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Abstract: Microalgae and cyanobacteria are photosynthetic microorganisms with significant
biotechnological potential for the production of bioactive compounds, making them a promising
resource for diverse industrial applications. This study presents the development and validation of
a modular, droplet-based microfluidic photobioreactor (UPBR) designed for high-throughput
screening and cultivation under controlled light conditions. The pPBR, based on
polytetrafluoroethylene (PTFE) tubing and a 4-channel LED illumination system, enables precise
modulation of light intensity, wavelength, and photoperiod, facilitating dose-response experiments.
Synechococcus elongatus UTEX 2973 and Chlorella vulgaris were used to demonstrate the system's
capacity to support photosynthetic growth under various conditions. The results indicate that
continuous illumination, particularly under blue and mixed blue-red light, promotes higher
autofluorescence and chlorophyll-a content in cyanobacteria Synechococcus elongatus UTEX2973,
while Chlorella vulgaris achieved optimal growth under a 16:8 light-dark cycle with moderate light
intensity. This uPBR offers not only a flexible, scalable platform for optimizing growth parameters
but also investigating highly resolved dose response screenings of environmental stressors such as
salinity. The findings highlight its potential for advancing microalgal biotechnology research and
applications.

Keywords: cyanobacteria; Chlorella vulgaris; photobioreactor; droplet-based microfluidics; salt
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1. Introduction

Eukaryotic microalgae and cyanobacteria are microscopic organisms that produce energy
through oxygenic photosynthesis. They are widespread, found in nearly every habitat on Earth.
AlgaeBase has documented over 50,000 species of living algae and 10,000 fossil species here referred
to four kingdoms (Eubacteria, Chromista, Plantae, and Protozoa), 14 phyla, and 63 classes. They
exhibit remarkable biological diversity with almost 6000 living species of cyanobacteria and more
than 14000 living species of algae [1]. This diversity holds significant biotechnological potential for
the production of valuable substances across various industries, such as feed, dietary supplements,
pharmaceuticals, and the food industry.

The growth of photosynthetic microorganisms depends on numerous factors, including: 1) Light
availability: Photosynthesis requires light as an energy source. Light encompasses not only duration
and intensity but also wavelength, which can affect the growth of these microorganisms [2]. 2)
Nutrients like carbon, nitrogen, phosphorus, and trace elements. 3) Temperature. 4) pH levels. 5) The
salinity of the medium, as some species thrive better in saline environments than others. 6) Carbon
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dioxide concentration [3]. These factors work in combination, and changes in one or more can
influence the growth and productivity of photosynthetic microorganisms.

The first cultivation of mono-algal cultures took place in 1890 with Chiorella vulgaris, with the
study focusing on algal physiology [4]. Microalgae cultivation can be conducted in open systems (so-
called "open ponds"). Shen et al. reported that there are three distinct open pond systems: raceway
ponds, circular ponds, and unstirred ponds [5]. While these systems are cost-effective, they carry a
high risk of contamination. The cultivation conditions are difficult to control, as they are heavily
influenced by weather and climate. More recently, closed systems for the cultivation of microalgae
have been developed for research and production purposes. Tubular reactors and flat-panel
bioreactors are primarily used in research for the cultivation of cyanobacteria and microalgae [6,7].

Cyanobacteria are particularly attractive for their fast-photoautotrophic growth and the ability
to be found in almost any place on the planet [8]. For many years, cyanobacteria have been studied
for their biochemical properties, such as lipids, and pigments[8], as well as the production of
carbohydrates, fatty acids, and alcohols as renewable sources of biofuels [9].

Over time, systems used for research and development have become smaller to conserve
resources and increase efficiency. In recent years, droplet-based microfluidics has been increasingly
studied. This technique applies the principles of conventional tubular bioreactors at the microliter
scale and represents a promising alternative for media optimization and high-resolution dose-
response screening [10]. Microfluidic photobioreactors are specialized systems that enable multiple
experiments to be conducted simultaneously. They utilize microfluidic technologies to optimize the
growth and cultivation of photosynthetic microorganisms, such as microalgae or cyanobacteria, in
controlled environments. By employing microfluidics, these photobioreactors can precisely control
the flow of nutrients, light, and other growth factors, leading to optimal growth or production of
valuable bioactive compounds from photosynthetic microorganisms. This, in turn, can accelerate the
research process [11,12].

Microfluidic and Droplet-Based Microfluidic Photobioreactors

Microfluidics deals with systems that handle or manipulate small volumes of fluid (10~ to 101
L) [13]. About 30 years ago, the first microfluidic devices were mainly aimed at miniaturizing
analytical methods, especially to improve the separation of analytes [14]. Because of the small amount
of fluid and, in many cases, system size, microfluidic systems have significant differences compared
to conventional fluidic systems [15]. In the microscale, surface-bound effects are dominant, such as
interfacial tension, electrostatic, and electrokinetic forces. In contrast, volume-bound effects such as
inertia and gravity play a major role in the macroscale.

Microfluidics can be applied in numerous areas, for example, cell culture, drug research,
separation processes, synthesis of nanomaterials, and diagnostics [15-17]. In cell culture, the
miniaturized systems are a promising alternative for culturing photosynthetic microorganisms
[10,11,18-21], tolerance determination against heavy metals [22,23], to organ-on-a-chip to investigate
the pathophysiology of a disease and new therapeutic approaches [16,17].

Droplet-based microfluidics has been around since the early 1980s, but the number of examples
of commercial applications is limited [24]. Droplet generation involves heterogeneous liquid-liquid
systems, such as water/hexane and water/oil. Active control of droplet generation can be achieved by
changing the flow rate or pressure of the liquid phases [25-30].

Key factors for microfluidic photobioreactor design include illumination, CO: supply, nutrient
supply, and reactor mechanical form factors. Lighting parameters include intensity, wavelength, and
temporal and spatial patterns. In addition, monitoring cell growth during cultivation and end-point
detection of the desired product are also critical [18]. In the last decade, studies on droplet-based
photobioreactors have been an attractive field of research. A lot of them were concentrated in chip-
based microfluidic photobioreactors [11,12,19,20]. Cao et al. presented a droplet-based microfluidic
platform that enables one-dimensional (1D) and two-dimensional (2D) screening of key parameters
in cyanobacterial cultivation [10]. After generation, droplets containing cyanobacteria were stored in
a PTFE microfluidic tube, cultivated under white fluorescence light, and growth was determined by
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photometric and fluorometric measurements. Subsequently, a high-throughput 1D screening of
nitrate, phosphate, carbonate, and salt concentrations was performed.

In this contribution, we develop a high-throughput modular droplet-based pPBR with PTFE
tubing as storage space, which will allow cultivation and dose-response screening under different
light conditions. Moreover, the tubing is autoclavable, thereby it can be used multiple times. The
HUPBR was successfully validated by the growth of cyanobacteria and green algae Chlorella vulgaris.

2. Materials and Methods
2.1. Test Organisms and Chemicals

For the experiments, a green microalga Chlorella vulgaris and a cyanobacterium strain
Synechococcus elongatus UTEX 2973 (hereafter UTEX2973) were chosen. Both were cultivated in BG11
medium supplemented with 10 mM N-Tris(hydroxymethyl)methyl-2-aminoethanesulphonic acid
buffer (MelFord, UK) to maintain a pH of 8.0. The composition of BG11 medium was as follow: 150
g/L NaNOs (VWR, Germany), 3.6 g/L CaCl>2 H.O (VWR, Germany), 0.6 g/L citric acid (VWR,
Germany), 0.1 g/L EDTA (VWR, Germany), 7.5 g/L MgSO4+7 H20 (VWR, Germany), 30.5 g/L K2HPOx4
(Geyer, Germany), 20 g/L Na2COs (Merck, Germany), 2.86 g/L HsBOs (Roth, Germany), 1.81 g/L
MnCl: - 4 H20 (Merck, Germany), 0.222 g/L. ZnSOs+7 H20 (VWR, Germany), 0.39 g/L Na2Mo0Os-2 H20
(Applichem, Germany), 0.079 g/L CuSOs+5 H20 (Merck, Germany), 0.049 g/L Co(NOs)2:6 H20 (Merck,
Germany).

Chlorella vulgaris was sourced from the TU Karlsruhe, Institute of Applied Biosciences and Food
Chemistry. The algae cells were pre-cultivated for 5 days at 25°C under constant shaking (100 rpm)
and 16:8 h of light-dark cycle illumination provided by LED panel with white light with a color
temperature of 4000K and an intensity of 3200 lumens (Delychi GmbH) until an optical density at 600
nm (ODew) of 0.5 - 0.7 was reached. For the microfluid screening experiments, a cell suspension with
a density of approximately 1x10¢ cells/mL was used, resulting in an initial concentration of 500 cells
within 500 nL/segment.

UTEX2973 was supplied by the working group for synthetic biology of photosynthetic
organisms of the Friedrich-Schliller-University Jena. UTEX 2973 was grown in BG11tes medium. The
pre-cultures for inoculation of the microfluidic experiments were grown in 100 ml Erlenmeyer flask
filled with 20 mL BG11tes medium at 27°C with approximately continuous 75 pmol photon m s
white light for 3 to 4 days with ODsw of 0.5 - 0.7. A cell suspension with a density of about 1x107
cells/mL was applied for the microfluid screening experiments. Thus, the start concentration could
be determined to be 5000 cells inside a 500 nL/segment.

As carrier phase, FLUTEC PP10 (F2 Chemicals, UK) was used for the experiments. For highly-
resolved dose-response screening assay, a 0.6 M working solution of NaCl (VWR, Germany) was
used.

2.2. The Development of Microfluid Photobioreactor

The housing of our custom-developed microfluidic photobioreactor has dimensions comparable
to a standard microtiter plate (127 mm x 86mm) and its components are shown in Figure 1. A uPBR
consists of a 4-channel illumination unit (LEDs in an aluminum housing with cooling slots), onto
which the fluid system to be illuminated (polytetrafluoroethylene, PTFE, tubing) is mounted. Two
diffuser plates (2 mm and 3 mm) made of polycarbonate, with a gap of approximately 5 mm, ensure
homogeneous light scattering (Figure 1 d). Three thin metal sheets separate the color channels. These
sheets are placed directly between the LEDs on the LED array to prevent light contamination.

To control and determine light intensity of the individual LED arrays, a 2-in-1 spectro- and light
meter, SpectraPen mini (Photon Systems Instruments, Czech Republic), was used. This device
enables simultaneous spectral measurements of photon flux density (in pmol photon m= s* or uE m-
2 g1), irradiance in W m2, and illuminance in lux.
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Figure 1. The detail construction of the u-photobioreactor in microtiter plate format with an
aluminum housing featuring cooling slots includes: (a) p-photobioreactor in realization, (b) an
overview, (C) an aluminum lid with machined cavities for 16 rows of tubing, preventing any light
crosstalk between neighboring rows, (d) a holder for 2 meters of PTFE tubing for incubation and
microscopy, and (e) the circuit board layout for the 4-block lighting unit and two diffuser plates (2
mm and 3 mm) made of polycarbonate, with a gap of approximately 5 mm, ensure homogeneous
light scattering.

The meandered incubation tubing is made of PTFE with an inner diameter of 0.5 mm and an
outer diameter of 1.0 mm (Figure 1 c). There are four rows of tubing in each color channel, providing
a total of 16 rows of tubing in the uPBR. The system is closed with a lid made of aluminum with
machined cavities for the tubing (Figure 1 b), ensuring that the individual rows are optically
separated and can be individually illuminated. After generation, the droplets were stored and
incubated in the uPBR.

For the growth experiments, 300 umol photon m? s was set, and by using printed filter foils,
which had 0%, 20%, 50%, and 80% shading. The transmissions of the printed foils, which had 0%,
20%, 50%, and 80% shading, determined by the VIS spectrometer were 90%, 64%, 40%, and 18%,
respectively, allowing photon flux densities of 270 pmol photon m? s, 192 umol photon m2 s, 120
pumol photon m?2 s, and 54 pE/m?s to be adjusted. Four color blocks in combination with the printed
foils allowed the simultaneous investigation of growth under 16 different growth conditions per

UPBR. Dose-response screenings were conducted at a photon flux density of 120 pmol photon m2 s-
1
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2.3. Experimentals

2.3.1. Microfluidic Cultivation Setup

For the experiment, the microfluidic segments were first generated (Figure 2). A multi-channel
precision syringe pump system (Nemesys, CETONI GmbH) with up to five glass syringes was used
for liquid dosing. The flow rate for each syringe could be individually adjusted via a computer
program. One syringe was filled with the carrier medium Perfluoroperhydrofuran (FLUTEC PP10)
as the separation phase unless otherwise specified. Three other syringes were then filled with the
aqueous phases (medium, medium with cells, and medium with effector solution).
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Figure 2. Droplet Generation Setup: computer-controlled syringe pump system with a 6-port
manifold for droplet generation. The detection system: the aqueous segments (medium, effector, cells)
separated by carrier liquid were pumped through a transparent FEP tube into a multi-channel
detection unit for photometric and fluorometric measurements using a computer-controlled syringe
pump system. The incubation tubing is made of PTFE with an inner diameter of 0.5 mm and an outer
diameter of 1.0 mm. The length of the was 2.20 m. Approximately 28 droplets per row with a ca. 4
mm gap between droplets could be cultivated per run or up to 450 droplets.

All tubes connected to the individual syringes converge in a 6-way manifold, which mixes the
aqueous phases and shapes them into microfluidic segments via a T-shaped channel structure. The
segments were then directed to the detection system for the initial measurement. Afterward, they
were routed into the incubation tubing of the uPBR. The manifold features a removable insert with
various channel diameters. For the experiments, a PTFE insert with a 0.3 mm diameter for the vertical
channel (inlet for the aqueous phase) and a 0.7 mm diameter for the horizontal channel (inlet for the
carrier medium and outlet) was used [31]. For a tube with a 0.5 mm inner diameter and a flow rate
ratio of approximately 2.1:1 (carrier medium 68 pL/min, aqueous phase 32 uL/min), a droplet volume
of about 500 nL. was generated. All tubes connected to the individual syringes and the incubation
tubing are made of PTFE with an outer diameter of 1.0 mm and an inner diameter of 0.5 mm, except
for the tube connected to the carrier medium syringe, which has an outer diameter of 1.6 mm and an
inner diameter of 1.0 mm. A transparent fluorinated ethylene propylene (FEP) tube with an outer
diameter of 1.6 mm and an inner diameter of 0.5 mm was used for the detection system.

The optical density at 750 nm (OD7sonm) was performed to monitor the growth of UTEX2973 and
Chlorella vulgaris. On the excitation side, the fluorometric sensors consist of a laser diode or a power
LED with a short-pass (SP) filter as the light source. On the detection side, a photomultiplier with a
long-pass (LP) is installed.For an unspecific autofluorescence measurement, a 405 nm laser diode and
a 425 nm LP emission filter were used. A 470 nm LED with a 515 nm SP filter as excitation and a 650
nm LP emission filter were used to detect chlorophyll a in the culture.
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2.3.2. Microfluid Screening Parameter

Both the cell concentration and the effector concentrations in the syringes must be twice as high
as the desired maximum target concentration in the segment. As shown in Figure 3 a, the segment
consists equally of cell suspension and medium/effector solution. For a dose-response screening of
effectors, the cell concentration remains constant throughout the process, while the medium and
effector concentrations change complementarily.

Figure 3 b shows a typical flow rate control program. The total flow rate is consistently 100
pL/min. The yellow curve represents the flow rate of the carrier medium FLUTEC PP10, which is 68
puL/min during segment generation. At the beginning, between segment sequences, and at the end,
this flow rate is increased to 100 uL/min to maintain the overall flow rate. Blue represents the constant
flow rate of the cell suspension at 16 uL/min. The medium and effector solution, shown in white and
green respectively, have flow rates that change in opposite directions (16...0 uL/min and 0...16
uL/min). The short red bars of 2 seconds each correspond to the dye marking at the beginning and
end of the segment sequences (approximately five segments each).
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Figure 3. (a) Operation of the syringe pump system and composition of a segment in a dose-response
screening and (b) syringe program for dose-response screening with four different illuminations.

2.3.3. Microflow-through Sensing and Data Processing

After droplet generation (time 0) and at the end of cultivation, the microfluidic segments were
measured fluorometrically and photometrically using the microflow through detection unit
(Figure 2). For droplet sequence quality control, photometric measurements were taken at 470 nm,
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and optical density at 750 nm (OD7s0nm) was measured to monitor the growth of UTEX2973 and
Chlorella vulgaris. Two fluorometric sensors are integrated into the detection system. For non-specific
autofluorescence measurement, a 405 nm laser diode and a 425 nm LP emission filter were used. To
detect chlorophyll a in the culture, a 470 nm LED with a 515 nm SP filter for excitation and a 650 nm
LP emission filter were used.

The measured raw data from the multi-channel sensors were processed and analyzed using an
LabView evaluation program. Segments incubated in the non-irradiated tubing areas at the end of
each row (180° bends) were cut out. The area to be cut out could be dynamically adjusted and was
approximately 20-25%.

In pharmacology and toxicology, the median effective concentration (ECso) is specified, where a
half-maximal effect is observed. The ECso value must be derived from a specific dose-response curve,
typically a sigmoidal function, through mathematical modeling, corresponding to the inflection point
of the fitted curve. Numerous model functions are available to fit dose-response curves. One of the
most well-known models is the Hill equation, which was also used in this work:

E _ [A" 1
Emax B EC;B + [A]n B 1 ECSO "
+ ()
where E is the extent of the response, [A] is the concentration of the drug or effector, ECso is the
effector concentration that produces a 50% maximal response, and n is the Hill coefficient.

3. Results and Discussion
3.1. Microfluid Photo Bioreactor Characterization

The temperature was strongly influenced by the wavelengths used and the set intensity. The
optimal cultivation temperature for the model organisms is between 28 and 41°C [32,33]. For the
entire study, light intensities were set to 120 pumol photon m= s for dose-response screening and 300
pumol photon m? s for growth examination. The temperature was measured every 24 hours until the
end of cultivation to monitor its stability.

Figure 4 shows the temperature development for white LEDs (color temperature of 4000K), blue
(470 nm), red (660 nm), and blue-red mixed (470 nm + 660 nm) LED strips in dependence of the light
intensity. At the lower light intensity of 120 pmol photon m= s, all these selected wavelengths show
that the temperature stabilized at around 26-28°C after 70 minutes (Figure 4 a). At the higher light
intensity of 300 pmol photon m?2 s, the temperature stabilized after 100 minutes, peaking at around
32°C (Figure 4 b). It could be observed that the mixed-light and white LEDs have a slightly higher
average temperature than blue and red LEDs.
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Figure 4. Temperature development of the light system at 120 umol photon m s (a) and 300 pmol
photon m2 s (b) up to 300 minutes. n = 6 and error bars represent the standard deviation.

Longtime experiments until 7 days show the temperatures remained stable at both 120 umol
photon m2 s and 300 pmol photon m* s. Throughout the experiment, the temperature remained in
the range of 28 + 0.5°C at 120 pmol photon m? s and around 32 + 0.5°C at 300 umol photon m2 s,
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Overall, it can be concluded that with this setup, the temperature across all tested wavelengths
remained constant after 2 hours.

3.2. Influence of Different Light Condition of Green Algae Chlorella vulgaris Growth

For the experiment, the following LED strips were used: white light with a color temperature of
4000K (WL4000K), blue light at 470 nm, red light at 660 nm, and mixed LEDs (470 nm + 660 nm). The
set illuminance for all colors was 300 umol photon m? s1. Using a printed film with varying degrees
of blackening at 0%, 20%, 50%, and 80%, the transmission values corresponded to 90%, 64%, 40%,
and 18% of the set illuminance. The light intensities for the respective colors were thus 270 pumol
photon m2 s, 192 pE/m?s, 120 umol photon m? s, and 54 pmol photon m= s1. Two lighting modes
were employed for cultivation: 1) a 16:8 light-dark cycle and 2) continuous illumination.

The growth of Chiorella vulgaris was cultivated under the above-mentioned light conditions
(Figure 5). The culture was measured both photometrically and fluorometrically on the sixth day of
cultivation. The optical density at 750 nm (OD7s0nm) was used as one of the growth parameters. The
non-specific and chlorophyll a (Chl a) autofluorescence intensity were also measured. Non-specific
autofluorescence was measured using a 405 nm laser diode and a 425 nm LP emission filter. For the
detection of Chl a, a 470 nm with a 515 nm SP filter as excitation and a 650 nm LP emission filter were
used.
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Figure 5. Chlorella vulgaris in BG11 medium on the 6th day of cultivation in 500 nL droplets. The
droplets were cultivated with three different wavelengths (470 nm, 660 nm, mix 470 nm + 660 nm)
and a white light (4000K) and lighting modes 16:8 light-dark cycle (fig. a-c) and continuous
illumination (fig. d-f). For the data evaluation, non-specific autofluorescence was measured using a
405 nm laser diode and a 425 nm LP emission filter (fig.a, d). For the detection of Chl a, a 470 nm
excitation with a 515 nm SP filter and a 650 nm LP emission filter were used (fig. b,e). Optical density
at 750 nm was used as growth parameters (fig. c and f).

The culture was measured both photometrically and fluorometrically on the sixth day of
cultivation. Figure 5 shows (a) (d) the non-specific autofluorescence intensity, (b) (e) the Chl a, and
(c) (f) the optical density at 750 nm at 16:8 light-dark cycle (a,b,c) and continuous illumination (d,e,f).
In general, Chlorella growing under 16:8 light and dark cycles showed less dispersion than in the 24:0
without synchronization phases and the values of all growth parameters were higher in the 16:8 light
cycle compared to the continuously illuminated cultures. Both non-specific and Chl a
autofluorescence intensity measurements yielded similar results. The values decreased with
increasing light intensity. The highest values measured by Chl a autofluorescence intensity were
shown by the lowest intensity at 54 pmol photon m2 s of WL 4000K and 660 nm with 16:8 light cycle
(Figure 5b). Chl a autofluorescence intensity under continuous illumination with 470 nm at 192 umol
photon m? s showed high intensity with strong variations. All illumination colors under 16:8
illumination cycle showed no significant differences values while under continuous exposure shows
a great variance in OD7sonm.

Optimal biomass and pigment production in Chlorella vulgaris can be targeted by optimizing the
light conditions. The light cycle, choice of wavelength, and light intensity are all taken into account.
Chlorella vulgaris is best suited with a 16:8 light cycle at 100 pmol photon m2 s, where it reached the
highest final cell number up to 90-fold initial cell number [3]. Increasing light intensity has also been
reported to alter pigment composition. Increasing light intensity decreases chlorophyll concentration
but induces carotenoid production in microalgae [2,3,34,35]. It could be that the pigment changes are
an adaptation mechanism to the strong light. Low light induced the synthesis of larger photosynthetic
units, presumably to support light uptake, while in high light, smaller photosynthetic units were
synthesized, presumably to avoid light damage. There was also a significant decrease in Chl a content
with increasing light intensity, which could not be promoted by faster growth pigment accumulation
[3]. Thus, the studies are consistent with the Chl a and non-specific autofluorescence intensities in
this experiment, in which autofluorescence intensities decreased with increasing light intensity.

3.3. Influence of Different Light Condition of Cyanobacteria UTEX2973 Growth

For the experiment, the following LED strips were used: white light with a color temperature of
4000K (WL4000K), blue light at 470 nm, red light at 660 nm, and mixed LEDs (470 nm + 660 nm). The
light intensities for the respective colors were thus 270 pumol photon m?2 s, 192 umol photon m2 s,
120 pmol photon m? s, and 54 umol photon m? s?'. Two lighting modes were employed for
cultivation: 1) a 16:8 light-dark cycle and 2) continuous illumination. As results, Figure 6 show the
microscopic representation of UTEX2973 in BG11 medium on the 6th day of cultivation with 200X
magnification. Obviously, under 16:8 light-dark cycle (Figure 6 a,b,c,d) show much lower cell density
compared to 24:0 illumination ((Figure 6 e,f,g h).
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Figure 6. Microscopic representation of UTEX2973 in BG11 medium on the 6th day of cultivation with
200X magnification. The droplets were cultivated different wavelengths at 470 nm (a,e), 660 nm (b,f),
mix 470 nm + 660 nm (c,g) and a white light 4000K (d,h). Two lighting modes were employed for
cultivation: (a,b,c,d) 16:8 light-dark cycle, (e,f,gh) continuous illumination.

The culture was measured both photometrically and fluorometrically on the sixth day of
cultivation. Figure 7 shows (a) (d) the non-specific autofluorescence intensity, (b) (e) the Chl a, and
(c) (f) the optical density at 750 nm at 16:8 light-dark cycle (left) and continuous illumination (right).
Generally, the values of all growth parameters were higher in cultures under continuous illumination
compared to the 16:8 light-dark cycle and decreased slightly with increasing light intensity. The
highest autofluorescence intensities, both Chl a and non-specific, were observed in the culture
continuously incubated under blue light at the lowest intensity (54 pmol photon m s?), while the
maxima biomass was observed under mixed and white light at 54 pmol photon m? s1. Under the
same conditions but with a 16:8 light-dark cycle, the autofluorescence intensity was approximately
40% lower compared to continuous illumination. Figures 7 b and e clearly show that the UTEX2943
cultures underWL 4000K, 660 nm, and 470 nm + 660 nm provided almost identical Chl a content, and
generally, the Chl a content decreased with increasing light intensity.
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Figure 7. Multiparameter determination of the growth of UTEX2973 in BG11 medium on the 6th day
of cultivation in 500 nL droplets. The droplets were cultivated with three different wavelengths (470
nm, 660 nm, mix 470 nm + 660 nm) and a white light (4000K) and lighting modes 16:8 light-dark cycle
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(a-c) and continuous illumination (d-f). For the data evaluation, non-specific autofluorescence was
measured using a 405 nm laser diode and a 425 nm LP emission filter (a, b). For the detection of Chl
a, a 470 nm excitation with a 515 nm SP filter and a 650 nm LP emission filter were used (c,d). Optical
density at 750 nm was used as a growth parameters (d,f).

Cyanobacteria can grow at very high light intensities, but higher light intensity leads to a
decrease in the surface density of thylakoid membranes and Chl a content, which was also confirmed
by our study. The absorption of specific wavelengths of light causes a modification in their pigment
composition. The change in pigment is directly related to the ability to adapt to different light
intensities and durations. An increased content of phycocyanin was observed when a cyanobacterial
strain, Calothrix sp. PCC7601, was cultured under red light [36]. This explains why the results of the
autofluorescence intensity measurements differed somewhat.

The non-specific autofluorescence intensity measurement included all other pigments such as
phycoerythrin (PE) and phycocyanin (PC), whereas the other autofluorescence intensity sensor
measured only the Chl a content. The cultures irradiated with continuous blue light showed similar
changes in non-specific and Chl a autofluorescence intensities. This indicates that with increasing
blue light intensity, the pigment composition in the cells decreased proportionally. While the Chl a
content decreased under continuous 660 nm and mixed 470 nm + 660 nm, other pigments increased.
Similar results were reported in a study [37] that investigated the Chl a autofluorescence intensity of
a cyanobacterial strain, Synechocystis sp. PCC6803, cultured under blue light (450 nm) and red light
(660 nm) at various intensities. An increase in blue light intensity reduced both Chl a and PC
autofluorescence intensity. An increase in Chl a autofluorescence intensity was observed with
increasing red-light intensity, while the autofluorescence intensity decreased.

OD7s0nm measurements showed no significant differences between 470 nm and 660 nm at all
intensities. The highest values were observed in cultures continuously illuminated under 54 pmol
photon m?2 s TWL 4000K and 470 nm + 660 nm, which decreased with increasing light intensity (Figure
6 c and f). In a 16:8 light cycle, the 470 nm + 660 nm cultures showed the highest values at all
intensities, while they showed the lowest values under red light, and different light intensities had
no effect on cell density. The OD7s0nm value correlated closely with cell number but did not allow
differentiation between living and dead cells. On the other hand, growth could be determined by
measuring endogenous cellular autofluorescence intensity, which allowed an estimation of the
approximate number of physiologically active cells [10]. Although the culture under 54 umol photon
m? s continuous 470 nm showed the highest autofluorescence intensities, its OD7sonm was only half
that of 470 nm + 660 nm. This could indicate that the cells cultured under 470 nm were packed with
a higher pigment content.

Overall, growth determination using multi-parameter sensors enables the optimization of
targeted value-added production in cyanobacteria. For example, to achieve higher chlorophyll yields,
UTEX2973 can be cultured under 54 umol photon m?2 s continuous illumination under 470 nm. If
biomass production is the goal, it grows best under 54 umol photon m? s?! continuous
illuminationWL 4000K or combined light with 470 nm and 660 nm.

3.4. Realization of the Combinatorial Effect of Dose-Response Experiment with NaCl under Various Light
Condition

Cyanobacteria pursue limited sodium uptake and release via the Na*/H* antiport as a control
mechanism in the accumulation of elevated Na* ions in the cytoplasm. Although higher inorganic ion
concentrations can damage the cell growth and metabolism of cyanobacteria, they are much more
resistant to salt stress compared to higher plants [38]. In this experiment, the influence of different
wavelengths of irradiated cultivation light on the salt tolerance of UTEX2973 was investigated.

UTEX2973 was cultured for dose-response screening against NaCl under white light with a color
temperature of 4000K (WL4000K), red light 660 nm, blue light at 470 nm and a mixed blue and red
light (470 nm + 660 nm) at 120 pmol photon m2 s (Figure 8). The NaCl concentration was 0-0.6 M.
Previously, it was confirmed that UTEX2973 grows best under continuous illumination. For this
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experiment, the culture was therefore incubated under continuous illumination. The unspecific
autofluorescence intensity of the culture was measured on the sixth day of cultivation using
microflow fluorometry with a 405 nm laser diode and an LP emission filter of 425 nm.
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Figure 8. Dose-response curves of UTEX2973 against NaCl (0 - 0.6 M). The cultures were measured
on the sixth day of cultivation in 500 nL droplets. The cultivation temperature was 32 + 0.5 °C. The
unspecific autofluorescence measurement was performed with a 405 nm laser diode and an LP
emission filter of 425 nm. The droplets were cultivated with three different wavelengths (470 nm,
660 nm, mix 470 nm + 660 nm) and a white light (WL 4000K) with continuous illumination.

Under white and red-light exposure, the ECso values were approx. 0.35 + 0.03 M NaCl.
Comparatively, the salt tolerance of UTEX2973 decreased significantly under blue light (ECso blue =
0.13 M NaCl). ECso of blue and red mixed light (470 nm + 660 nm) was 0.21 M NaCl and thus exactly
in the middle between 470 nm and 660 nm. Overall, this confirmed the findings from our previously
research which showed that Synechococcus elongatus UTEX2973 decreased biomass from 0.3 M NaCl
and an ECso value of about 0.4 M NaCl [10]. Model organisms Synechococcus sp UTEX3154 and
Synechocystis sp. PCC6803 have a higher salt tolerance of about 0.85 M and up to 1.2 M NaCl [2,10,38].

It was also observed that in the sublethal concentration range between 0.3 - 0.38 M NaCl of 470
nm, 0.45 - 0.5 M NaCl of 470 nm + 660 nm and 660 nm, there was an increased autofluorescence
intensity. This phenomenon can be explained by the fact that high salinity inhibits the growth and
photosynthesis of cyanobacteria, but also induces some specific salt stress proteins and increases cell
chlorophyll content [38]. Overall, the 1D screening data confirmed that our microfluidic platform is
well-suited for investigating the cyanobacterial response to individual effectors. This example clearly
demonstrates that the illumination wavelength plays a significant role in the salt tolerance of
cyanobacteria UTEX2973.

4. Conclusions and Outlook

Our study demonstrates the successful application of a droplet-based microfluidic
photobioreactor (uPBR) for high-throughput cultivation and screening of photosynthetic
microorganisms. The modular design of the uPBR allows precise control over light conditions and
facilitates multiple parallel experiments, providing an innovative tool for optimizing the growth of
microalgae and cyanobacteria. The ability to vary light conditions and conduct dose-response
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screenings highlights the system's utility in investigating environmental influences on photosynthetic
efficiency and bioactive compound production.

Future work could expand the capabilities of the pPBR by incorporating additional
environmental parameters such as temperature and gas content, further increasing its versatility. This
platform also shows promise for industrial applications, where rapid optimization of cultivation
conditions is critical for maximizing biomass production and compound yields. With the integration
of advanced sensing technologies and automation, the uPBR could be scaled for larger bioprocesses,
contributing to the sustainable production of biofuels, pharmaceuticals, and other valuable
bioproducts. The next steps in this research will focus on optimizing the system for specific industrial
strains and exploring its applicability to other biotechnologically relevant organisms.
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