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Abstract
In many fields of biotechnology, pure microalgae cultures isolated from mixed cultures that exist in nature are needed as raw 
material sources for the production of high-quality products such as nutraceuticals, cosmetics and biofuels. Regarding the 
isolation of microalgae, microfluidic systems have gained popularity in recent years due to their low energy and chemical 
requirements for rapid and effective separation. In this study, optimum flow rates were determined using spiral microfluidics 
for the separation of microalgae from bacteria, followed by the cultivation of separated microalgae. Then the microalgae 
obtained in the green phase were subjected to nutrient stress to induce carotenoid production. Carotenoids were extracted 
after 30-day cultivation, and characterization analyses were performed. Subsequently, the SuperPro Designer® software 
was used to determine the potential for large-scale carotenoid production from Chlorella minutissima. The experiments 
showed that the fabricated microfluidic system achieved a separation yield and purity of 84.9% and 93.8%, respectively. 
Furthermore, a 2.5-fold increase in growth rate and carbohydrate and an approximately 1.3-fold increase in protein, lipid, 
and pigment contents were observed in the post-chip culture. Additionally, a 170% increase in carotenoids was observed 
within 20 days after induction with nutrient stress. Also, it was shown that microalgal carotenoids could be produced in 
large scale from C. minutissima by recultivating post-chip microalgae and subjecting them to nutrient stress. This study 
considered multiple flow rates in microchannels designed to separate microalgae from bacteria and carotenoid production 
from sorted microalgae for the first time.
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Introduction

Microalgae are a potential source of natural carotenoids and 
other important biomolecules, providing an alternative to 
synthetic molecules that currently dominate the worldwide 
market (Maltsev et al. 2021; Sousa et al. 2023). Moreover, 
they have positive environmental impacts, such as maintain-
ing the balance of atmospheric carbon dioxide (Onyeaka 
et al. 2021) and supporting marine biodiversity (Han et al. 
2019a, b, c). Due to these characteristics, extensive research 
has been conducted on microalgae in recent years. In this 
regard, obtaining microalgae in pure culture is a fundamen-
tal step for both academic research and industrial production 
(Lee et al. 2020). This step facilitates a better understand-
ing and manipulation of the biological, physiological, and 
genetic characteristics of microalgae in scientific researches, 
while in the industry, it enables the control of microalgal 
growth and biochemical components, thereby ensuring 
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product quality and stability (Çinar et al. 2018). For these 
reasons, the processes of microalgae isolation and purifica-
tion are crucial tasks that need to be thoroughly investigated 
and optimized with effective and innovative approaches 
(Fernandez-Valenzuela et al. 2021).

The purification and isolation stage involves the separa-
tion and isolation of microalgae from contaminants using 
physical and chemical methods such as centrifugation, fil-
tration, flocculation, and sedimentation (Singh et al. 2015). 
During the purification and isolation process, microalgae are 
rendered axenic using some traditional or advanced isolation 
techniques based on their cell size, shape, or biochemical 
properties, and then they are grown under laboratory condi-
tions or in industrial scale depending on the intended appli-
cations (Alam et al. 2019). Common methods for microalgae 
isolation include micropipette isolation, dilution isolation, 
gravity isolation, phototaxis isolation, and antibiotic isola-
tion (Çinar et al. 2018). Among these, antibiotics are one 
of the most commonly used methods, as they eliminated 
unwanted organisms and promote the growth of desired 
microalgae species; however, controlled use of antibiotics 
is crucial to mitigate the risk of developing resistant micro-
organisms (Fernandez-Valenzuela et al. 2021). These chal-
lenges have led researchers to explore alternative advanced 
isolation techniques such as micromanipulation ( Singh et al. 
2015), flow cytometry (Hyka et al. 2013), and microfluidic 
chip systems (Karacaoğlu et al. 2023a, b).

Microfluidics provides unprecedented capabilities in the 
manipulation of small quantities of fluids inside microscale 
channels (Lin 2011). The separation of microorganisms is an 
interesting use of microfluidics that is essential in many sec-
tors, including clinical diagnosis, environmental monitoring, 
and biomedical engineering (Yang et al. 2020). Microfluidic 
devices are capable of efficiently separating different micro-
organisms according to their size, shape, deformability, sur-
face charge, and other biophysical characteristics by ingen-
ious designing and modifying microscale structures. These 
devices use the principles of electrokinetics, hydrodynamics, 
and surface chemistry to drive the controlled movement of 
microorganisms which results in very accurate and efficient 
separation (Bhagat et al. 2010). Furthermore, in comparison 
to traditional methods, the miniaturization in microfluidic 
devices enables quick analysis, smaller sample quantities, 
and higher throughput. Microfluidic platforms hold immense 
promise in revolutionizing the manipulation and analysis 
of microorganisms, paving the way for groundbreaking 
advancements in biotechnology and healthcare. Applications 
of these platforms range from sorting bacteria for antibiotic 
susceptibility testing to isolating rare circulating tumor cells 
for cancer diagnostics (Yan et al. 2017). Regarding the use 
of microfluidics for separating microorganisms, the separa-
tion of microalgae constitutes a particular application (Vu 
et al. 2018).

Microfluidic devices can efficiently separate microor-
ganisms such as microalgae, enable precise harvesting and 
processing and overcome challenges in traditional methods 
thanks to microscale control of particle behavior and fluid 
flows (Yan et al. 2017). By forming microchannels, traps, 
and sorting structures that are specifically matched to the 
dimensions, density, and buoyancy of microalgae cells, 
microfluidic devices can efficiently separate and concentrate 
target species from complex culture media while requiring 
less processing time and energy (Aghakhani et al. 2021). 
Moreover, real-time adjustment of separation parameters, 
such as flow rates, applied forces, and channel geometries 
make it possible thanks to the integration of online monitor-
ing and control capabilities. This allows for the optimiza-
tion of separation efficiency and purity while limiting energy 
inputs and waste generation (Huh et al. 2007). The ability 
to precisely regulate the separation processes improves the 
economic and scalability of microalgae cultivation. It also 
makes it easier to carry out subsequent processing steps, 
including biomass conversion, cell lysis, and lipid extraction, 
which raises the yield and productivity in a range of appli-
cations (Karacaoğlu, et al. 2023a, b). Microfluidic devices 
are cost-effective methods due to their small size, minimal 
reagent/chemical requirements, automation capabilities and 
short experimental times (Veltri & Holland 2020; Bisson-
nette-Dulude et al. 2023). Although, active-type microflu-
idic devices that require external forces such as electric or 
magnetic fields can increase the costs and complexity of 
experiments (Gou et al. 2018).

Flow rate is a crucial parameter for manipulating cells 
as it causes shear stress on the cells, which can influence 
interaction and metabolic responses between cells (Vanapalli 
et al. 2009; Mu et al. 2013). For instance, the alterations in 
nanocarrier characteristics such as drug loading capacity, 
shape and kinetic delivery boundaries, are influenced by 
variations in microchannel geometry and flow rate which 
highlights the significance of this parameter (Ahadian et al. 
2020; Lingadahalli Kotreshappa et al. 2023). The related 
study demonstrated that microalgae re-cultured after the 
microfluidic stream exhibited more effective growth com-
pared to single microalgae cells (Wu et al. 2023). In this con-
text, microfluidic devices can be utilized to induce the pro-
duction and extraction of carotenoids like astaxanthin (Kwak 
et al. 2015; Cheng et al. 2018; Yao et al. 2020) or lipids 
(Bensalem et al. 2018; Han et al. 2019a, b, c; Mishra et al. 
2021). The progress in microalgae cultivation and selection 
techniques has led to new opportunities for utilizing micro-
algae in the industry including pharmaceuticals, nutrition, 
and biofuels (Kim et al. 2018; Ozdalgic et al. 2021).

Motivated by the abovementioned advantages of micro-
fluidic devices, the purpose of this study is to separate micro-
algae from bacteria with a high separation efficiency and to 
examine, evaluate, and analyze the effect of microfluidic 
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channels on microalgae. This study employs microfluidic 
platforms that leverage advancements in microalgae separa-
tion via inertial microfluidics. Although there are studies on 
the separation of microalgae with microfluidic chips in the 
literature, there is limited literature on the optimization of 
separation processes and observation of the effect of using 
microfluidic systems with spiral channels on microalgae 
growth. This research fills the gap in the literature on the 
use of microfluidic systems for the separation of microalgae 
from bacteria, optimization studies, the effect of flow rate on 
microalgae cultivation, and the use of post-chip microalgae 
in further studies. This study considered multiple flow rates 
in spiral microchannels specifically designed to separate 
microalgae and bacteria and employed the separated micro-
algae for carotenoid production for the first time.

Materials and methods

Chlorella minutissima and Escherichia coli ATCC 25922 
were used. The experiments were conducted at Yildiz Tech-
nical University Algal Biotechnology and Bioprocess Labo-
ratory and Sabanci University Nanotechnology Research and 
Application Center (SUNUM). The experimental steps are 
summarized in Fig. 1.

Preparation of the microorganisms

The process incorporates the use of C. minutissima microal-
gae and E. coli bacteria to separate these two different kinds 
of microorganisms and to acquire concentrated microalgae. 

Chlorella minutissima, supplied from the Culture Collec-
tion of Algae at Göttingen University (Germany) and the 
Algal Biotechnology and Bioprocess Laboratory of Yildiz 
Technical University (Türkiye), was cultivated in 250-mL 
Erlenmeyer flasks using BG-11 nutrient medium (İnan et al. 
2023). The cultivation took place in a shaking incubator for 
a duration of 14 days under a temperature of 25 °C, a light 
intensity of 100 μmol photons m−2 s−1 continuous illumina-
tion, pH 7.2, and a shaking speed of 150 rpm (Koçer et al. 
2021).

Eschericia coli ATCC 25922 was incubated in a sterile 
glass bottle with nutrient broth (Merck, Germany) for 10 mL 
of working volume at 37 °C for 24 h in an incubator. The 
absorbance values of the microalgae and bacteria cultures 
were quantified at 680 nm and 600 nm, respectively. A Neu-
bauer slide was used for counting microalgae whereas the 
McFarland technique was utilized for counting bacteria cells. 
A bacterial cell count of 0.5 McFarland units was determined. 
The concentration of C. minutissima in the mixture was 
adjusted to be 10 times the concentration of E. coli (Higgins 
& VanderGheynst 2014) that consists of distilled water to 
standardize the microfluidic separation process experiment.

Eschericia coli was chosen as the bacterium for this 
experiment because of its well-understood genetics and 
fermentation technology, easy and rapid culturability, and 
it is one of the most common bacterial contaminants in 
many microalgal cultures. Therefore, it was considered a 
suitable model for comparing and interpreting results with 
other studies related to microfluidic systems and having 
more reliable results (Germond et al. 2013; Higgins & Van-
derGheynst 2014).

Fig. 1   Experimental set-up for carotene production from Chlorella minutissima 
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Theory

Due to the dominance of viscosity over inertial forces in 
microfluidic systems, the flow in microchannels is primar-
ily laminar, with a Reynolds number (Re) < 2300 (Bragheri 
et al. 2020; Otzen et al. 2021). To separate particles or cells 
of various sizes in spiral microchannels, the balance between 
two distinct forces is employed inside the fluid flow: inertial 
lift forces (FL) and Dean drag forces (FD). FL consist of shear 
gradient-induced forces, which are dependent on flow veloc-
ity, and wall-induced buoyancy forces, which arise from the 
interaction of the flow with a surface (Erdem et al. 2020; 
Wang et al. 2020):

where fL is the lift coefficient, qf is the fluid density, α is the 
particle diameter, Umax is the maximum flow velocity, and 
Dh is the hydraulic diameter. A spiral microchannel has a 
rectangular cross-section while w is the width and h is the 
height of the microchannel.

In spiral microchannels centrifugal effects cause a sec-
ondary flow from the inner wall to the outer wall. This sec-
ondary flow appears to play a significant role in separating 
particles. The formation of two Dean vortices occurs in spi-
ral microchannels due to the presence of this secondary flow 
(Syed et al. 2018; Kim et al. 2021). Due to the Dean vortices 
created by the Dean drag effect, particles of varying sizes 
migrate towards the inner or outer regions of the microchan-
nels, leading to the separation of particles based on the size 
within microchannels (Lee & Yao 2018; Mihandoust et al. 
2020; Karacaoğlu 2024):

where μ is the fluid dynamic viscosity and UDe is the Dean 
velocity. Dean velocity is expressed as:

where De is the dimensionless Dean number and is calcu-
lated as:

(1)FL =
fLqfUmax

2ap
4

Dh
2

(2)Dh(m) =
2hw
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(3)FD = 3��UDeap

(4)UDe = 1.8×10−4×De1.63
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qfUfDh
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√
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where Uf is the average fluid velocity, R is the radius of 
curvature, Re is the dimensionless Reynolds number, Q is 
flow rate and A is the cross-sectional area (Özbey et al. 2019; 
Altay et al. 2022). The particle size has a significant impact 
on the inertial lift forces and Dean drag forces.

The liquid density (1030 kg m−3) and the viscosity of the 
liquid (0.0008 kg ms−1) were used according to the microal-
gae culture medium in the calculations (Barten et al. 2022) 
while the average value of lift coefficient is 0.5 in practice 
(Lee & Yao 2018; Wang et al. 2020).

Design and microfabrication of the spiral 
microfluidic device

The spiral microfluidic chip design was created using the 
AUTOCAD software (2018) with the aim of separating 
microalgae from bacteria of different dimensions and col-
lecting concentrated microalgae. The design parameters for 
the 2D spiral microchannel were determined in the light 
of previous study (Erdem et al. 2020) as: 5 turns, channel 
height of 100 μm, channel width of 500 μm, inner diameter 
of the entrance channel of 2 cm, and radius of curvature of 
5 mm. Furthermore, the microfluidic device incorporates 
an input channel to facilitate the transfer of a mixed culture, 
as well as two distinct outlet channels to effectively sepa-
rate cells based on their different sizes (Mihandoust et al. 
2020). The standard soft lithography technique was utilized 
to fabricate the polydimethylsiloxane (PDMS) spiral micro-
channel (Erdem et al. 2020). All microfabrication steps were 
performed under clean-room conditions at the Sabancı Uni-
versity Nanotechnology Research and Application Center 
(SUNUM). The parameters for this spiral microfluidic sys-
tem are displayed in Fig. 2. The particle sizes of 1.5 μm 
and 6 μm were utilized in this context due to the ImageJ 
image processing results indicating that the average size of 
C. minutissima was around 6 μm and the average size of E. 
coli was around 1.5 μm (Karacaoğlu 2024).

Experimental set‑up and evaluation of microfluidic 
separation performance

Microalgae were separated from bacteria using the micro-
fluidic platform developed by the soft-lithography tech-
nique. Tubings (LMT-55, IDEX Corp., USA) were utilized 
in microfluidic platforms to provide mixed culture into the 
input channels as well as to collect samples from the out-
let channels. Fittings (IDEX Corp.) were employed to join 
these pipes to the microfluidic device. The tubing in the 
input channel was immediately linked to the syringe pump 
(Inovenso, Nanospinner Starter Kit). The microchannels 

(7)Uf (m∕s) =
Q

A
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were cleaned and kept free of contamination by passing 70% 
ethanol and sterile distilled water through them. Thereafter, 
the syringe contained a mixed culture that was injected into 
the microfluidic system using a syringe pump at flow rates 
ranging from 250 to 3000 μL min−1. All the separation pro-
cesses with microfluidic chip experiments were performed 
in triplicate. The impact of flow rate on the separation per-
formance was then evaluated. Following the separation pro-
cedure, the samples from the outlet channels were gathered 
in sterile Eppendorf tubes, and then the microalgae and bac-
teria in the outlet channels were quantified. The Neubauer 
slide counting method was utilized for microalgae counting 
and evaluating the microalgae cell viability in a light micro-
scope (Olympus CX22 microscope), whereas the plate count 
method was employed for bacterial enumeration. Following 
the counting of microalgae and bacteria, the best separation 
performance of the microfluidic platform was assessed using 
separation yield and purity data (Eq. 8 and 9):

All experiments were performed in a microbio-
logical safety cabinet with laminar airflow at the Algal 

(8)

Separation Yield (%) =
C.minutissima

outlet,1

C.minutissima
outlet,1&2 + E.coli

outlet,1&2

× 100

(9)

Separation Purity (%) =
C.minutissima

outlet,1

C.minutissima
outlet,1 + E.coli

outlet,1

× 100

Biotechnology and Bioprocess Laboratory of Yildiz Tech-
nical University (Türkiye). Microalgae and bacteria in spiral 
microchannels experience distinct inertial buoyancy forces 
and dean drag forces. As a result they focus on different 
equilibrium positions because of their different sizes. Par-
ticle size and flow rate parameters have an impact on the 
magnitudes of the FL and FD. The bacteria move along the 
secondary flow in the spiral channels towards the outer wall 
of the microchannels. However, the weak reverse Dean vorti-
ces prevent them from being dragged back towards the inner 
wall which results in the position of microalgae closer to the 
microchannel inner wall and the position of bacteria near the 
outer wall, as illustrated in Fig. 2. Additionally, FL on par-
ticles near the microchannel wall increases with Reynolds 
numbers. Therefore, the flow rate is an important parameter 
in separating microalgae from bacteria (Martel & Toner 
2014; Li et al. 2017; Syed et al. 2018; Huang et al. 2020).

Recultivation of microalgae and biochemical 
analysis

Following the separation process at the optimum flow rate, 
the microalgae obtained from outlet channel were cultivated 
again in BG-11 nutrient medium in a 250-mL Erlenmeyer 
flask with a working volume of 150 mL for a duration of 
10 days. The culture was maintained at a constant tempera-
ture of 25 °C under continuous illumination of 100 μmol 

Fig. 2   (a) The design parameters of spiral microfluidic system and demonstration of inertial microfluidic separation (b) The fabricated PDMS 
microfluidic device
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photons m−2 s−1, pH kept was constant at 7.2 using HCl or 
NaOH, and a shaking speed of 150 rpm. Simultaneously, 
C. minutissima were cultivated in BG-11 nutrient medium 
with a working volume of 100 mL for 10 days without pass-
ing them through the microfluidic chip as a control. All the 
recultivation experiments were performed in triplicate. The 
growth curves of the cultures were determined during culti-
vation using a UV–Vis spectrophotometer at 680 nm. At the 
end of the cultivation, the growth kinetics and biochemical 
contents of the microalgae were examined and compared. 
The specific growth rate (μ) and doubling time (td) were 
calculated as (Singh et al. 2020):

A comprehensive biochemical content analysis of carbo-
hydrate (DuBois et al. 1956), protein (Lowry et al. 1951), 
lipid (Bligh & Dyer 1959), and pigment content (Zou & 
Richmond 2000; Macı́as-Sánchez et al. 2005) in both post-
chip microalgae and pure microalgae culture samples was 
conducted.

Carotene production and carotene extraction

The microalgae collected after the microfluidic chip and 
maintained in a viable state, were re-suspended and cultured 
in BG-11 medium within a 250-mL flask, with a working 
volume of 100 mL. The culture was incubated at a stable 
temperature of 25 °C with constant illumination of 100 μmol 
photons m−2 s−1, pH 7.2, and 150 rpm stirring. There was no 
nutrient addition to the culture medium during the 30-day 
cultivation period to facilitate the microalgal transition 
from the green phase to the red phase (Minyuk et al. 2020). 
This transition was crucial for optimal pigment production 
and biomass accumulation in microalgal cultivation. After 
30 days, 50 mL of microalgae culture was centrifuged at 
8000 rpm for 10 min, washed twice with distilled water, 
and dried in an oven at 60 °C for 24 h and stored for further 
analysis and extraction of carotenoids (Ratha et al. 2016). 
The remaining culture was stored at 4 °C for biochemical 
content analysis.

For carotenoid extraction a 1:1 mixture of hexane and 
acetone was used (Mariana et al. 2016). Briefly, 0.2 g of 
dried microalgae was dissolved in 3.5 mL of total solvent 
(Rusdianasari et al. 2021) and the mixture incubated at 50 °C 
in a water bath for 3 h with continuous shaking (Rajput et al. 
2022). The extract was filtered with 0.45 μm filters once the 
separation was complete to remove any remaining biomass 

(10)Specific growth rate

(

1

day

)

=
ln(X2) − ln(X1)

t2 − t1

(11)Doubling time (day) =
ln2

�

particles before characterization analysis. All the carotene 
production experiments were performed in triplicate.

Characterization analyses

After the 30 days cultivation period, the stored microalgae 
culture was analyzed for the total carbohydrate (DuBois 
et al. 1956), protein (Lowry et al. 1951), lipid (Bligh & Dyer 
1959), and pigment content.

The functional groups present in the dried microalgae 
sample and nearly 2 mg of a β-carotene analytical standard 
(Sigma-Aldrich, 99%) were examined using Fourier-transform 
infrared spectroscopy (FTIR) analysis with a Bruker Alpha 
FT-IR instrument. The dry biomass was placed directly onto 
the attenuated total reflectance (ATR) crystal for obtaining the 
sample spectrum within a wavenumber range of 4000 cm−1 
to 500 cm−1, with a resolution of 4 cm−1 and 32 scans (Koçer 
et al. 2020; Quijano-Ortega et al. 2020).

The pigment content was determined by microalgal extract 
from green microalgae with optical density measurements at 
666 nm and 475 nm using a UV–Vis spectrophotometer, and 
the chlorophyll-a and total carotenoid content were calculated 
from Eq. 12–13 (Zou & Richmond 2000; Macı́as-Sánchez 
et al. 2005):

TLC was used to separate and identify the various carot-
enoids present in the microalgal extract. Microalgal extract 
was (10 μL) spotted onto a 15-cm TLC silica gel plate (TLC 
silica gel 60 F254, Merck) as stationary phase using micro-
caps, along with a standard of β-carotene. The sample-loaded 
TLC plate was developed in a chamber using a solvent mix 
of hexane and acetone in a 75:25 (v/v) ratio as mobile phase 
(Bhagavathy et al. 2011; Joseph et al. 2022). After develop-
ment, the TLC plate was visualized to detect the presence of 
β-carotene and other carotenoids as spots of different location 
and color. The retention factor (Rf) values of the compounds 
were calculated (Pérez et al. 2021; Rajput et al. 2022).

Modeling and simulation approach for carotenoid 
production using software

SuperPro Designer® software v8.0. (Intelligen, Inc., USA) 
was used to assess the feasibility of large-scale production of 
carotenoids and to design and simulate this process from C. 
minutissima. The software has numerous unit procedures for 
designing carotenoid production and enabled extensive analysis 
of numerous production factors and identified possible weak-
nesses in the process. This complete approach allowed for the 

(12)Chlorophyll − a (μg mL−1) = 13.9×OD666

(13)Carotenoid (μg mL−1) = 4.5×OD475
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optimum process strategy regarding the efficiency and yield. 
The design of the process comprised three basic steps: the 
cultivation strategy (green and red phases) was implemented, 
biomass was recovered, and carotenoids were separated.

Results

Force calculations and design of microfluidic 
platform

Table 1 presents the Reynolds and Dean numbers, Dean 
velocity and Dean drag and inertial lift forces which were 
obtained in the light of the section Theory, for microalgae 
and bacteria according to each flow rate. They serve in 
examining the behavior of flow and particles in micro-
fluidic device.

Separation performance of the microfluidic 
platform

Figure 3 illustrates the performance of the microfluidic plat-
form featuring 5-turns spiral microchannels, focusing on the 
separation efficiency and separation purity at various flow 
rates. The inlet flow rate ranged from 250 to 3000 L min−1, 
corresponding to Reynolds numbers ranging from 18.3 to 
219.4.

The results revealed that the microalgae cells migrated to 
one side of the channel and concentrated at an equilibrium 
position. In the microfluidic platform featuring 5-turns spiral 
microchannels, the high separation efficiencies were at 36.6, 
73.1 and 109.7 Reynolds numbers, yielding efficiencies of 
84.3%, 83.6%, and 82.1%, respectively. Conversely, at 18.3, 
146.3, 182.9 and 219.4 Reynolds numbers, separation effi-
ciencies remain below 80%. Notably, the lowest separation 

Table 1   Fluid mechanics-related calculations

Microalgae Bacteria

Flow 
rate (μL 
min−1)

Reynolds number Dean number Dean velocity Dean Drag Force 
(N)

Inertial Lift Force 
(N)

Dean Drag Force 
(N)

Inertial Lift Force 
(N)

250 18.3 0.11 4.68 × 10–6 2.11 × 10–13 1.67 × 10–13 5.28 × 10–14 6.52 × 10–16

500 36.6 0.21 1.45 × 10–5 6.54 × 10–13 6.67 × 10–13 1.63 × 10–13 2.61 × 10–15

1000 73.1 0.43 4.49 × 10–5 2.02 × 10–12 2.67 × 10–12 5.06 × 10–13 1.04 × 10–14

1500 109.7 0.64 8.69 × 10–5 3.92 × 10–12 6.01 × 10–12 9.8 × 10–13 2.35 × 10–14

2000 146.3 0.85 1.4 × 10–4 6.26 × 10–12 1.07 × 10–11 1.57 × 10–12 4.17 × 10–14

2500 182.9 1.07 2 × 10–4 9.01 × 10–12 1.67 × 10–11 2.25 × 10–12 6.52 × 10–14

3000 219.4 1.28 2.7 × 10–4 1.21 × 10–11 2.4 × 10–11 3.04 × 10–12 9.39 × 10–14

Fig. 3   Separation performance 
of the microfluidic platform 
at different flow rates. Aver-
age value, ± SD from three 
independent replicates. Dark 
bars = Separation yield, light 
bars – separation purity
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efficiency was recorded at 219.4 Reynolds number, with a 
value of 44.5%. Regarding the separation purity, all results 
exceeded 85%. The high separation purities were attained 
at 73.1, 36.6 and 109.7 Reynolds numbers, with values of 
94.9%, 93.8%, and 93.5%, respectively. Contrarily, at 219.4 
Reynolds number, a purity of 85.3% was achieved. From 
these results, it can be observed that microalgae culture 
can be highly purified from bacteria at Reynolds numbers 
of 36.6, 73.1 and 109.7, and microalgae can be efficiently 
collected as concentrated form from outlet channel 1 with 
increased focusing performance of the microfluidic platform. 
At other Reynolds numbers, although the purification rate 
remains high, microalgae cannot be collected in concen-
trated form from outlet channel 1, and a significant number 
of microalgae is also detected in outlet 2 (Karacaoğlu et al. 
2023).

Growth kinetics and biochemical content analysis 
of post‑chip cultivated microalgae

Figure 4 depicts the growth curves of the microalgae cul-
tures. Higher absorbance values and greater biomass were 
achieved from microalgae passed through the chip under 
the same conditions and time. For the untreated microalgae 
culture, the logarithmic (log) phase was determined to be 
between days 6–10, whereas the log phase for the post-chip 
microalgae culture was between days 2–6. The calculated µ 
value for the untreated microalgae culture was 0.133 day−1 
and td was 5.2 days, while for the post-chip microalgae 
culture, the µ value was 0.34 day−1and td as 2 days. It was 
observed that the adaptation (lag) phase of the untreated 
microalgae culture lasted approximately 5 days, while the 
lag phase of the post-chip microalgae culture lasted 2 days, 
which suggest that the post-chip microalgae culture adapted 

more quickly to the nutrient medium and transitioned rapidly 
to the log phase.

In Table 2, calculated µ and td values are presented along 
with the biochemical content results of untreated and post-
chip microalgae cultures. According to the results of simul-
taneous analysis, an increase in total carbohydrate, protein, 
lipid, and pigment content was observed in microalgae 
passed through the chip. While the total carbohydrate and 
protein content showed approximately twofold and 1.5-fold 
increases, respectively, the total chlorophyll increased by 
1.4-fold and total lipid and carotenoid by 1.23-fold. The 
microalgae, once separated from bacteria and re-cultured 
for a duration of 10 days, exhibited significant and sustained 
development without any noticeable indications of damage 
to cells.

Characterization analyses for carotenoid production

Biochemical content analyses

Table 2 displays the biochemical contents of the micro-
algae culture initiated for carotenoid production after 
30 days. There was an approximate 39% decrease in total 
carbohydrate content compared to the biochemical con-
tent results obtained after 10 days of post-chip cultured 
microalgae (Table 2). Conversely, an increase is observed 
in total protein, lipid, chlorophyll, and carotenoid con-
tents. The protein and lipid content has increased by 
approximately 7% and 20%, respectively, while chloro-
phyll and carotenoid contents have increased by approxi-
mately 190% and 170%, respectively.

The highest carbohydrate content and growth rate were 
achieved in the post-chip microalgae culture at 10 days, 
while the highest protein, lipid and pigment content were 
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Fig. 4   Growth kinetics of microalgae cultures. Average values ± SD from three independent replicates
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obtained in the 30-day nutrient-stressed microalgae cul-
ture. These results stem from microalgae producing bio-
mass and primary metabolites such as carbohydrates and 
proteins under optimal conditions, and secondary metab-
olites such as chlorophyll and carotenoids under stress 
conditions (Tong et al. 2023). The decrease in protein 
and increase in carbohydrates under stress may likely be 
attributed to the production of certain proteins and amino 
acids under stress conditions (Kolackova et al. 2023). 
In the pure microalgae culture not passed through the 
microfluidic system, the lower values were observed in all 
parameters. The results show that carotene production can 
be induced under nutrient stress in microalgae culture.

Fourier‑transform infrared spectroscopy

The harvested and dried microalgal biomass at the end of 
carotenoid production and the β-carotene standard were sub-
jected to FTIR analysis. As can be seen in Fig. 5, there is an 
overlap between the FTIR spectra of dried biomass of micro-
algae harvested for carotene production and the β-carotene 
standard.

β-carotene structure consists of two non-substituted 
β-ionone rings (Paparella et al. 2021), methyl and alkene 
groups (Woggon 2002). Although most peaks in the spec-
trum matched the reference spectrum of β-carotene, the 
carotenoid extract obtained from C. minutissima contains not 
only β-carotene but also other carotenoid groups. Therefore, 
more peaks were observed in the spectrum of the microalgal 
biomass. When the FTIR spectra of the biomass extracted 
from C. minutissima and the β-carotene standard were exam-
ined, several peaks were observed. The peaks at 3403.36 
and 3355.31 cm−1, for β-carotene and biomass, respectively, 
correspond to the vibrations of the − OH groups, which 
are caused by the presence of moisture in the component 
(Quijano-Ortega et al. 2020). The peak around 1740 cm−1 
in biomass represents the ester carbonyl functional group 
of triglycerides (Takeungwongtrakul et al. 2015). In addi-
tion, peaks at 1160 and 1240 cm−1 in the microalgae bio-
mass spectrum indicate the presence of C = O ester group 
in triglycerides and fatty acids (Pérez et al. 2021) and peaks 
in the range of 1650 cm−1 corresponds to carbonyl group 
of aldehydes (Zaid et  al. 2015). The peaks seen in the 
1710 cm−1 range in both microalgal biomass and β-carotene 

Table 2   Biochemical content 
analysis for microalgae cultures. 
Data shown are means ± SD 
from three independent 
replicates

Biochemical Contents and growth kinetics Untreated 
Microalgae 
Culture

Post-Chip 
Microalgae 
Culture

Microalgae Culture for 
Carotene Production

10 days 10 days 30 days

Specific growth rate (day−1) 0.13 ± 0.15 0.34 ± 0.15 0.30 ± 0.2
Doubling time (day) 5.2 ± 0.15 2 ± 0.15 2.28 ± 0.2
Carbohydrate content (µg mL−1) 200.5 ± 0.3 400 ± 0.3 243.5 ± 0.2
Protein content (µg mL−1) 98.6 ± 0.45 142.86 ± 0.35 152.9 ± 0.3
Lipid content (mg g−1) 36.8 ± 0.15 44.4 ± 0.5 55.2 ± 0.2
Chlorophyll content (µg mL−1) 2.15 ± 0.2 3 ± 0.2 8.7 ± 0.15
Carotene content (µg mL−1) 0.9 ± 0.2 1.11 ± 0.2 3 ± 0.15

Fig. 5   FTIR analysis for 
microalgae biomass and the 
β-carotene standard. Circles 
in the figure are presented to 
highlight certain peaks in the 
FTIR spectrum
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spectra represent the alkene group (Lambert 1987). The 
peaks observed at approximately 1450  cm−1 in biomass 
and β-carotene correspond to the bending and vibration of 
methylene groups, which could be attributed to lycopene 
pigments (Neha et al. 2017), whereas the peaks at 1370 cm−1 
are indicative of umbrella vibrations originating from the 
CH3 groups (Elumalai et al. 2014). The highest intensity 
peak in the β-carotene standard occurs at roughly 970 cm−1, 
which corresponds to the vibrations caused by the bending 
of the C-H bonds in the polyene chain. On the other hand, 
the peak at around 570 cm−1 indicates the alterations in the 
angles and deformations of the polyene chain. The peak at 
1020 cm−1 in the microalgae biomass, although slightly 
shifted, is similar to the peak around 570 cm−1. The peaks 
around 900 cm−1 and 2900 cm−1 in both spectra appear due 
to β-ionone rings in the structure of β-carotene (Jalilian 
2008). Within microalgae biomass spectra, a specific band 
may be observed at around 1100 cm−1. This absorbance peak 
is attributed to the C–O stretch vibrations of alcohols and 
is likely associated with other carotenoids (Quijano-Ortega 
et al. 2020).

Thin‑layer chromatography

TLC separation exhibited spots in six different locations 
and colors at Rf values of 0.05, 0.52, 0.64, 0.67, 0.84 and 
0.99, respectively (Table 3). The Rf value for the β-carotene 
and standard was 0.98, which corresponded to the retention 
time of the carotene extract as shown in Fig. 6. Band 1 in 
the carotene extract is believed to be connected to phenolic 
compounds, band 2 to astaxanthin, bands 3 and 4 repre-
sent carotenoid isomers, band 5 to α-carotene, and band 6 
to β-carotene.

FTIR analysis revealed that the carotenoid extract 
obtained from the green microalga species C. minutissima 
is structurally similar to β-carotene. However, the presence 
of other carotenoids in the extract was also evidenced due to 
some structural differences such as ester or hydroxyl groups 
in the microalgal biomass. These findings were supported 
by TLC, where six different colored bands were observed. 
The presence of β-carotene in the extract was confirmed 

by TLC development using the same procedure as for the 
β-carotene standard. In a study conducted with Ulva lactuca 
algae, bands were observed at Rf values of 0.81 and 0.94 
in TLC using the same mobile phase as our study (75:25 
v/v hexane:acetone), and they were respectively matched 
with α-carotene and β-carotene (Adb el Baky et al. 2008). 
Additionally, in another experiment conducted with the same 
mobile phase, it was observed that phenolic compounds did 
not migrate on the silica gel plate and remained stationary 
(de Laguna et al. 2015). Some Chlorella species have been 
reported to be keto-carotenoid producers like astaxanthin 
(Gong & Huang 2020) and the capacity to produce asta-
xanthin has been reported in the C. minutissima (Ljubic 
et al. 2021). In the investigation conducted, it was shown 
that in the hexane:acetone (3:1) mobile phase, astaxan-
thin monoesters typically yield an Rf value of 0.5 (Dalei 
and Sahoo 2015) which also clarifies the ester bonds in the 
FTIR results of microalgae biomass.

Table 3   Bands and characteristics in carotenoid extract as observed 
in TLC analysis

No Rf Values Color of Spot Declared Compound

1 0.05 Green Phenolic compounds
2 0.52 Yellow Astaxanthin
3 0.64 Orange Other carotenoids
4 0.67 Orange Other carotenoids
5 0.84 Red α-carotene
6 0.99 Yellow β-carotene

Fig. 6   TLC analysis for carotene extract and β-carotene standard
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Process design and simulation

In this section, a large-scale carotene production from C. 
minutissima was designed and the process was carried out 
via the SuperPro Designer® software. The data from the 
experimental section was used to develop this process, which 
consist of two step cultivation by changing the growth media 
to produce microalgae. Data from the process design and 
simulation are anticipated to make it easier to determine the 
productivity, capital, and operating cost thresholds in order 
to target sale amounts of microalgae (Koçer et al. 2023). 
Photobioreactor was preferred to ensure efficient production 
by providing parameter and contamination control to obtain 
specific products such as carotene, pigment, and other bioac-
tive compounds.

In this process design, microalgae production is oper-
ated for 270 days per year. Three months duration in winter 
season was not appropriate for microalgae cultivation and 
used for maintenance requirements. The design of the caro-
tene production from microalgae was shown in Fig. 7. In 
the beginning, C. minutissima were first cultivated in 5000 
L fermenter (SFR-101) to be used as inoculum by providing 
nitrate, sulfate, water and carbon dioxide to the fermenter. 
Then the inoculum was sent to the main fermenter (FR-101) 
with a working volume of approximately 90.000 L. In order 
to enter the red phase, nitrate and sulfate amounts that were 
sent to FR-101 were reduced by half. In these fermenters, 
reactions were assumed to be carried out with 90% con-
version. At the end of the microalgae cultivation, carotene 
enriched microalgal culture were sent to clarification (CL-
101) for dewatering by using flocculant. In this process, 99% 
of the microalgal biomass was clarified and clarified water 
was sent to the FR-101 to utilize the water remained after 

flocculation again. Microalgal sludge was sent to centrifu-
gation (DC-101) and again 99% of the microalgal biomass 
was centrifuged and freeze dried in FDR-101 to obtain dry 
microalgal biomass. In FDR-101, 85% of carbon dioxide, 
oxygen and water evaporated according to the calculations 
carried out by the software based on final loss on drying. 
Dry biomass was then sent to homogenization (HG-101) 
and extraction (SMSX-101) to obtain carotene extract. In 
this process, total solute recovery yield in liquid phase was 
adjusted as 95%. To separate volatile solvents and enriched 
the carotene content, the product was sent to evaporation 
(EV-101). Here solvents that were used in the extraction 
step, acetone and hexane were evaporated up to 90%. Finally, 
the product sent to spray drying (SDR-101) where the 95% 
of acetone and hexane were removed according to the cal-
culations carried out by the software based on final loss on 
drying. At the end of the process, product was sent to tablet-
ing (TB-101) where 3800 entities/batch were achieved for 
90.000 L cultivation. Overall component balance is given 
in Table 4.

Discussion

Effects of the flow rate on different particle sizes 
for separation performance

Spiral microchannels can be utilized for the purification 
of microalgae from contamination or for isolation studies 
related to natural sources such as oceans, lakes, glaciers, 
etc. Changes in flow rate can directly affect separation effi-
ciency and purity in inertial microfluidic systems, as chan-
nel length, total flow rate, and sheath-to-sample flow rate 

Fig. 7   Base case scenario: Process flow diagram for carotene production from C. minutissima using SuperPro Designer®
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ratio all have an impact on separation performance (Zhang 
et al. 2023). Adjusting the operational flow rate in inertial 
microfluidic separators can significantly affect their ability to 
separate particles, emphasizing the importance of flow rate 
control in achieving separation results (Xiang et al. 2019). 
However, it was stated in the literature that the dimensions 
and flow rates of spiral microchannels need to be adjusted 
to achieve a high separation performance (Al-Faqheri et al. 
2017; Syed et al. 2018).

This reveals an increase in particle focusing and an 
improvement in the separation performance of flow rates 
between 500 and 1500 µL min−1 (between 18.3 and 219.4 
Reynolds numbers) which is attributed to the strong sec-
ondary flow induced at these velocities, leading to a large 
efficient concentration of cells guided by the Dean Drag 
force. At the flow rate of 250 µL min−1 the microalgae were 
dominated by Dean Drag force, which were insufficient to 
concentrate the cells efficiently, and resulting in an inability 
to collect the microalgae in a concentrated form from the 
respective outlet channel. Besides, at flow rates of 2000 µL 
min−1 and above, a decrease in the focusing performance 
was observed which phenomenon is attributed to the intense 
interaction between particles when a stronger drag force is 
applied in a small region, and the disruption of stable focus-
ing patterns (Zhao et al. 2017; Lee et al. 2019). Since each 
microorganism is of different sizes, in order to improve the 
separation performance, it is important to find the flow rate 

value that maximizes the efficiency while minimizing stress 
on the cells and maintaining optimum cell focusing (Bayareh 
2020; Choe et al. 2021). Similar to our study, Zhao et al.( 
2017) used serpentine microchannels and particles of sizes of 
3.2 µm, 4.8 µm, 9.9 µm, and 13 µm, and the focusing perfor-
mance was high between 400 and 1200 µL min−1 flow rates.

Studies on the separation of microalgae using microflu-
idic systems are summarized in Table 5. Upon reviewing the 
research on the separation of microalgae using microfluidic 
systems, it could be seen that Syed et al. (2018) success-
fully separated two different microalgae and achieved the 
highest performance at the flow rate 1000 µL min−1, with an 
approximate fractionation efficiency of 80% and a purifica-
tion efficiency of 95%. Also, Wu et al. (2023) used spiral 
microchannels to separate microalgae with sizes of 5 μm 
and 15 μm of the Reynolds number of 66.7, and their puri-
fication efficiency was 100%. In another study with spiral 
microchannels, the separation efficiencies were about 80% 
for Chlorella vulgaris and 72% for Cosmarium at a flow rate 
of 10 µL h−1 ( Lee & Yao 2018). There are many parameters 
that affect the separation performance, such as microfluidic 
type, microfluidic design parameters, microchannel geom-
etry, fluid type, particle number/concentration, as well as 
the flow rate. For example, in the literature, various methods 
have been employed for separating bacteria and microalgae, 
including viscoelastic microfluidics with straight microchan-
nels and removal ratios of over 92% (Yuan et al. 2019), iner-
tial microfluidics with straight microchannels (Godino et al. 
2015), and nanosieve devices (Korensky et al. 2021).

In this study we utilized inertial microfluidics with spi-
ral microchannels, which do not require external equipment 
or chemical additives. The separation performance can be 
further enhanced by reducing the microalgae concentration, 
modifying microchannel geometry parameters or the number 
of turns, and employing two-stage cascaded system in the 
microfluidic platform. For example, in a study with straight 
microchannels (Godino et al. 2015), it was proven that sepa-
ration efficiency, purity, and focusing efficiency decreased 
with increasing initial concentrations of larger particles. 
Furthermore, microalgae can be of different sizes, large and 
small, depending on their stage of cell division and they are 
commonly regarded as prone to collapse microorganisms 
(Barros et al. 2019). Over time, microalgae present in the 
sterile syringe used for inlet flow may precipitate and accu-
mulate within the microchannel flow, potentially affecting 
experimental results. Additionally, due to the rapid division 
of bacteria, the possibility of their multiplication between 
the separation and the subsequent counting of bacteria may 
also influence the results of the experiment (Scott & Hwa 
2011).

Microfluidic devices are highly effective for separat-
ing microalgae, but some limitations sould be removed to 

Table 4   Overall component balance (t year−1) of the designed process

COMPO-
NENT

INITIAL INPUT OUTPUT FINAL IN–OUT

Acetone 0 35.77 35.77 0 0
Ash 0 0 0.84 0 -0.84
Biomass 0 0 1.06 15.45 -16.52
Carbon 

dioxide
0 55 5.11 0.39 49.5

Cell debris 0 0 5.13 0 -5.13
Flocculant 0 0.12 0.11 0.01 0
Hexane 0 35.77 35.77 0 0
NaNO3 0 38,623.35 1,103.22 37,507.91 12.22
Nitrogen 93.27 39.41 126.03 6,65 0
Oxygen 28.31 11.96 85.59 5.61 -50.92
Phospho-

lipid
0 0 0.48 0 -0.48

Potass. 
Sulfate

0 19,309.17 551.72 18,755.89 1.56

Proteins 0 0 0.95 0 -0.95
salt 0 0 0.02 0.83 -0.85
TAG​ 0 0 4.53 0 -4.53
Water 0 23,782.84 564.15 23,202.89 15.81
TOTAL 121.59 81,893.40 2,520.49 79,495.63 1.14
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achieve optimal efficiency (Abt et al. 2020). High concentra-
tions of microalgae or other particles can cause clogging in 
the microchannels or fouling, hindering continuous opera-
tion and reducing separation efficiency (Ngum et al. 2024). 
It is essential to consider the design and production stages 
of the microchannels as they require precise control, and 
any variation in fabrication can lead to inconsistent perfor-
mance due to dimensional differences in the channels (Bagi 
et al. 2024). Furthermore, designs should be modeled using 
the analyses in large-scale studies to account for the scal-
ing effect. Lastly, achieving high separation efficiency for 
species with similar properties could be challenging, but 
active appraoches in hybrid microfluidic systems can assist 
in obtaining more precise separation (Ebrahimi et al. 2024).

Effects of the microfluidic separation on microalgae 
cells

The observation of microalgae cells showing a better 
growth curve after passing through the chip compared to 
the control group is an important finding. Microalgae cells 

can be small in size during the stage of new division, but 
their sizes increase during the growth phases. Additionally, 
cell sizes can vary depending on culture conditions and the 
phases from which microalgae are taken from the stock 
culture. Therefore, the cell size distributions of microalgae 
in a culture may differ, reported to be between 2–8 µm for 
C. minutissima (Bhatnagar et al. 2010; Stirk et al. 2014). 
Although this condition may reduce the efficiency of the 
microfluidic platform, it may have led to the separation of 
mature cells in the recultivation studies of microalgae and 
shortened the adaptation time of these microalgae to the 
fresh medium, resulting in a faster growth curve. Similarly to 
our study, it has been reported that C. vulgaris and Haema-
tococcus pluvialis microalgae showed good growth without 
damage to the cells after being separated using a microflu-
idic chip and re-cultured (Wu et al. 2023). Korensky et al. 
(2021) showed that using nanosieve devices, microalgae can 
be effectively separated from bacteria, and contaminants 
can be minimized. This could selectively enrich for a more 
robust or faster-growing microalgae species within the popu-
lation and may shed light on the reason for the faster growth 

Table 5   Various microfluidic devices to separate microalgae

Microalgae Strain Microfluidic Device Flow Rates/Reynolds Numbers References

Chlorella vulgaris & Haematococ-
cus pluvialis

PDMS-based 5-turns spiral micro-
channels

Re = 66.7 (400 µL min−1) (Wu et al. 2023)

Chlorella vulgaris Asymmetric contraction expan-
sion microchannels to separate 
microalgae from Bacillus subti-
lis bacteria

Re = 1–15 (Karimi & Sattari-Najafabadi 2023)

Tetraselmis suecica PDMS-based 5-turns spiral micro-
channels to separate different 
sized microalgae

3000 µL min−1 (Magalhães et al. 2023)

Scenedesmus dimorphus Algae flocculation and coagulation 
in PDMS-based spiral microchan-
nels

8000 µL min−1 (Sharma & Kim 2022)

Tetraselmis suecica & Phaeodacty-
lum tricornutum

PDMS-based 6-turns spiral micro-
channels

1000 µL min−1 (Mihandoust et al. 2020)

Euglena gracilis PDMS-based flat microchannel Re = 77 ( Li et al. 2017)
Tetraselmis suecica & Phaeodacty-

lum tricornutum
PDMS-based microfluidic device 

production by soft lithography, 
spiral microchannels, eight circu-
lar loops

1000 µL min−1 (Syed et al. 2018)

Euglena gracilis PDMS-based microfluidic device, 
separation of microalgae cells 
by size difference with hydrogel 
droplets

Re = 55.7 (500 µL min−1) (Li et al. 2018)

Chlamydomonas reinhardtii Nanosieve device to separate micro-
algae cells from E. coli bacteria

4–8 µL min−1 (Korensky et al. 2021)

Coenochloris signiensis PMMA-based microfluidic chip 
with disposable plastic to separate 
microalgae cells from E. coli 
bacteria

500 µL min−1 (Godino et al. 2015)

Chlorella vulgaris & Haematococ-
cus pluvialis

PDMS-based contraction–expan-
sion array microchannel

Re = 9 ( Kim et al. 2021)
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of recultivated microalgae. The reasons behind this could 
be attributed to the cellular mechanisms of stress protec-
tion responses such as mannitol production (Rathod et al. 
2022), energy storage for endurance (Wang et al. 2022), and 
metabolic changes triggered by stress conditions, such as 
the accumulation of triacylglycerides, precursors of lipid 
accumulation (Hadady et al. 2014). Given these effects and 
metabolic adaptations, pure microalgae culture may have 
resulted in a faster growth rate in recultured microalgae com-
pared to the control group.

Carbohydrates and proteins are primary metabolites, 
while pigments, vitamins, and carotenoids are significant 
secondary metabolites synthesized by microalgae during 
culture. Lipids can be categorized as primary or sec-
ondary based on their structure and metabolic activities 
(Vuppaladadiyam et al. 2018). Since the specific growth 
rate is higher in the post-chip microalgae culture, it is 
expected that the primary metabolites will increase by 
1.5–2 times compared to the untreated microalgae cul-
ture. This difference is likely due to the approximately 2.5 
times faster growth of post-chip microalgae. However, it 
is surprising that while the primary metabolites increased, 
the secondary metabolites also increased. Under stressful 
conditions such as high salinity, pH, low or high tem-
perature, osmotic stress, microalgae produce much more 
secondary metabolites such as astaxanthin, β-carotene and 
render green cells red (Yarkent et al. 2020; Laamanen 
et al. 2021; Park et al. 2022). In recent years, various 
microfluidic systems have been designed to induce stress 
on cells for the purpose of inducing astaxanthin produc-
tion (Kwak et al. 2015; Cheng et al. 2018; Han, et al. 
2019a, b, c; Yao et al. 2020). The simultaneous increase 
in secondary metabolites while primary metabolites are 
increasing is likely due to the physical stress microal-
gae cells undergo when passing through the microfluidic 
system, such as microchannel geometry and flow rate. In 
microfluidic systems, hydrodynamic forces such as Dean 
Drag force and inertial lift force, along with flow rate, 
can influence the movement and orientation of micro-
algae, thereby affecting the cell's growth rate, behavior, 
and shape. Particularly, as the cell diameter increases, the 
hydrodynamic forces acting on the cell will also increase, 
which again can induce stress on the cells and may serve 
as an inducer for secondary metabolites (Krsmanovic 
et al. 2021; Santore 2022). In addition, the pressure gra-
dient due to secondary flow used for mixing in spiral 
microchannels (Zhao et al. 2020; Rouhi et al. 2021), the 
shear stress created by flow velocities on cells ( Park et al. 
2021), and the injection of cell suspension into the micro-
fluidic system using syringes with small nozzle radii can 
also induce stress on cells (Guzniczak et al. 2020), trig-
gering cell growth and secondary metabolite production.

Carotene production from green microalgae 
Chlorella minutissima

Chlorella species are a valuable industrial source of many 
phenolic compounds (Mtaki et al. 2020) and carotenoids, 
including lutein, α and β-carotene, and astaxanthin (Cha 
et al. 2008; Ibrahim & Elbialy 2020). Microalgae activate 
different cellular mechanisms to manage various stress con-
ditions, leading to increased carotenoid production. One of 
these important mechanisms is the regulation of enzyme 
expression and the reorganization of metabolic pathways, 
which entails the downregulation of pathways linked to 
biomass production and the upregulation of carotenoid 
biosynthesis pathways (Coesel et al. 2008). Another cel-
lular mechanism is the activation of signaling pathways, 
which control carotenoid accumulation by triggering stress 
responses in microalgae (Jo et al. 2020). For example, stress 
signals caused by nutrient limitation stimulate the expres-
sion of genes involved in carotenoid biosynthesis, and carot-
enoid production increases as a defense mechanism against 
stressors. In addition, reduced availability of nutrients such 
as nitrogen can affect the rate of electron transport and the 
formation of reactive oxygen species in photosystems, which 
in turn affects carotenoid synthesis (Li et al. 2020). In this 
respect, there are many studies on increasing the carotene 
content of microalgae.

Gayathri et al. (2021) optimized aeration and light con-
ditions for lutein production from Chlorella salina, Teng 
et al. (2022) employed aminobutyric acid and pseudo sea-
water for β-carotene and lutein production from Chlorella 
sorokiniana, Baidya et al. (2021) optimized light conditions 
for pigment production from Chlorella ellipsoidea, Geor-
giopoulou et al. (2023) studied chlorophyll, carotenoid, and 
phenolic compound production from C. vulgaris, while 
Morón-Ortiz et al. (2024) optimized extraction methods to 
enhance carotenoid content from C. sorokiniana. Among 
the Chlorella species, C. minutissima stands out as a major 
source of chlorophyll pigments and is also a valuable source 
of carotenoids, including β-carotene (Sankar et al. 2011; 
Santos et al. 2023) and phenolics (Selvaraju et al. 2023). The 
optimization of major and minor nutrients in the medium 
was reported to trigger carotenoid production (Dineshku-
mar et al. 2015). For instance, studies on carotenoid pro-
duction from C. minutissima stated that despite being a 
green microalga species, it could produce carotenoids under 
extreme conditions, leading to an increase in β-carotene and 
astaxanthin levels under stress (Ljubic et al. 2021). This is 
consistent with our results when nutrient stress was applied 
and concluded as carotene production. Similarly, high 
nitrogen levels were observed to induce carotene produc-
tion in C. minutissima (Bauer et al. 2020). However, another 
study found that a decrease in nitrogen levels resulted in 
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a reduction in carotenoid production (Ördög et al. 2012). 
In this research, nutrient stress, such as nitrogen, carbon, 
phosphate, and calcium, was applied to microalgae culture 
by excluding BG-11 medium ingredients from the media. 
This manipulation could have induced the microalgae to 
redirect their metabolic pathways towards carotenoid pro-
duction. In this study, it was put forth the feasibility effort 
of a large-scale carotene production -a highly valuable bio-
active compound-, from microalgae. Chlorella minutissima 
cells collected after passing through the microfluidic plat-
form can be used in effective carotene production and can 
be a prominent strategy to increase the sustainability of algal 
industry. In the literature, there are just a few of research 
based on large-scale microalgae cultivation for secondary 
metabolites like carotene. Espada et al. (2020) evaluated 
β-carotene extraction from Dunaliella salina using super-
critical CO2 via SuperPro Designer®. They reported that 
the potential benefits of the supercritical process in terms of 
environmental issues do not balance the drawbacks related 
to its low extraction yield. D. salina was grown in open race-
ways instead of closed photobioreactors due to the economic 
cost. Chalermthai et al. (2022) studied D. salina cultiva-
tion, harvesting, and carotene extraction. Similar to Espada 
et al. (2020), D. salina was cultivated in open raceway in 
that study. It was observed that, both studies disregarded the 
stress conditions which are the main effect on the induction 
of carotene production. Other studies such as Razi Parjik-
olaei et al. (2017) and Monte et al. (2020) investigated only 
the carotene extraction section of the process. In comparison 
to those studies, in this study, the aim was to assess all the 
steps of carotene production from microalgae in this study. 
Moreover, although fermenter was considered as expensive, 
fermenters with different scale were preferred due to the 
control of environmental parameters. This was also included 
by the study of Marsullo et al. (2015), in achieving high pro-
ductivity when using closed photobioreactor. It was assumed 
that the reason for the overestimation could be the tempera-
ture control strategy of the reactor, which is kept constant 
in the simulation runs.

Conclusion

Microalgae are sustainable feedstocks capable of producing 
primary metabolites under optimal conditions and second-
ary metabolites such as carotenoids for survival under stress 
conditions. The cultivation of microalgae in a controlled and 
reproducible approach is crucial in bioprocesses. Controlled 
environment of the microalgae cultivation ensures the devel-
opment of high-quality products and advances economic and 
environmentally friendly techniques. In this regard, the use 
of microfluidic devices, which allow fast and high-precision 
processes by minimizing the amount of waste and chemicals, 
is limited in microalgal bioprocessing and biotechnology 

fields. This study employed microfluidic devices with 5-turn 
spiral microchannels to separate microalgae from bacteria, 
achieving a success rate of 84.9% separation yield and 93.8% 
separation purity at a flow rate of 500 mL min-1 and a Reyn-
olds number of 36.6. It was demonstrated that post-chip 
microalgae sustain their viability, showed induced growth 
and increased the amount of biochemical compounds in 
comparison with the untreated pure microalgae. Finally, this 
study demonstrated the industrial feasibility of recultivating 
post-chip C. minutissima for carotenoid production, obtain-
ing a significant increase in carotenoids within 20 days fol-
lowing nutrient stress induction. This study will be critical in 
terms of the integration of microfluidic systems into micro-
algae biotechnology, the determination of suitable micro-
channels and flow rates for separation, the determination of 
the metabolic effects of microfluidic systems on microalgae 
cells, and the analysis of the potential for industrial scale 
carotene production from microalgae. This interdisciplinary 
research covers innovative technologies in microalgal bio-
processes and carotenoid production from microalgae and 
will contribute to future research efforts in the field. Near 
future studies will certainly enhance the effectiveness of 
separation and purification by using hybrid approaches by 
also integrating active separation techniques such as dielec-
trophoresis into the microfluidic system in addition to the 
passive approach. Moreover, cascade systems, which incor-
porate many geometries into a single system, could further 
increase the performance and efficiency.
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