lutein productivity of

0.44mg L−1 day‐1 compared with mixotrophic cultivation with 3 g L−1

glycerol supplementation (0.36mg L−1 day−1) after 7 days of cultivation

(Yen et al., 2011). Furthermore, Ho et al. (2014) reported that

optimizing the light source and intensity improved lutein productivity

in T. obliquus by three times, from 1.39 to 4.15mg L−1 day−1. White

light at an intensity of 300 µmolm−2 s−1 was found to be the most

favorable for lutein production, with the highest content (4.52mg g−1)

F IGURE 2 Changes in biomass concentration across 16 experimental variations. Solid, dotted, dashed, and dotted‐dashed lines represent
the four initial nitrate concentrations equivalent to 1×, 2×, 5×, and 10× Bold's Basal Medium (BBM), respectively. (a–d) Corresponds to the four
initial phosphate concentrations equivalent to 1×, 2×, 5×, and 10× BBM, respectively. Mean ± SD (n = 2) is shown.
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and productivity (4.15mg L−1 day−1). In contrast, red light had the

lowest lutein accumulation, with 3–4mg g−1 compared with blue,

green, and white lights. Overall, the findings of this study suggest that

the optimization of nitrogen availability is crucial for maximizing lutein

accumulation in T. obliquus and can contribute to the development of

efficient strategies for the commercial production of this valuable

pigment from microalgae.

3.3 | Results of model construction and parameters
estimation

To thoroughly investigate the impact of nitrate concentration on the

parameters of this model, the experimental data were categorized

into four groups based on initial nitrate levels (1×, 2×, 5×, and 10×

BBM). The model consisted of 16 batch experiments (run in

duplicate), with each nitrate level category having three duplicate

experiments for calibration and one duplicate experiment for

validation (Table 3). This resulted in a total of 12 experiments used

for calibration and four experiments kept for validation, both run

twice. The proposed model (Equation [4]) was calibrated for each

group to estimate 13 parameters that describe changes in biomass,

internal nitrogen quota, internal phosphorus quota, nitrate, phos-

phate, glucose, and lutein. The estimated values of each kinetic

parameter were determined using a nonlinear least‐squares optimi-

zation procedure as described in Section 2.4.

The results (Table 4) showed that the estimated parameter values

were largely consistent across the four nitrate level categories, except for

the nongrowth‐associated parameter β, which increased substantially

under higher initial nitrate concentrations. Specifically, the value of β rose

from 0.0001 at 1× and 2× BBM to 0.06 at 5× BBM, and further

increased to 0.35 at 10× BBM. This increase could be due to lutein

synthesis being influenced by other factors such as light and environ-

mental conditions, rather than strictly controlled by the cellular growth

rate. However, values for β were much smaller than α, indicating that

lutein was primarily associated with growth, in contrast to other algal

species such as Chlorella minutissima, where lutein was nongrowth

associated (De Bhowmick et al., 2019). Considering the possibility of

expressing the β parameter as a function of environmental conditions,

such as nitrate, rather than a constant appeared to be a more promising

approach. However, further experimental validation is needed, which

could be addressed in future work.

On the other hand, the parameters acquired in the previous

study (Bentahar & Deschênes, 2023) did not facilitate an optimal fit

for the new data, as they were employed as initial guesses. A

reevaluation of the maximum specific growth rate μmax for T. obliquus

resulted in a revised value of 4.03 day−1, a notable increase compared

with the previous model's value of 1.45 day−1. This adjustment

F IGURE 3 Lutein concentration trends for 16 experimental variations. Solid, dotted, dashed, and dotted‐dashed lines represent the four
initial nitrate concentrations equivalent to 1×, 2×, 5×, and 10× Bold's Basal Medium (BBM), respectively. (a–b) correspond to the four initial
phosphate concentrations equivalent to 1×, 2×, 5×, and 10× BBM, respectively. Mean ± SD (n = 2) is shown.
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appears to be more suitable for mixotrophic cultivation leading to

higher half‐saturation constants for all substrates (i.e., nitrate,

phosphate, and glucose). The newly determined μmax surpasses the

cumulative values reported for photoautotrophic (1.47 day−1) and

heterotrophic (1.8 day−1) cultivation conditions (Deschênes &

Wouwer, 2016; Di Caprio et al., 2019). These findings support the

hypothesis that the specific growth rate in mixotrophic conditions is

not simply a sum of those in photoautotrophic and heterotrophic

modes, but rather involves synergistic effects of both metabolic

processes (Fernández et al., 2013; Salati et al., 2017).

Additionally, the microalgae exhibited a higher demand for

nitrogen than phosphorus, as reflected by their higher nitrogen

uptake rates and higher minimum and maximum internal nitrogen

quotas. This preference indicates that the microalgae may not reach

their maximum potential growth rate due to a nitrogen limitation,

highlighting the importance of maintaining a balance between both

nitrogen and phosphorus to ensure optimal microalgal growth and

productivity. Moreover, glucose availability could be another limiting

factor for the microalgae's growth rate, as the half‐saturation

constant for glucose uptake K( )sG was found to be higher than that

for nitrate uptake K( )sN . Maintaining an appropriate balance between

nitrogen and phosphorus availability while ensuring sufficient glucose

concentration could contribute to achieving optimal growth condi-

tions and enhancing microalgal productivity.

Figure 4a–g shows the results of fitting the model to data for

different initial nitrate levels (Runs #2, 7, 12, and 13), which are

representative of the overall data set. Although only a subset of

results was presented due to space limitations, all other fits are

similar (see Supporting Information S1: Figures S1–S12 available in

Section 1). The degree of model fit was evaluated by calculating the

correlation coefficient (R2) for experimental and calibrated data

concerning different nutrient utilization profiles, along with biomass

and lutein formations. The present model exhibited improved

calibration for utilization profiles of nitrate (R > 0.962 ), phosphate

(R > 0.952 ), and glucose (R > 0.942 ) as compared with our previous

model (Bentahar & Deschênes, 2023), for which the corresponding R2

values were above 0.78, 0.81, and 0.82, respectively. The high

correlation coefficients indicated that the calibration equations could

be regarded as sufficient to describe the effect of different substrate

consumption. Additionally, the model proved to represent experi-

mental data accurately to describe the mixotrophic growth and lutein

production of T. obliquus with R2 > 0.95 for all cases. The consistency

of the estimated parameter values suggests the combination of the

Nelder–Mead and Levenberg–Marquardt methods to be effective for

solving nonlinear problems with noisy cost functions. In addition, the

relatively high volume of experimental data, consisting of 86‐point

duplicated results for each condition, enhances the reliability of the

parameter values, given the number of model parameters (13).

Overall, these findings suggested the model to be applied under a

broad range of conditions, providing valuable reference data and

supplementing existing literature. The following section discusses the

validation of the model.

3.4 | Validation of kinetic model predictability

To validate the model, a separate set of experimental data was used,

distinct from the data utilized to estimate the unknown parameters

for each initial nitrate concentration, as described in Section 3.3.

Specifically, the data obtained from duplicate batch experiments in

TABLE 4 Estimated parameter values from model calibration for four initial nitrate concentrations.

Model
parameter Units

Initial nitrate concentration (mg L−1)
182.4
(BBM 1×)

364.8
(BBM 2×)

912
(BBM 5×)

1824
(BBM 10×)

μmax day−1 4.0377 4.0316 4.0712 4.0822

ρNmax gN gC−1 day−1 0.9798 0.9805 0.9765 0.9811

ρPmax gP gC− day−1 0.6000 0.6007 0.6000 0.6000

QNmax gN gC−1 0.1652 0.1659 0.1648 0.1669

QNmin gN gC−1 0.0560 0.0567 0.0484 0.0432

QPmax gP gC−1 0.0820 0.0820 0.0825 0.0820

QPmin gP gC−1 0.0028 0.0029 0.0023 0.0035

KsN mg nitrate L−1 134.9700 134.6600 135.1500 135.0200

KsP mg phosphate L−1 81.1310 81.1920 81.7280 81.9980

KsG g glucose L−1 8.2684 8.3573 7.5194 7.3911

KG g glucose gC−1 2.9963 2.9973 2.9999 3.0000

α mg lutein g cells−1 1.2525 1.2525 1.2525 1.2525

β mg lutein g cells−1 day−1 0.0001 0.0001 0.0649 0.3538

Abbreviation: BBM, Bold's Basal Medium.
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Runs #4, 6, 9, and 15 (1×, 2×, 5×, and 10× BBM equivalent,

respectively) were reserved for model validation, rather than

calibration. Figure 5a–g illustrates the model's predictive capabilities

for each state variable, with one representative example per

experimental condition shown, and all duplicates simulated individu-

ally (see Supporting Information S1: Figures S13–S16 available in

Section 2 of for details). The previously identified model parameters

were used in these tests, whereas initial conditions for the model

states were estimated from the new experimental data. As expected,

the model was able to accurately predict the dynamic concentration

profiles for biomass ( R0.88 < < 0.982 ) and lutein ( R0.78 < < 0.952 )

formations across various nitrate and phosphate concentration

regimes.

The data analysis from model calibration and validation profiles

(Figures 4a,b and 5a,b) demonstrates that nitrogen concentration has

a significant impact on both cell growth and lutein formation, which is

consistent with previous studies (Akgül & Akgül, 2022; Bentahar &

Deschênes, 2022). Nitrogen plays a crucial role in algal growth, as it is

a fundamental component of various biomolecules that are essential

for cellular processes, including enzymes, chlorophylls, genetic

material, and energy transfer molecules (Kim et al., 2016). This study

also found that increasing the initial nitrate concentration leads to

higher cell density, which, in turn, causes self‐shading and limits light

availability during the later stages of growth. This effect, in turn,

enhances lutein production, as lutein is required for maintaining the

structural integrity of light‐harvesting complexes (LHCs) that pro-

mote photosynthesis under low light conditions (Zheng et al., 2022).

The increase in lutein content due to nitrogen enrichment is

consistent with previous studies on other microalgal strains (Chen,

Hsu, et al., 2019; Cordero et al., 2011; Ho et al., 2015; Xie

et al., 2013). The multiplicative model used in this study did not

consider the influence of light and self‐shading. Previous models have

addressed the impact of self‐shading on microalgae growth resulting

from light attenuation in dense cultures (Bernard et al., 2009;

Deschênes & Wouwer, 2016; Quinn et al., 2011; Yuan et al., 2014).

Additionally, Ho et al. (2014) demonstrated a threefold improvement

in lutein productivity in T. obliquus through the optimization of light

source and intensity. Future research should incorporate these

factors into the existing model for a better understanding of their

effects on biomass and pigment production.

In addition, the model accurately predicted substrate consump-

tion yields for glucose ( R0.87 < < 0.992 ), nitrate ( R0.83 < < 0.992 ),

and phosphate ( R0.85 < < 0.992 ) concentrations, indicating that the

multiplicative method utilizing Monod and Droop‐based expressions

is a suitable approach for describing substrate uptake dynamics. The

consumption of glucose follows a similar trend as the growth of

microalgae, supporting the use of the Monod equation to describe

the effect of glucose on the mixotrophic growth of T. obliquus

(Figures 4c and 5c). The lower glucose consumption yields observed

in cultures grown under low nitrate concentrations might be related

to an imbalance in the C/N ratio, which is known to be close to the

Redfield ratio (around 6.6) (Islam et al., 2019). The high C/N ratio in

the low‐nitrate cultures (about 16.2 and 8.1 for initial nitrate

concentrations of 1× and 2× BBM, respectively) suggests a potential

F IGURE 4 Calibration results of proposed model compared with experimental data for the production of biomass (a) and lutein (b), the
consumption of glucose (c), nitrate (d), and phosphate (f), and the internal nitrogen (e) and phosphorus (g) quotas. Model simulations for four initial
nitrate levels (1×, 2×, 5×, 10× Bold's Basal Medium [BBM]) are shown as solid, dotted, dashed, and dotted‐dashed lines, and correspond to the
experimental results symbolized by circles, diamonds, triangles, and squares. Results are presented as mean ± SD (n=2). Only four representative
experiments per nitrate level are shown (2, 7, 12, and 13), whereas all duplicates can be found in Supporting Information S1: Section 1.
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N limitation, which could explain why glucose was not fully

consumed. Conversely, the low C/N ratio in the high‐nitrate cultures

(about 3.2 and 1.6 for initial nitrate concentrations of 5× and

10× BBM, respectively) suggests a potential C limitation. On the

other hand, the simulated nitrate consumption profile agrees with

experimental data (Figures 4d and 5d). Under low initial nitrate

concentrations (1× and 2× BBM equivalent), microalgae growth

persisted after nitrate exhaustion, suggesting significant intracellular

nitrogen accumulation. A similar phenomenon was observed after

phosphate exhaustion at a concentration equivalent to 1× BBM

(Figures 4f and 5f). The superiority of the Droop equation in

describing phosphate consumption is evident, with higher R2 values

in the range of 0.85–0.99. This stands in contrast to the Monod

equation ( R0.77 < < 0.922 ) employed in the earlier model (Bentahar

& Deschênes, 2023). These results align with previous studies

indicating that T. obliquus cells can utilize intracellular nitrogen and

phosphorus after external nutrient exhaustion (Deschênes &

Wouwer, 2016; Wu et al., 2013). Thus, the Droop model, which

allows to capture the observed ability of microalgae to grow even

after complete exhaustion of a limiting nutrient (Figueroa‐Torres

et al., 2017), yields good trajectories to describe the effect of nitrate

and phosphate on the mixotrophic growth of this microalga.

However, minor disagreements between predictions and experi-

mental data can be seen for internal nitrogen and phosphorus quotas

dynamics (Figure 5e,g). This observation could result from limited

experimental data, as only 7 and 8‐point data for each experimental run

were used, whereas 13 model parameters were considered. In addition,

the measurement of internal quotas is challenging, with potential sources

of error such as the numerous experimental steps required for nitrogen

quota measurements and the reliance on biomass estimation for

phosphorus quota measurements (Bentahar & Deschênes, 2023;

Deschênes & Wouwer, 2016; Wu et al., 2013). According to Bougaran

et al. (2010), the internal quota of a nutrient is at a minimum level when it

limits cellular growth. However, when the same nutrient becomes

abundant and another nutrient becomes limiting, the cell accumulates

the previously nonlimiting nutrient up to a maximal quota. The observed

disagreements between predictions and experimental data might reflect

the complex nature of the internal nutrient storage system.

In general, the validation results indicated that the model could

describe the relationship between estimated parameters and state

variables within the range of variables reported inTable 2, confirming its

potential for practical implementation in future applications.

4 | CONCLUSIONS

The multinutrient kinetic model presented in this study offers

valuable insights into the interplay of nitrate, phosphate, and glucose

in regulating the growth and lutein production of T. obliquus species.

The model was designed to integrate seven state variables and 13

unknown parameters, estimated using a distinctive experimental

design involving a 10‐fold variation in nitrate and phosphate

F IGURE 5 Comparison of model prediction with validation experiments (4, 6, 9, and 15) for the production of biomass (a) and lutein (b), the
consumption of glucose (c), nitrate (d), and phosphate (f), and the internal nitrogen (e) and phosphorus (g) quotas. Model simulations for four initial
nitrate levels (1×, 2×, 5×, 10× Bold's Basal Medium [BBM]) are shown as solid, dotted, dashed, and dotted‐dashed lines, and correspond to the
experimental results symbolized by circles, diamonds, triangles, and squares, respectively. Results are presented as mean ± SD (n =2). Only one of the
duplicates per experimental condition is represented here, but the simulation of all duplicates is available in Supporting Information S1: Section 2.
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concentrations. The parameter estimation was carried out using

nonlinear least‐squares optimization techniques, objective functions,

and constraints, leading to consistent and robust parameter values.

The investigation revealed significant findings regarding the

impact of nitrate and phosphate on microalgal growth and lutein

production. Notably, increasing the initial nitrate concentration

resulted in a remarkable boost in both biomass and lutein production,

achieving up to fourfold and 12‐fold increases, respectively. In

contrast, phosphate supplementation exhibited a limited influence on

microalgal growth and lutein production. Furthermore, the study

emphasized the critical role of maintaining a balanced nitrogen–

phosphorus ratio, whereas ensuring adequate glucose concentration to

optimize microalgal productivities.

The model predicted a wide range of biomass (up to 6.80 g L−1)

and lutein (up to 25.58mg L−1) yields, demonstrating its accuracy and

wide applicability within the scope of this investigation. This research

holds significant potential for advancing microalgal cultivation

techniques and serving as a valuable guideline for similar microalgal

cultivation systems, whereas also contributing to an eventual

commercial‐scale production of lutein and other valuable microalgal

products. Future work will focus on developing real‐time operation

strategies for photobioreactors, including precise real‐time automatic

control and optimization for large‐scale cultivation processes.
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