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Abstract

Microalgae are essential sources of biofuels and bio-products, and usually they are studied using “bulk” technologies that
ignore the heterogeneity of cells as well as the importance of single cell-based phenomena. As a consequence, being able
to culture, monitor, and study single or a small amount of algal cells is important for investigating how the stochasticity of
separate cells affects a population of them. Micro-droplets, micro-scaled aqueous droplets suspended in the oil phase, pro-
vide an excellent platform for investigating individual microalgae. They offer advantages of independence, small volume,
mono-dispersion, high surface-area-to-volume ratio, and high throughput. In this study, a microfluidic device is designed
and fabricated to generate micro-droplets for encapsulating microalgae of different culture media. The channel dimension
and the flow rates of both aqueous and oil phases are adjusted based on simulation results to experimentally generate micro-
droplets of similar sizes. This chip is then used to study how culture conditions, including various concentrations of nutrient
solution, nitrogen (urea) and ion (Cu?"), affect the growth of microalgae Chlorella vulgaris in a high-throughput manner.
After 10 days of culturing and monitoring, the results show that, in general, the presence of nutrient solution and urea at
optimal concentrations stimulates the growth of Chlorella vulgaris, while medium containing Cu®* suppresses its growth.
These findings can definitely help in optimizing the growth condition of microalgae for increasing their yields as resources

of bio-products and biofuels.
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1 Introduction

Microalgae are unicellular species responsible for near half
of the carbon fixation in the Earth’s atmosphere owing to
their photosynthetic ability (Field et al. 1998). With sizes
varying from few to a few hundred micrometers, microalgae
can survive in either freshwater or marine systems, in either
water column or sediment. Recently, microalgae are of much
interest to researchers in both industry and academia because
of their potential in yielding various bio-products, such
as vitamins, pigments, fatty acids, and certain chemicals.
Advantages of these microorganisms include high productiv-
ity, oxygenic photosynthesis, and no competition for arable
land and water. (Parmar et al. 2011). For example, astax-
anthin, a keto-carotenoid extracted from Haematococcus
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pluvialis (H. pluvialis), is shown to prevent cardiovascular
diseases, diabetes, and some neurodegenerative disorders.
(Ambati et al. 2014; Panis and Carreon 2016). In addition,
microalgae are good sources of ethanol and lipids for serving
as biofuels, such as biodiesel, biobutanol, and biogasoline
(Beer et al. 2009; Menetrez 2012; Radakovits et al. 2010;
Singh and Singh 2014; Vo Hoang Nhat et al. 2018). The
species as well as the growing conditions of these micro-
algae are known to affect their yields as bio-products and
biofuels. Studies reveal that H. pluvialis produced astax-
anthin in response to environmental stresses, such as light
(excessive sunshine) and salt (increased salinity) (Lemoine
and Schoefs 2010; Steinbrenner and Linden 2001), and cer-
tain species of algae produced lipids under nutrient limi-
tation and mechanical stress (Mercer and Armenta 2011).
Factors shown to affect the growth of microalgae include
nutrient availability, pH value, temperature, salinity, inor-
ganic carbon, oxygen, light intensity, and CO, (Khan et al.
2018). Therefore, to maximize the yields of algae-derived
products, it is important to optimize their growth conditions.
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Conventionally, studies of microalgae are conducted using
“bulk”-based methods where “average” effects are acquired
(i.e., averaged over a large number of cells). For instance,
light-dependent photosynthesis of Chlorella vulgaris (C.
vulgaris) was investigated with a novel photosynthesis meas-
urement system where all cells were approximated as the
“average” cell (Yun and Park 2003). But in these “bulk”-
based experiments, the heterogeneity of cells is not taken
into consideration. As reported, genetically identical cells
exposed to the same culturing conditions could exhibit sig-
nificant variation in both molecular content and phenotypic
characteristics (Kaern et al. 2005). As a result, it is of impor-
tance to culture and monitor single or a small amount of
cells for investigating how the stochasticity of separate cells
affects a population of them.

With advantages of mono-dispersion, independence,
small volume, high surface-area-to-volume ratio, and high
throughput, micro-droplets provide an excellent platform for
single cell-based studies (Hayat and El Abed 2018; Zhu and
Wang 2016). Single or multiple cells cultured inside droplets
are considered as in three-dimensional (3D) in vitro micro-
environments (Jang et al. 2016). In the example of single cell
analysis, the dispersed fluids (containing single cells) can be
antibody-contained culture medium for screening of specific
antibody-secreted cells (Mazutis et al. 2013), lysis buffer for
DNA-sequencing (Eastburn et al. 2014), or drug-contained
culture medium for screening drug library (Brouzes et al.
2009). Single cells encapsulated within these partitions may
secrete biomolecules that are easily detected, facilitating the
rapid detection of target cells by fluorescence-activated cell
sorting (FACS) (Wu et al. 2013). A variety of microorgan-
isms have been investigated in micro-droplet-based systems,
including yeast (Beneyton et al. 2017), bacteria (Jakiela et al.
2013), and even Caenorhabditis elegans (C. elegans) (Stege-
man et al. 2019).

Microfluidic devices having micro-fabricated structures
integrated with fluidic components possess advantages of
small volume, low cost, and easy fabrication. Especially in
cell-related studies, only a small amount of cells and rea-
gents is consumed compared with traditional cell culture
dishes and microplates (El-Ali et al. 2006; Nan et al. 2014).
Because in vivo tissue cells are subject to various fluidic
stresses including blood and all kinds of body fluids, these
in vitro devices provide a platform best mimicking the fluid-
circulating micro-environment. Moreover, within these mini-
mized chips, different chemical and physical stimuli can be
applied to cells in a precise and controllable manner to inves-
tigate their responses. For example, collective cell migration,
such as chemotaxis, electrotaxis, and phototaxis, has been
extensively investigated in microfluidic devices (Li and Lin
2011; Lin et al. 2019; Sun 2017). When applying micro-
fluidics in generating microdroplets, micro-scaled aqueous
droplets are suspended in an oil stream within a micro-scaled
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channel. In a microfluidic device, droplets can be generated
either passively or actively (Zhu and Wang 2016). Passively,
flow-focusing, co-flow, or cross-flow generators are applied
to introduce the dispersed fluid (such as water) into the con-
tinuous fluid (such as oil) by squeezing, dripping, jetting,
tip-streaming, and tip-multi-breaking modes (Farjami and
Madadlou 2017; Zhu and Wang 2016). In these cases, the
channel dimension and the flow rates of both aqueous and
oil phases play important roles in determining the droplet
size and the generation rate. Micro-droplets can be manipu-
lated for various purposes such as serving as reservoirs for
incubation, being separated to allow different operations on
identical duplicates for increasing experimental throughput,
being injected with a variety of chemicals and gene materials
by pico-injection and on-chip droplet sorting and detection
by combining lasers and electrodes (Best 2016).

However, in almost all studies, micro-droplets gener-
ated in microfluidic devices are monodispersed, meaning
that the medium condition within each droplet is identical.
This highly limits the experimental throughput in screening
against different culture media and investigating how they
affect the growth of microalgae. In this study, a microfluidic
device is designed and fabricated for generating microalgae-
encapsulated micro-droplets with various concentrations of
nutrient solution, nitrogen (urea), and ion (Cu®*). Micro-
algae incubated within these compartments are monitored
for 10 days to track their numbers over time, and the results
indicate that, in general, the presence of nutrient solution
and urea at optimal concentrations stimulates the growth
of Chlorella vulgaris, while medium containing Cu** sup-
presses its growth. These findings are helpful in optimizing
the growth of microalgae as bio-resources, and this platform
can be further applied to single cell-based investigations of
more complicated animal and human cells in a high-through-
put way.

2 Materials and methods
2.1 Chip design and fabrication

The fabrication and the observation of micro-droplets were
conducted in two separate chips, namely the fabrication
chip and the observation chip, respectively. The designs
were drawn in AutoCAD (Autodesk, USA) for making
masks, and the devices were fabricated using the standard
soft-lithography technique. In brief, after a negative mode
of SU-8 GM1070 (EM RESIST LTD., UK) was fabricated
on a 4-inch silicon wafer, PDMS (Dow Corning, USA) and
a curing agent in a ratio of 10:1 were used to replicate the
mold to form the microstructures. Via O,-plasma activa-
tion at 18 W for 40 s under an O, pressure of 600 mTorr
(Harrick Plasma, USA), the PDMS layer was bonded onto a
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glass slide to form the integrated chip. Figure 1a shows the
design and picture of the fabrication chip. The height and the
width (except the inlets, the outlets, and the nozzles where
two phases meet) of the microfluidic channels are 55 and
200 pm, respectively. The size of the nozzles is 60 pm. The
dispersed phase (the upper part in the 2D schematic) mimics
the “Christmas tree” geometry beginning with two inlets,
with one having the max concentration (for example, 1) and
the other having the minimum one (for example, 0). After
the first separation and mixture, concentrations of 1, 0.5,
and 0 can be achieved. Finally, concentrations of 1, 0.875,
0.5, 0.125, and O can be attained after the third separation
and mixture in the five downstream outlets (shown in blue in
the 3D schematic). Here, it is assumed that all liquids split-
flow smoothly and equally around the fork. By this means,
micro-droplets containing five different concentrations of

—) Dispersed phase inlet
—) Continuous phase inlet
—) Droplets outlet

medium can be generated. The design and the picture of
the observation chip are shown in Fig. 1b. The height of the
channels is 55 pm, and micro-pillars with a size of about
400 pm x 1000 pm are created inside the chambers to pre-
vent them from collapse.

2.2 Simulation of flow rates and concentrations

The commercial software COMSOL Multiphysics (COM-
SOL, Inc., USA) was used for numerical simulation of flow
rates and concentrations inside the dispersed-phase channels
of the microfluidic chip. The “Laminar Flow” and “Transport
of Dilute Species” modules were applied with the following
parameters and settings: the boundary condition for inlets is
“velocity”: normal inflow velocity; the boundary condition
for outlets is “pressure”: 101,300 Pa with normal flow and

Fig. 1 a 3D schematic (left) and picture (right) of the droplet-fabrication microfluidic chip. b 3D schematic (left) and picture of the droplet-

observation microfluidic chip
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suppress backflow; diffusion coefficient=2.8 x 10~ m?*/s for
Brilliant Blue FCF (used for testing the distribution of con-
centrations); inlet flow rate =100 pL/min (set in each inlet);
concentrations =0 and 100% in two inlets, respectively.

2.3 Algae preparation and chemicals

Green microalgae Chlorella vulgaris (C. vulgaris) were used
as the model for investigating the effects of medium condi-
tions on their growth. As a freshwater specie, these unicel-
lular green algae are spherical in shape, about 2 to 10 pm
in diameter, and are without flagella. They are widely used
as food supplement for their good antioxidant and thera-
peutic properties. Before seeding into the microfluidic chip,
these microalgae were cultured in the 1 X medium under
the exposure of a white LED light source (VITALUX X1,
Taiwan) at room temperature without extra CO, supply.
The light intensity was about 29 pmol photons m~2 s~! and
the rhythm was 16/8 (16-h light and 8-h dark). 1 X medium
contains 1 mL of F/2 nutrient solution diluted in 1 L of
10/1000 sterilized sea water. F/2 nutrient solution is com-
posed of 1: 1: 1 of NaNO; (75 g/L), NaHPO, (5 g/L), and
FeCl,-6H,0 (6.3 g/L)+ Ethylene-diamine-tetra-acetic acid
(EDTA) (8.72 g/L). 0 X medium contains sea water only.
CuSO,-H,0 is dissolved in 1 x medium to get desired Cu**
concentrations. The urea solution is prepared by diluting it
in 1 X medium to attain the desired concentration.

2.4 Experimental system and procedure

As shown in Fig. 1a, the flow-focusing geometry is used to
generate micro-droplets. First, the nozzles were filled with
the continuous-phase liquid. Then the dispersed-phase liquid
approached the junction, forming the immiscible interface.
Finally, by continuously flowing in both liquids, the inter-
face was broken and uniform droplets were formed. The
continuous-phase inlet (see Fig. 1a in red) was connected to
a syringe containing a mixture (Fluigent, France) (w/w) of
98% 3 M™ Novec™ 7500 fluorinated oil and 2% dSUREF, a
high-performance surfactant used in forming the water—oil
interface of the micro-droplet. The two dispersed-phase
inlets (see Fig. l1a in green) were connected to two syringes
containing suspensions of C. vulgaris microalgae at desired
culturing mediums. Algae concentration was adjusted so that
there were about 0—4 cells in each droplet, and the average
encapsulate ratio was about 50% (50% of the droplets con-
tained no cells). Various concentrations of nutrient solution,
nitrogen (in urea), and Cu?* (in CuSO,-H,0) were prepared
to investigate their effects on the growth of microalgae. For
example, as two dispersed liquids having Cu*? concentra-
tions of 0 and 5 pM, concentrations of 0, 0.625, 2.5, 4.375,
and 5 pM could be attained within micro-droplets in five
outlets. All syringes were connected to syringe pumps (New
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Era, USA) with flow rates of 400 and 100 pL/min set in the
continuous and dispersed inlets, respectively. After flowing
in all liquids for few minutes, stable micro-droplets were
generated and then, for long-term storage, transferred into
five separate glass culture tubes (Kimble, Germany, diam-
eter=>5 cm) via Teflon tubes (VICI Jour, Switzerland, diam-
eter=0.5 mm). The culture tube was sealed with a PDMS-
made plug to prevent from evaporation. The tube was filled
with FC-40 (3 M, USA), a surfactant for maintaining the
integrity of micro-droplets. During the whole period of cul-
turing, the tubes were exposed to a white LED light source
under the same condition as described in Sect. 2.3. To count
the numbers of algae within micro-droplets, each culturing
tube was connected to one channel of the observation chip.
With a peristaltic pump (HONDWEN, Taiwan), droplets
were sucked into the channel. The chip was mounted on
top of an inverted microscope (ESPA SYSTEMS Co., Tai-
wan) for taking bright-field images under a magnification
of 100 x. Afterward, microalgae-encapsulated droplets
were pushed back into the culturing tubes again using the
peristaltic pump. These steps were repeated daily for taking
time-dependent images.

2.5 Data analysis

For quantifying the sizes of generated microdroplets, images
of five droplets-contained channels in the observation chip
were taken. For each channel, at least 10 droplets were
selected, and their sizes were measured using the ImagelJ
software (National Institute of Health, USA). The mean val-
ues together with the standard deviations (SDs) were calcu-
lated. The growth of microalgae under different culture con-
ditions was tracked by taking images of five channels of the
observation chip in a one-day time interval. For each channel
at one time-point, at least two pictures were taken, with each
containing at most 40 micro-droplets. For statistical analysis,
the numbers of algae within at least 20 droplets from two
independent experiments were counted manually to get the
mean and SD (as the error bar) for a specific medium condi-
tion at one certain time. Droplets were selected randomly
with each containing at least one cell.

3 Results and discussion
3.1 Simulation of flow rates and concentrations

The “Christmas tree” structure is commonly used for cre-
ating concentration gradients for cell-related experiments,
such as chemotaxis and electrotaxis (Lo et al. 2013; Wu
et al. 2015). In a traditional design of equal separations
(1:1:1:1 in Fig. 2a, left), the flow rates are different in
all outlets (Jeon et al. 2000). Since these rates play an
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Fig.2 Theoretical evaluation a
of how the geometry of the

chip affects the flow rates in all
outlets. a Left: the unmodified

design (top) with flow rates of [ T

Right: the modified design (top)
with flow rates of 1:1:1 in three
outlets (bottom). b The design

1:2:1 in three outlets (bottom). U

can be further extended to, for 1 1 1
example, a six-layered device H ﬂ ﬂL
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1 1 2 2 2
2 1 2 3 3 3
b
—1 2
-1 3 2——
114 24 3

crucial role in determining the size of micro-droplets (Kim
et al. 2012; Wojnicki et al. 2018), the geometry of the
microfluidic chip has to be modified to make these values
almost the same in all outlets. The inequality in flow rates
can be well explained by the Hagen—Poiseuille equation,
equivalent to the Ohm's law in electric circuits. To cal-
culate the theoretical flow rates in all outlets, the law of
conservation of mass is applied at each node. Given that
the flow rate is affected by the resistance of the channel,
and this resistance is directly proportional to the channel
length, the easiest way to modify the geometry to attain
the same flow rates in all outlets is to adjust the ratio of
split-channel lengths. After a series of calculations, Fig. 2a
right shows the optimal two-layered structure where the
flow rates are equal in all three outlets. And as shown in
Fig. 2b, this design can be further extended to infinitely
many layers. The present modified microfluidic chip is
supposedly capable of attaining similar flow rates in all
outlets and therefore generating microdroplets of similar
sizes. Unless otherwise specified, the modified design is

used in the microfluidic device for both dispersed and con-
tinuous phases.

The COMSOL numerical simulations of flow rates inside
the dispersed-phase channels (see Fig. 1a left in green) of
both unmodified and modified microfluidic chips are indi-
cated in Fig. 3a. Figure 3b shows the flow rates plotted along
the red line (the locations of nozzles) at a depth of 30 pm.
For the unmodified structure, a Gaussian distribution in the
flow rates was clearly observed, with a mean of 0.2124 m/s
and a SD of 0.0176 m/s. In this design, these unequal flow
rates of the dispersed phases might cause non-uniform drop-
let sizes. After modification, the flow rates were almost the
same in all five outlets, being 0.2038 m/s in average with
a SD of only 0.00084 m/s. Based on these results, we also
modified the design of the continuous-phase channels (see
Fig. 1a left in red) so that the ratios of the flow rates of the
dispersed phase to those of the continuous phase in all noz-
zles were nearly equal.

This microfluidic device is designed to generate micro-
droplets containing five different concentrations of medium.
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Fig.3 a Numerical simula-
tions of flow rates inside the
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Figure 4a shows the COMSOL numerical simulations of
blue dye concentrations inside the dispersed-phase chan-
nels of both unmodified and modified microfluidic chips.
The concentrations in the left and right inlets are 100 (in
dark red) and 0% (in dark blue), respectively. Again, Fig. 4b
shows the flow rates plotted along the red line at a depth of
30 pum. As clearly indicated in the figure, the concentrations
were not significantly affected by the modification. For the
modified design, the simulated concentrations in the first (I),
second (II), third (IIT), fourth (IV), and fifth (V) outlets were
about 0, 21, 50, 78, and 100%, respectively. Although some

Fig.4 a Numerical simula-

of these values are not close to the theoretical ones (0, 12.5,
50, 87.5, and 100% from I to V), the modified design with
stable and precise concentrations can be used in fabricating
microdroplets of different contents.

3.2 Characterization of micro-droplet sizes
and concentrations

Figure 5a shows the images of micro-droplets within five
channels of the observation chip. Their sizes in radii were
characterized using the ImageJ software, as indicated in
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Fig.5 a Images showing micro- a I
droplets in five channels of the

observation chip. b Average

sizes (in radii) of microdroplets
in these channels

b 80
= 7 63.9
o
qé, 60
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L 40
=
% 30
=
T 20
P

10

0

Fig. 5b. These micro-droplets exhibited high mono-disper-
sity both in individual channels and across five channels.
The mean radii with SDs in channel I, II, III, IV, and V
were 63.9+0.97, 59.68 +0.88, 61.8 +0.21, 63.06 +0.55,
and 65.88 +£ 1.2 pm, respectively. Across all channels, the
average radius was 62.87 pm with a SD of 2.32 pm. This
corresponds to a droplet volume of around 1.04 nL. With
flow rates of 400 and 100 pL/min set in the continuous and
dispersed inlets, respectively, the flow rate ratio (FRR) is
calculated to be simply 2. The FRR is defined as the ratio of
the flow rate of the side channel (the continuous phase) to
that of the center channel (the dispersed phase). By control-
ling the geometry (the nozzle size) as well as the flow rates
in two immiscible phases, the micro-droplet size can be well
regulated. Gulati et al. reported microfluidic droplet forma-
tion in flow-focusing geometries possessing varying degrees
of rounding (Gulati et al. 2016). A variety of junction geom-
etries differing in their radii of curvature (R) and corners of
rounding (either symmetric or asymmetric) were fabricated.
The largest droplets were produced at the junctions with
the largest rounding of asymmetric R =50 pm (Gulati et al.
2016). It was also found that the diameter of micro-droplets
(in the asymmetric R=150 pm case) decreased from around
225 to 100 pm with increasing FRR from 1 to 8 (Gulati
et al. 2016). A similar trend was observed in a microfluidic
T-junction where the mean droplet volume decreased from
about 6.5 to 2.5 nL with an increase in the FRR from 0.4 to
2 (Loizou 2018).

As mentioned earlier, one of the main advantages of
the present chip is that it can generate microdroplets of
five different culturing conditions. Five sets of droplets are
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synthesized simultaneously, greatly increasing the experi-
mental throughput. To experimentally verify the distribution
of concentrations, blue dye (0.05% (w/v) bromophenol blue)
in deionized (DI) water and DI water only were continuously
flowed into the two inlets of the dispersed phase. A much
cheaper oil (98% Paraffin oil + 2% surfactant Span 80, both
from Sigma, USA) was used as the continuous phase. Then
the whole chip was imaged using an inverted microscope.
Figure 6a shows the images of micro-droplets, in five chan-
nels of the fabrication chip, right next to the nozzles. As
indicated, the blue colors were getting darker and darker
from channel I to V. In Fig. 6b, the intensities were quanti-
fied by measuring the gray values with ImageJ and then nor-
malized, showing that concentrations of 0, 13.9, 48.2, 81.5,
and 100% were attained in five channels. These values are
comparable to those in simulations, suggesting the applica-
bility of this chip in parallel analysis of algae growth under
different media. Microfluidic devices with a similar design
were used to study the effects of antioxidant concentrations
on the production of reactive oxygen species (ROS) in lung
cancer cells (Lo et al. 2013), investigate the effects of ultra-
violet lights on human fibroblasts (Huang et al. 2017), and

evaluate the correlation between cell migration and ROS
under electric field stimulation (Wu et al. 2015).

3.3 Effects of culture media on the growth
of Chlorella vulgaris algae

The evaporation of microdroplets was investigated by moni-

toring their sizes over time. After 10 days of observation,
droplets with 1 X medium showed no significant shrinkage.
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Fig.6 Using blue dye as the a |
sample, the concentrations
within micro-droplets are
quantified. a Images show-
ing microdroplets right next
to the nozzles. b Quantified,
normalized concentrations by

measuring gray values of the b 2o
microdroplets in (a) S 0
H
= 60
©
—
b=}
c 40
)
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c
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Also, due to the presence of the surfactant FC-40, coales-
cence was not observed.

3.3.1 Culturing Chlorella vulgaris in microdroplets

Figure 7a shows the images of C. vulgaris-encapsulated
droplets with 1 X medium at a series of time points up to
10 days. Qualitatively, these green algae grew in a time-
dependent manner. The numbers of cells per droplet in
each of the five channels were counted each day and illus-
trated in Fig. 7b. In general, microalgae growth is charac-
terized in five phases including lag, exponential, declin-
ing growth rate, and stationary and death phases (Rahman
et al. 2020). Usually, optimal harvesting of algae biomass
is performed at the exponential or stationary phases as
these are the two with the highest cell biomass (Rahman
et al. 2020). It was reported that an exponential growth is
expected if algal cells are not limited by external factors
such as nutrient or light supply (Golterman et al. 1975).
In the exponential phase, the growth curve can be fitted to

Q

Time: 0 h 48 h 96 h

144 h 192 h 240 h

Fig.7 a Images showing algae-encapsulated micro-droplets with
1 xmedium at different time points. b Quantitative data showing the
growth of C. vulgaris when cultured in different channels, all with
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the equation: N, — N, = e®27"# where N, and N, are the
numbers of algae at time ¢, and ¢;, respectively, and u is
the growth rate (Liang et al. 2013). As shown in the figure,
except some irregularities in channel I at some time points,
algae grew with almost the same rates in all five channels.
The numbers of algae per droplet increased from <2 at
day O to around 15 at day 10. By fitting these data to the
exponential equation, the growth rates were 0.256, 0.267,
0.284, 0.251, and 0.27 d~! in channel I, II, III, IV, and V,
respectively. This resulted in a mean value of 0.265 d~!
and a SD of 0.0117 d7!, indicating a very slight variation
in growth rates among all channels. The growth rate highly
depends on the culture conditions, such as components of
the medium, pH value of the medium, environmental tem-
perature, light exposure, and cell density (Bialon and Rath
2018; Nguyen et al. 2019). Wong et al. conducted a growth
medium screening for C. vulgaris growth. Among 13 dif-

ferent media, maximum and minimum growth rates of
0.278 and 0.042 d~! were found for the Bold basal and Fog
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1 X medium. Statistical analysis was performed. ns: no statistically
significant difference (p>0.05); *p <0.05; **p <0.01; ***p <0.001;
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media, respectively (Wong 2017). A similar study reported
C. vulgaris growth rates of 0.34 and 0.1 d~! for the BG-11
and F/2 media, respectively (Khemiri et al. 2022).

3.3.2 Effects of F/2 nutrient solution on the growth
of Chlorella vulgaris

To study the effects of F/2 nutrient solution on the growth of
C. vulgaris, 0 X (containing no F/2) and 2 X media (contain-
ing 2 mL/L F/2) were flowed into the two inlets of the dis-
persed-phase channels. This resulted in five different nutri-
ent concentrations in five sets of microalgae-encapsulated
microdroplets. The algae growth was monitored for 10 days,
with four representative images shown in Fig. 8a. As quali-
tatively seen in the figure, algae grew faster in the presence
of 2 x medium. Quantitatively, for each medium concentra-
tion, the numbers of algae per droplet were counted at a
time interval of 1 day. As shown in Fig. 8b, C. vulgaris
didn’t grow without the or with just a little supply of F/2
nutrient solution. The numbers of cells per droplet remained
below 2 under 0 X and 0.25 X media. As the concentration
increased beyond 1 X, algae grew noticeably. For example,
the numbers increased from <2 at day O to around 11 at
day 10 under 1 xand 1.75 X media. Unexpectedly, under a
concentration of 2 X, cells didn’t grow as well compared to
those in 1 X and 1.75 X. In terms of growth rates, the fitted
values were 0.05, 0.073, 0.254, 0.268, and 0.209 d~! for
0x,0.25%, 1x, 1.75%, and 2 X media, respectively. From
these results, it is suggested that a highly nutrient medium
could cause adverse effect to the growth of C. vulgaris. The
effects of culture medium contents on the growth and lipid
production of C. vulgaris have been widely investigated
(Crofcheck 2012; Khemiri et al. 2022). It was found that the
KNOj;-based medium worked the best for C. vulgaris, while
additional media components, such as EDTA and vitamin
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Fig.8 a Images showing algae-encapsulated micro-droplets with
Oxand 2xmedia at O h and 240 h. b Quantitative data showing the
growth of C. vulgaris when cultured in different concentrations of
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B, didn’t result in a significant increase in algae growth.
(Crofcheck 2012) Khalili et al. investigated the effects of
various nutrients concentrations in the growth medium on
the biomass production of C. vulgaris (Khalili et al. 2015).
Similar to the findings in the present study, the growth rate
was not always proportional to the nutrient concentration.
For example, the optimal concentrations of MgSO,-7H,0
and K,HPO, in the growth medium were 0.06 (instead of
0.1) and 0.04 (instead of 0.1) g/L, respectively (Khalili et al.
2015). To the best of our knowledge, this study is the first
one to reveal the dependence of F/2 nutrient concentration
of the growth of C. vulgaris.

3.3.3 Effects of urea on the growth of Chlorella vulgaris

Urea, the most frequently applied nitrogen fertilizer in agri-
culture, is shown to trigger algal blooms in adjacent water
bodies (Huang et al. 2014). To evaluate how urea affects the
growth of C. vulgaris, 0 and 2 mL/L of urea were flowed
into the two inlets of the dispersed-phase channels to attain
concentrations of 0, 0.25, 1, 1.75, and 2 mL/L in five sets
of algae-encapsulated droplets. Figure 9a shows the images
of these microdroplets with 0 and 2 mL/L of urea at day 0
and day 10. It is obvious that C. vulgaris grew significantly
in both conditions, but the number of cells per droplet was
larger in the 2 mL/L case. Quantitative data are shown in
Fig. 9b, indicating that the algae grew over time under any
of the urea concentrations. However, urea concentrations of
1 and 1.75 mL/L seemed to stimulate the growth the most.
The numbers of algae per droplet increased from <2 at day
0 to around 51 and 59 at day 10 for urea concentrations of
1 and 1.75 mL/L, respectively. Again, increasing the con-
centration of urea didn’t further accelerate the growth. The
number was about 43 at day 10 for 2 mL/L of urea. These
observations were also verified by fitted growth rates of
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F/2 solution. Statistical analysis was performed. ns: no statistically
significant difference (p>0.05); *p <0.05; **p <0.01; ***p<0.001;
*HEkp <0.0001
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Fig.9 a Images showing algae-encapsulated micro-droplets with O
and 2 mL/L of urea in culture media at 0 h and 240 h. b Quantita-
tive data showing the growth of C. vulgaris when cultured in differ-

0.325, 0.336, 0.413, 0.408, and 0.3409 d~' for urea con-
centrations of 0, 0.25, 1, 1.75, and 2 mL/L, respectively.
Similar findings were observed in other studies but with dif-
ferent optimal concentrations and culture media. Fiebiger
et al. observed that there was generally a positive relation-
ship between urea concentration and C. vulgaris growth, but
the growth decreased after the limit (Fiebiger 2018). The
average amounts of cell growth were 1.88x 10°, 5.94x 10°,
8.12x10°, and 1.57 x 10° cells/mL per week for urea con-
centrations of 0, 0.1, 0.2, and 0.3 mL/L in water (Fiebiger
2018). Among a variety of nitrogen sources for C. vulgaris
growth including sodium nitrate (NaNOj), urea (CO(NH,),),
ammonium chloride (NH,Cl), and ammonium carbonate
((NH,4),CO3), urea was found to be the optimal one (Khal-
ili et al. 2015). And after 7 days of examination, the opti-
mal level of urea in BG-11 medium was about 0.19 mL/L,
leading to a maximum biomass concentration of 1.23 g/L
(Khalili et al. 2015). In contrast, urea concentrations of 0.1
and 0.76 mL/L gave biomass concentrations of 1.1 and only
0.6 g/L, respectively (Khalili et al. 2015). It has been shown
that urea could be toxic at high concentrations (Converti
et al. 2006), which might inhibit algae growth.

3.3.4 Effects of [Cu?*] on the growth of Chlorella vulgaris

Heavy metals including copper (Cu), chromium (Cr),
zinc (Zn), cadmium (Cd), and lead (Pb) were reported to
affect algae in suppressed cell division, inhibited growth
rate, restrained enzyme activity, and reduced photosyn-
thesis (Ouyang et al. 2012). It was found that treatments
of Cu, Cr, Zn, Cd, and Pb at critical concentrations sig-
nificantly inhibited the growth of C. vulgaris, while Cu/Cr
had an inhibiting effect and Zn/Cd had a promoting effect
on chlorophyll fluorescence (Ouyang et al. 2012). With
the present microfluidic chip, the effects of [Cu®*] from

@ Springer
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0to 5 pM on the growth of C. vulgaris were investigated.
Images of algae-encapsulated microdroplets with O and
5 uM of [Cu**] at day 0 and day 10 are shown in Fig. 10a.
C. vulgaris seemed to grow faster without the presence of
[Cu?*]. Figure 10b indicates the quantitative data. Overall,
compared to concentrations of 0 and 0.625 uM, [Cu**]
higher than 2.5 pM inhibited algae growth. The number
of cells per droplet decreased with an increase in [Cu®*].
For example, these numbers changed from <2 at day 0 to
about 13.5, 14.7, 10.3, 9.1, and 8 at day 9.5 for [Cu2+] of 0,
0.625, 2.5, 4.375, and 5 pM, respectively. A similar trend
was observed in fitted growth rates, being 0.229, 0.234,
0.201, 0.201, and 0.17 d~' for [Cu®**] of 0, 0.625, 2.5,
4.375, and 5 pM, respectively. It was therefore suggested
that [Cu®*] of low concentrations (less than 0.625 uM)
didn’t affect the growth of C. vulgaris, but the growth
could be inhibited beyond a critical value (2.5 pM). Ouy-
ang et al. studied the effects of [Cu®*] at different con-
centrations on C. vulgaris growth in BG-11 medium, and
found that a 5 pM treatment significantly inhibited the
growth (Ouyang et al. 2012). It was also reported that the
growth rate per unit time of C. vulgaris decreased with an
increase in [Cu®*] from 1 to 10 uM (Mehta 1999). Kebeish
et al. conducted a detailed study on how Cu affects the
growth, bioactive metabolites, antioxidant enzymes and
photosynthesis-related gene transcription in C. vulgaris
(Kebeish 2014). Higher concentrations of [Cu®*] (3 and
4.5 pM) showed a relative reduction in algal growth rate,
and significant increases in carotenoids, intracellular pro-
line contents, and activity of antioxidant enzymes were
observed following copper exposure (Kebeish 2014). It is
concluded that the growth of C. vulgaris could be inhibited
as the concentration of copper increased beyond a certain
value (typically between 2.5 and 5 pM).
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Fig. 10 a Images showing algae-encapsulated micro-droplets with
0 and 5 pM of Cu®* in culture media at 0 h and 240 h b Quantita-
tive data showing the growth of C. vulgaris when cultured in dif-

4 Conclusions

In this study, a microfluidic chip was successfully designed
and fabricated for generating microalgae-encapsulated
microdroplets. By modifying the "Christmas tree" struc-
ture, uniform flow rates in all outlets can be attained to
synthesize droplets of consistent sizes, being around
125 pm in diameter and 1 nL in volume. Five sets of
micro-droplets containing different media were gener-
ated simultaneously for culturing and investigating algae
growth in a parallel and high-throughput manner. Microal-
gae C. vulgaris was incubated within these compartments
and monitored for 10 days to track their numbers over
time. The results indicated that the presence of nutrient
and urea solutions at optimal concentrations stimulated
the growth of C. vulgaris, but a highly nutrient medium
or a concentrated urea solution could instead inhibit the
growth. As for copper, low concentrations of Cu>* (below
0.625 pM) didn’t affect C. vulgaris growth much, but it
could be suppressed as the concentration increased beyond
a critical value (2.5 pM). These findings are of help to
optimizing the growth of microalgae for increasing their
potentials as resources of bio-products and biofuels. And
this platform can be further applied to single cell-based
investigations of more complicated animal and human
cells in a high-throughput way.
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