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ARTICLE INFO ABSTRACT

Keywords:

Harmful algal blooms (HABs) are a recurring phenomenon along all continents, posing a global threat, partic-

HABs ularly due to shellfish poisoning and public health, and their timely monitoring is vital for safeguarding the blue

Inertial microfluidics
Alexandrium species
Size-based separation
Cell enrichment

economy. The ability to efficiently isolate species of interest, such as harmful dinoflagellates, is a key process for
HABs monitoring which is particularly complex because of the typically high diversity of marine microalgae
communities. This study introduces a simple spiral microchannel device using inertial microfluidics to separate

and concentrate microalgae based on size. This device effectively concentrates microalgae, achieving up to 5.8-
fold fluorescence increase after 3 cycles in the spiral and isolates target species with <6 % cell loss. A continuous
enrichment method demonstrated a 2.85-fold increase in fluorescence signal for Alexandrium minutum after 80
min. This method proved suitable to enhance the sensitivity of devices designed to detect harmful phytoplankton

species’ early blooms.

1. Introduction

Phytoplankton are a diverse group of microscopic photosynthetic
unicellular organisms, with sizes ranging from <1 pm to colonies larger
than 500 pm, and are annually responsible for roughly half of the pri-
mary production on the planet, being the basis of marine food webs [1].
They also play a vital role on the carbon cycling. Through photosyn-
thesis, phytoplankton absorb CO5 and fix it into organic matter, which
can be stored in the deep ocean or used by other organisms, helping
mitigate the effects of climate change. However, phytoplankton can also
have negative impacts. Harmful algal blooms (HABs) are a natural
phenomenon occurring in all coastal systems, whose frequency and
spatial distribution has been suggested to increase as a consequence of
climate change and eutrophication [2]. Some HABs are developed by
species capable of producing toxins, others are non-toxic but with high
biomass proliferations that can lead to water discolouration and oxygen
depletion. These events can take place in large or small areas, depending
on the species and external conditions. According to UNESCO, about 300
species of microalgae have potential to form blooms, and approximately
one fourth of these species are capable of producing toxins [3]. The most

important producers of phytoplankton toxins are dinoflagellates and
pennate diatoms. Toxic HABs are most commonly associated with three
groups of toxins in Europe: paralytic toxins (PSP or paralytic shellfish
poisoning) and lipophilic toxins (DSP or diarrhetic shellfish poisoning)
produced by dinoflagellates, and domoic acid (ASP or amnesic shellfish
poisoning) produced by pennate diatoms [4]. The threshold for harmful
algae blooms (HABs) varies depending on the specific microalgae spe-
cies involved and their associated toxins, and on other factors such as the
location of the bloom and the properties of the ecosystem. For some
microalgae species, even relatively low cell concentrations can result in
harmful effects due to the potent toxins they produce. In contrast, other
species may need to reach much higher cell densities before they become
problematic. For instance, in Ria de Vigo, the presence of toxins in bi-
valves has been detected for concentrations of Pseudo-nitzschia species
slightly above 10° cell per litre. For some dinoflagellates the concen-
tration can be much lower. Alexandrium species and Gymnodinium cat-
enatum only needs a minimum concentration around 10 and 10* cell per
litre, and for Dinophysis species, the presence of toxins in bivalves has
been detected in concentrations below 10° cells per litre [4]. Many
studies have shown that the most common cause of PSP outbreaks is
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caused by dinoflagellates of the genus Alexandrium, and HABs from this
species appears to be increasing in frequency and distribution [5-7].
Therefore, the efficient and timely monitoring of these dinoflagellates is
essential to safeguard shellfish and finfish aquaculture and public health
[2]. HABs monitoring programs usually include toxic phytoplankton
detection as well as the presence of toxins in shellfish to inform on the
closure and opening of shellfish harvesting areas. The need to acquire
high resolution data on the presence of harmful phytoplankton species
both on space and time, led to the development of some commercial
automated devices, such as FlowCAM, CytoBuoy, Imaging FlowCytobot
or Laser Optical Plankton Counter. Nevertheless, they are generally
bulky and expensive [8,9]. The development of low cost, more portable
and autonomous devices for HABs monitoring is thus vital and highly
demanded to expand HABs monitoring programs [10-12]. With the
increase in computing power, scientists have been able to develop
computer models that simulate the behaviour of complex systems such
as the growth and spread of phytoplankton in aquatic environments.
These models, combined with satellite and in situ data on environmental
conditions such as temperature, nutrients, and water currents, have
been used as predictive tools to identify when and where HABs are likely
to occur [13,14]. Recent advances in machine learning (ML) and deep
learning (DL) have improved the accuracy, speed, affordability, and
real-time monitoring capabilities of these models when used in
conjunction with other monitoring techniques such as sensor networks
on floating platforms or buoys [15]. By combining all of these tech-
niques, it is possible to obtain a better understanding of the dynamics of
phytoplankton growth and the occurrence of HABs, and ultimately
improve our ability to predict and prevent these events. However, the
detection of microalgae and more specific, early HABs by affordable in
situ sensors presents some challenges due to the high diversity of
phytoplankton communities and to the often low concentrations of toxic
microalgae species present in seawater.

The separation of microalgae based on cell size prior to analysis is
important to focus the analysis to a specific range of species and reduce
the complexity of seawater samples, and the capacity to increase cell
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concentration before in situ measurements can be important to detect
toxic species even during pre-bloom conditions. The size range of the
well-known harmful algal dinoflagellate species such as Alexandrium,
Karenia, and Dinophysis are mostly between 20 and 60 pm in size. A
significant portion of species of various microalgal groups, including
Chlorophyta, Cryptophyta, Haptophyta, Ochrophyta, and Cyanobacteria,
presents smaller cell sizes (<20 pm). Despite the significant diversity of
species within each group, the size difference between the larger po-
tential harmful dinoflagellates and other smaller species can be explored
to improve detection and monitoring of these dinoflagellates in the
seawater.

1.1. Spiral inertial microfluidics

Inertial microfluidics are a promising and versatile approach for size-
based cell separation and enrichment and has seen many progresses in
the last years, exploring new channel geometries, multiplexing strate-
gies and integration with other technologies [16-19]. The spiral
microchannel is a popular design for inertial sorting as it explores
intrinsic hydrodynamic forces during fluid flow to achieve particles
separation, offers ease of operation, simplicity in the microfabrication
process, low clogging issues, and scalability for macro-scale volume
processing [20].

In curved microchannels, the interplay of the inertial lift force (Fy)
and of the Dean drag force (Fp) is responsible for the inertial migration
and separation of particles. These forces are illustrated in Fig. 1. The
parabolic profile of fluid velocity within the microchannel, with
maximum velocity at the centre and minimum velocity adjacent to the
walls, results in a variation of fluid velocity across the channel’s cross-
section. This velocity gradient induces the shear gradient-induced lift
force (Fis), which acts to push particles away from the central axis of the
microchannel. Simultaneously, the interaction of particles with the
channels walls leads to the formation of a wall-induced lift force (Fry),
which exerts a pushing effect on particles, moving them away from the
channel walls and towards the central region (Fig. 1a). These two forces
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Fig. 1. a) (Top view parallel to flow direction) Representation of the net inertial lift forces composed by the shear gradient induced lift force and wall induced lift
force (blue arrows represent the parabolic nature of the velocity profile) and b) (channel cross-section view perpendicular to flow direction) the Dean drag force in
curved channels; ¢) schematic representation of the equilibrium position of different sized particles along the spiral and d) microchannel cross section showing the
interaction between the net lift force (F;) and the Dean drag force (Fp). (For interpretation of the references to colour in this figure legend, the reader is referred to the

web version of this article.)
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compose the net lift forces (Fy). In curved microchannels, the combi-
nation of pressure-driven flow and centrifugal forces originates the
formation of secondary flow patterns known as Dean flows. Dean flows
are characterized by two symmetrical counter-rotating vortices formed
at the top and at the bottom of the cross-sectional plane of the micro-
channel. These Dean flows exert a Dean drag force (Fp) on the particles,
pushing them towards the centre and outer wall of the channel (Fig. 1b).
The magnitude of Dean flow can be characterized by the dimensionless
Dean number (De)

Dy pUDy |Dy
De = Rey |22 — V2 1
C=RNRT 4 Vg M

where Re is the channel Reynolds number which describes the ratio of
inertial forces to viscous forces, Dy is the hydraulic diameter, R is the
channel radius of curvature, p is the fluid density, U represents the mean
velocity flowing in the microchannel and p is the viscosity.

Flowing particles might encounter additional forces, like viscous
drag, buoyancy, and centrifugal forces, but these forces are negligible
and can be disregarded in this context. A ratio (Rp) between the net lift
forces and Dean drag force can then be defined to estimate the compe-
tition between these forces

_F_ 2R-a*
T Fp, D

Rr f ()
where a is the particle diameter, and f is a dimensionless function that
ranges from 0.02 to 0.03 at channel Reynolds numbers of between 20
and 95 [21]. This comparison offers a simple way to determine how
particles will behave according to the magnitude of the ratio, completely
carried along in the secondary flow when the ratio is much smaller than
1; unaltered by the secondary flow when the ratio is higher than 1, or
settling into an equilibrium between the two forces when the ratio is
approximately equal to 1. The particle confinement ratio (CR) and flow
rate are the most important parameters for focusing and for lateral
migration of particles [22]. CR can be defined as a/Dh [23], where “a” is
the particle diameter and “Dh” the microchannel hydraulic diameter.
For moderate flow rates (De < 75) three flowing modes can be described
based on CR values [24]. For CR > 0.07, which is a reference value found
in literature for the inertial focusing of particles in curved channels, the
particles are in the focusing mode. Here, they occupy a well-defined
position in the channel, usually near the inner wall. A CR > 0.07
means the lift forces are dominant and responsible for the particles’
equilibrium within the microchannel. For 0.01 < CR < 0.07, the parti-
cles enter the rough focusing mode, where they form a broader distri-
bution band in the microchannel. For CR < 0.01, the particles enter the
un-focusing mode, where they are randomly distributed across the
channel, independent of the flow rate.

The influence of the main forces (Fp and Fy) on the particles is
affected by the particles size. The interplay between these two dominant
forces creates an equilibrium position for the particles along the channel
width. Large particles where inertial lift forces are more predominant
focus closer to the inner wall, while smaller particles more influenced by
Dean drag forces and less affected by inertial lift forces will focus further
away from the inner wall (Fig. 1c, d). Since flow conditions and channel
geometries can affect the shape and magnitude of Dean vortices, these
parameters can be tuned to enhance microfluidics cell sorting capabil-
ities [25]. For instance, in rectangular spiral microchannels, as the
channel height increases, particles experience less shear-induced inertial
forces and more Dean drag forces. In the same way, a smaller curvature
radius of the channel also implies stronger Dean forces, shifting the
focused particle streams away from the inner wall. An increased aspect
ratio (width/height) of the channel cross-section results in a greater
separation distance between particles of different sizes, thereby
enhancing the effectiveness of separation [26].

When a given velocity threshold is surpassed, the Dean forces begin
to dominate over the inertial forces resulting in de-focusing of the

Algal Research 76 (2023) 103317

particles stream [27] and the inertial focusing ceases to exist. Very small
particles (a/Dh <« 0.07), where the inertial forces are negligible to focus
the particles trajectories, undergoes lateral migration through the
microchannel in the form of oscillations back and forth the channel
width. This migration is termed Dean Cycle and this phenomenon can
also be explored to achieve separation of microparticles [28]. The
simplicity of fabrication, implementation, and high throughput makes
this method suitable for integration in lab-on-a-chip (LOC) devices. This
focusing principle does not require sheath flows and has low risk of
clogging issues, making it ideal for long term monitoring. Studies also
demonstrate that cells are not significantly affected by the high flow and
shear rates in inertial microfluidic systems [29].

Thus, in this work it is studied and developed a simple inertial
microfluidic device, based on a double spiral microchannel, for size-
separation and concentration of microparticles/microalgae. First,
different microparticles sizes and microalgae species were used to
validate the focusing principle and the possibility of manipulating the
trajectory by varying the flow velocity. The capabilities for separation
and enrichment of non-toxic and toxic microalgae were confirmed by
fluorescence measurements and particle tracking at the outlets.

2. Materials and methods
2.1. Channels microfabrication

Spiral microchannels were fabricated in polydimethylsiloxane
(PDMS), with 300 pm width and 100 pm height. The geometry uses
double spiral channels with a total of 10 loops and length of approxi-
mately 20 cm, with one inlet and two outlets (see Section 3.1 for the
geometry selection).

The microfluidic structure was crafted from PDMS (Poly-
dimethylsiloxane) via soft lithography, using a SU-8 photosensitive resin
(SU-8 100) fabricated through a cost-effective UV photolithography
process, established in our research laboratory, eliminating the need for
cleanroom facilities, [30]. The PDMS fabrication follows standard
fabrication steps, which details, including the SU-8 mold, are described
in supplementary material S1.

2.2. Particle tracking

The trajectory of particles and cells within the microchannels was
experimentally validated using the Nemesys Syringe Pump with its
coupled software interface, allowing the inlet of fluids with high preci-
sion and controlled flow rates. For visualization, it was used an inverted
microscope (IX71, Olympus, Tokyo, Japan) connected to a high-speed
camera to capture the movement of particles/cells.

In order to facilitate the visualization of the particles’ trajectory as
they exit through the outlets, a particle tracking algorithm was devel-
oped in MATLAB. The particle tracking process started with a video
captured in the final portion of the spiral, closer to the outlets, with the
high-speed camera. The frames were processed with MATLAB software.
Each frame was subtracted to the previous frame and converted to bi-
nary. The result is an image where all the background and static ele-
ments are turned into black pixels and the moving objects are turned
into white pixels. Filters were included in the process to eliminate noise.
The moving objects correspond to particles moving towards the exit. The
white pixels positioning around the width of the microchannel were
saved in an array at each frame subtraction. This process was repeated
for all frames and a final plot showing the accumulated position of
particles regarding to the width of the channels was obtained. A smooth
processing (Lowess) was applied to the data for the plots.

2.3. Microparticles and microalgae preparation

Particle suspensions were prepared by diluting polystyrene (PS)
microparticles with dimensions of 6, 10, 20 and 40 pm in distilled water.
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Microalgae cultures of Alexandrium tamarense, Alexandrium minutum,
Rhodomonas lens, and Tetraselmis suecica were obtained from the ECI-
MAT microalgae collection and kept in 250 ml Erlenmeyer flasks and in
an incubation chamber at a temperature of +18 °C and under illumi-
nation of fluorescent lamps with a cycle of 10 h light and 14 h dark.

2.4. Fluorescence analysis

After sorting and enrichment tests, microalgae samples collected at
the spiral outlets were placed in quartz cuvettes. An optical fiber was
connected to the bottom of the cuvette adapter in a 90-degree angle with
the excitation LEDs (Light Emitting Diodes). Microalgae fluorescence
was determined using the 450 nm excitation LED as a light source. For
the separation tests (Section 3.3), a 540 nm excitation LED was used
instead. Both LEDs are part of the ams OSRAM Polychromatic LuxiGen
Multi-Color LED (LZ7-A4M2PD-0000) from Mouser electronics. The
fluorescence signal at the 570-800 nm region was collected by the
portable spectrophotometer (AvaSpec-ULS2048x64-EVO by Avantes),
through an optical fiber, and recorded in a laptop. The fluorescence
signal intensity was used to estimate chlorophyll a concentrations, as it’s
a commonly used indicator of phytoplankton biomass. A smooth pro-
cessing (Lowess) was applied to the data for the plots.

3. Results and discussion
3.1. Microparticles and microalgae focusing and distribution at the outlets

To seek the inertial focusing and separation capabilities of micro-
particles and microalgae, PS microparticles with 6, 10, 20 and 40 pm
sizes and 4 species of microalgae were selected for the experimental
tests. PS microparticles possess well-defined and precise sizes, enabling
us to assess the system’s performance and its capacity to sort and focus
particles of varying dimensions. This evaluation was crucial for com-
prehending how effectively our microfluidic setup handles particles of
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different sizes, ultimately validating our chosen methodology and
experimental setup and providing a solid foundation for microalgae
experimental tests. The dimensions of the selected species are repre-
sented in Fig. 2a. These dimensions were calculated through analysis of
microscopic images. Fig. 2b shows the side scattering (SSC) and forward
scattering (FSC) of Alexandrium minutum (1945 cell events), Alexandrium
tamarense (638 cell events), Tetraselmis suecica (3821 cell events) and
Rhodomonas lens (33,053 cell events). The flow cytometry adds more
robustness to the morphologic comparison between species, since it
analyses a bigger population of cells when compared to the morphologic
analysis of microscopic image. The FSC measures the intensity of light
scattered in the forward direction, and correlates to the size of cells, that
means, the bigger the cells the higher the forward scattered light. SSC
measures the intensity of light scattered at a 90-degree angle from the
laser beam, and relates to the granularity or internal complexity of cells.
Thus, more complex the cell, more scattered light to the sides. Micro-
scopic images of the species are shown in Fig. 2c. Both microalgae
measured through optical microscopy and by flow cytometry seem to be
in agreement, with a clearly morphological distinction between the
Alexandrium genus and the remaining species, with both Alexandrium
species being considerably bigger in size.

The various solutions of suspended microparticles and microalgae
were injected one at a time in the microfluidic chip with varying ve-
locities. The microfluidic microchannel presents a double spiral geom-
etry, so it has a total of ten loops, and while the focusing effect is
dependent on both spiral channels, the separation effect is only depen-
dent on the second spiral channel (Fig. 3a). Double channel spirals can
be engineered to optimize the separation efficiency between particles of
different sizes [24], but in this work the main reason of the double spiral
is to take advantage of the larger channel length and extra curves to
potentiate the desegregation of cell conglomerates, since many species
can form long chains that can potentially clog the microchannel.

The channel dimensions of 300 pm width and 100 pm height were
selected to accommodate the desired particle size range, which falls
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Fig. 2. a) Shape and dimensions of the selected species used in the experimental tests; b) forward scattering and side scattering of microalgae species; ¢) microscope

images of microalgae species (scale bar 50 pm).
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Fig. 3. a) Design of the double spiral; b) PDMS microfluidic spiral; c¢) experimental setup; d) particle tracking using MATLAB. (Left) First frame showing two cells of
Alexandrium tamarense moving towards the outlets. (Center) The result of the subtraction between two consecutive frames with filters applied to remove unwanted
noise. The white pixels correspond to the moving objects. (Right) Plot showing the position of the cells along the width of the microchannel.

within the 10 pm to 40 pm range, encompassing the size of microalgae
cells studied in this work. The selection was guided by the condition a/
Dp > 0.07, meaning that particles with a minimum diameter of
approximately 10 pm can effectively focus inertially within the channel
(D, =150 pm). An aspect ratio of 3 was chosen for these channels. While
a higher aspect ratio does promote improved separation between par-
ticles of different sizes, it was also demonstrated that as the channel’s
geometric aspect ratio increases, the equilibrium particle focusing streak
widens [31]. Therefore, a balance must be met in selecting a proper
channel cross section dimension that achieves the intended goal of both
effective separation and maintaining a well-focused particle stream,
allowing for better control and concentration of particles.

The flow rates for outlet 1 and for outlet 2 are relatively equal, e.g.
for a flow rate of 2000 pl/min at the inlet, we have ~1000 pl/min at
each outlet despite some minor fluctuations that do not have impact in
the final results. So, each outlet as a recovery rate of 50 % approxi-
mately. Various flow rates were tested starting from 800 pl/min up to
3400 pl/min (De =~ 20-100).

A PDMS double spiral is presented in Fig. 3b. The microparticles/
cells trajectories were recorded with a high-speed camera coupled with
the optic microscope aimed at the outlets region. The microalgae were
then collected into two reservoirs, one for each outlet (Fig. 3c). Fig. 3d
shows the main steps for particles tracking at the end portion of the
spiral.

The results from the tracking algorithm for PS microparticles with
various sizes and the microalgae (Tetraselmis suecica and Alexandrium
minutum) are presented in Fig. 4. The tracking algorithm analysed 2000
frames of video captured at 5000 fps. In almost all the microparticles
tested with the different flow rates, a well-defined position was observed
at the outlets region. However, the 6 pm microparticles show dispersed
positions along the channel width. The 6 pm microparticles are well
below 0.07 but still above 0.01 (CR = 0.04), so they are in the rough
focusing mode. Despite that, those particles displayed an unfocused
behaviour, being distributed across all the channel, regardless of the
flow rate. For the remaining particles and microalgae, the ratio is >0.07,
and they all acquire relatively well-defined trajectories at the spiral
outlets. It can also be observed a trajectory shift of the microparticles in

direction to the outer wall of the channel with increasing flow rate. This
is expected because while the particle focusing mode is mainly attrib-
uted to the CR value, that is, the ratio between particles and channel
cross-section size, the position and width of the particles trajectory in
the channel width can be, largely, determined and manipulated by the
flow rate [22]. For 10 pm particles, the transition from outlet 1 to outlet
2 starts to take shape at around 2000 pl/min. In the case of 20 pm mi-
croparticles, an increase in flow rate to 2600 pl/min promotes the
transition from outlet 1 to outlet 2. The larger 40 pm microparticles
remained in the path to outlet 1 for all tested flows. It’s worth noting
that the 40 pm microparticles seemingly showed unexpected results
between 800 pl/min and 2000 pl/min, i.e., the trajectory position
moved closer to the inner wall as velocity increased within that range.
One possible explanation might be attributed to the increase of inertial
forces with higher flow rate, which naturally pushes the particles closer
to the inner wall, while the dean forces despite also increasing with
higher velocities, remain very weak for relatively large particles and for
that reason do not exert much influence on the 40 pm particles. For
smaller particles (i.e., 10 pm), the inertial forces are less dominant and
in turn they are more influenced by the Dean drag forces, for that reason,
they move easier towards the microchannel outer wall. Overall, these
results are in agreement with previous findings showing that large
particles are expected to focus closer to the inner wall, where the inertial
lift forces are stronger, while smaller particles will focus further away
from the inner wall. An increase in the flow rate also shifts the smaller
particles further away from the inner wall, while larger particles are less
affected and their trajectory shift is less pronounced.

The same principles are applied to microalgae. Our tested cultures of
Tetraselmis suecica and Alexandrium minutum have sizes around 12 pm
and 20 pm, respectively. The trajectory shift was more substantial for
Tetraselmis suecica than with Alexandrium minutum. Since Tetraselmis
suecica cells are smaller, they move more easily towards the outer wall
and their transition from outlet 1 to outlet 2 starts around 2600 pl/min.
For Alexandrium minutum, the trajectory split between both outlets at
around 3000 pl/min. Taking into account the positions of the micro-
particles/microalgae for different flow velocities, it is possible to obtain
separation with an appropriate design of the spiral channel geometry
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and outlets, and the size-based particles separation can be tuned by
varying the flow velocity. For improved results, the spirals must be
tailored for the species of interest, as the CR plays a crucial role in the
microalgae focusing mode that has direct impact on the performance of

the device, whether to isolate, concentrate or remove one or more spe-
cies from a sample.

3.2. Cell concentration

Fluorescence is a very sensitive and specific method for detecting

microalgae. The fluorescence intensity of microalgae is often propor-
tional to their concentration. Chlorophyll-a is the primary photosyn-
thetic pigment in microalgae and emits fluorescence in the 680 nm
region, being commonly used as an indicator of phytoplankton biomass.
Furthermore, considering that different microalgae species have
different fluorescence signatures, fluorescence signals can be utilized to
distinguish different microalgae species. As fluorescence techniques are
usually non-destructive, the microalgae cells are not damaged during
the measuring procedure. Fluorescence is also a relatively inexpensive,
accurate and simple technique, being widely employed to monitor
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microalgae populations [15]. In order to detect microalgae using fluo-
rescence, the concentration of microalgae in the sample must be high
enough to produce a detectable fluorescence signal. Thus, the pre-
enrichment of target microalgae can be used to increase the emitted
fluorescence signal, and consequently, the sensitivity of the device. To
validate the concentration capacity of microalgae samples using spiral
inertial microfluidics, a solution of Tetraselmis suecica was introduced in
the spiral with a flow rate of 1400 pl/min. This chosen flow rate took
into account the size of this microalgae species and the effectiveness for
their navigation in the microfluidic channels and focus at outlet 1 while
also expediting the testing process. The outputted solutions of both
outlets were excited with a LED centred at 450 nm and their fluores-
cence intensity was measured in the range of 680 nm (see Section 2.4).
The concentrated solution at outlet 1 was again introduced into the same
spiral for a 2nd cycle and the fluorescence emitted by both solutions at
the outlets was measured again. The enrichment process is demon-
strated in Fig. 5a, which shows a visual representation of Tetraselmis
suecica tracking using video frames captured by the high speed camera
coupled with the optic microscope. Here, a simplified version using only
200 frames is shown, with the normalized tracking plot showing the
position of microalgae detected along the width of the channel, and an
image frame with an overlayed binary image of the accumulated
microalgae in green colour for a more intuitive visualization. Fig. 5b
displays the fluorescence signal increase at the outlet 1 after both cycles
and sign shows a more complete tracking using 2000 frames, and
without normalization to highlight the difference between the particles
detected in the 1st and in the 2nd cycle. The particle tracking plot hints
that the majority of cells exit towards the first outlet, and the curve
magnitude from the 1st to the 2nd cycle increases, meaning that more
particles are detected at the 2nd cycle. The samples collected at outlet 1
and outlet 2 for both cycles can be seen in Fig. 5c¢, where a greenish
colour is visible at outlet 1 while outlet 2 presents a more transparent
aspect.

For the initial diluted culture, the fluorescence peak measured was at
around 9400 units. After the 1st cycle through the spiral, the fluores-
cence intensity peak of the concentrated solution at outlet 1 was
measured at approximately 14,500 units, a 1.55-fold increase in relation
to the initial solution. At the 2nd cycle, the fluorescence intensity peak
reached around 21,200 units, representing a 1.46-fold increase in the
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emitted fluorescence intensity between the first and second cycle. After
2 cycles, the sample had a total increase of 2.3-fold in fluorescence peak
signal when compared to the initial diluted solution (Fig. 5d). At the
outlet 2, in both cycles, the fluorescence measurement was around 2400
units. Because the detected fluorescence intensity is proportional to the
concentration of microalgae in the sample, the increase in the fluores-
cence signal at outlet 1 after both cycles, along with a significant
decrease at outlet 2, confirms a clear concentration rise of Tetraselmis
suecica (Fig. 5e).

The same experimental procedure was employed for Alexandrium
minutum (Fig. 6), one of the main dinoflagellates responsible for toxic
HABs, but this time, the initial culture of Alexandrium minutum was
diluted until only a faint fluorescence signal was detected, and the
sample was subjected to tree cycles in the spiral. Now, the chosen flow
rate was 2000 pl/min, due to the larger size of this microalgae species.
This flow proved to be suitable for achieving a good trajectory focus of
Alexandrium minutum towards outlet 1, while minimizing the duration of
the tests. In Fig. 6a, the visual representation of cells tracking using 200
frames shows Alexandrium minutum cells focused closer to the inner wall
of the spiral, exiting through outlet 1, as expected. The tracking plot
with 2000 frames analysed for each of the 3 cycles (Fig. 6b) confirms the
majority of cells position towards outlet 1, and an increase in cell
detection after each cycle. This is in agreement with the observed colour
difference of the samples collected at both outlets (Fig. 6¢). The
collected sample at outlets 1 from each cycle had a yellow brown col-
ouration, typical of dinoflagellates, while the samples collected at the
outlets 2 were more transparent. The fluorescence results confirmed the
concentration of Alexandrium minutum, with a 2.4-fold increase in the
emitted fluorescence peak between the initial diluted concentration
(~1757 units) and the 1st cycle (~4270 units), a 1.7-fold increase be-
tween the 1st and 2nd cycle (~7110 units) and a 1.4-fold increase be-
tween the 2nd and 3rd cycle (~10,135 units) (Fig. 6d). The emitted
fluorescence in outlet 2 decreased significantly, staying bellow ~1800
units in all cycles. When comparing the fluorescence peak of the initial
diluted samples with the concentrated sample after 3 cycles, it is
observed an increase in fluorescence peak signal of 5.8-fold (Fig. 6e).

) . b ¢
. 3 Tetraselmis suecica = 15t cycle 1st cycle 2nd cycle
0 —2nd cycle Outlet1  Outiet2 Outlet1  Outlet2
-~ = A "Fq‘x\- =1
= . s N ~
100m 5 5 g e o
Inlet 0 1 = 3 " -
nie Position (mm) ] R
. *‘// 4
Y + Position (mm) 1 = ‘»
s . ' '
€ i Outlet 1 Outlet 2
3 3 &l d
8 3 | 24000 € 25000,
b ] g = Initial diluted culture
e O E 20000 —— 1st cycle outlet 1 . —m—Outlet 1
= 1st cycle outlet 2 € 20000+ —e—Outlet 2
Z 16000 2nd cycle outlet 1 =
§ = 2nd cycle outlet 2 § 15000 4
= 12000 3
g 5
7 % 8000 g 10000 4
Outlet 1 Outlet2 & E
ute 2 4000 & 5000
T T T T T L a— T T T
600 640 680 720 760 800 840 Initial 1st 2nd
Wavelength (nm) Cycle
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3.3. Species separation in mixtures

Seawater samples are made of a complex interaction between
various microalgae populations. The ability to isolate certain species of
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interest from natural samples can be extremely important to facilitate its
identification. For example, the ability to identify toxic species can be
improved by targeting their size to achieve isolation from other micro-
algae species, followed by enrichment, which increases the chances of
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emission spectra excited at 520 nm for Alexandrium tamarense and Rhodomonas lens. c) Visual representation of Alexandrium tamarense and Rhodomonas lens tracking
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520 nm for the sample mixture. f) Method to obtain the degree of isolation of species using the area under curve of the tracking plot of panel d. In this case, an
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detection. To test this assumption, a mixture of cultures of Alexandrium
tamarense and Rhodomonas lens was used (Fig. 7).

Alexandrium tamarense is a potentially toxic dinoflagellate and Rho-
domonas lens is a Cryptophyte. Alexandrium tamarense and Rhodomonas
lens have significantly different sizes, with the Alexandrium tamarense
cultures displaying an average size around 30 pm and the Rhodomonas
lens around 10 pm (Fig. 7a). Furthermore, Rhodomonas lens has the
pigment phycoerythrin, which is not present in the dinoflagellate
Alexandrium. This pigment is excited between 500 and 560 nm and emits
fluorescence at 585 nm. Fig. 7b shows the normalized emission spectrum
with excitation at 520 nm for Alexandrium tamarense and Rhodomonas
lens. Both species show a peak emission at around 680 nm, but Rhodo-
monas lens has a distinctive peak at around 585 nm. This means the two
selected species have distinct sizes and spectral signatures, making them
ideal candidates to test the separation capabilities of the microfluidic
spiral. Indeed, these were the reasons to choose these species for the
separation tests instead of the previously tested Alexandrium minutum
and Tetraselmis suecica in single-species experiments (as demonstrated in
Figs. 4, 5, and 6). While Tetraselmis suecica has a different pigment
composition compared to Alexandrium species, both emit fluorescence at
the same region of the spectrum (around 680 nm), making it challenging
to distinguish the separation based on fluorescence data. Therefore,
Rhodomonas lens was chosen instead of Tetraselmis suecica. The Alexan-
drium tamarense choice relied on its high average size (of 30 pm) when
compared to Alexandrium minutum (of 20 pm), allowing to exhibit a
clearer and more effective separation from the small-sized Rhodomonas
lens, maximizing the separation capabilities of the spiral within our
specific spiral configuration (the results of Fig. 4, even using PS micro-
particles, allowed this conclusion). It’s important to emphasize that the
omission of Alexandrium minutum in this specific test does not imply its
incapacity for separation.

A flow of 2000 pl/min was chosen to achieve isolation of Alexan-
drium tamarense from Rhodomonas lens with 3 cycles in the spiral. As
shown in Fig. 7¢, Alexandrium tamarense maintains a trajectory confined
to the inner wall of the channel, exiting mostly through outlet 1, while
Rhodomonas lens presents a broader distribution and is located closer to
the centre and outer wall of the channel. The data processing is similar to
that shown in Figs. 5a and 6a, but here we track both species of different
sizes by adjusting the threshold values in separate variables for each
species, resulting in a final image frame with two overlayed binary
images, yellow colour representing Alexandrium tamarense and red
colour for Rhodomonas lens, highlighting their preferential trajectories at
the outlets (the algorithm that represents the object tracking and the
visual representation at the outlet region of the spiral is included in S2
supplementary material). The cell tracking of Alexandrium tamarense
and Rhodomonas lens is presented in Fig. 7d. The algorithm filters were
adjusted to detect Alexandrium tamarense cells and Rhodomonas lens cells
in the mixture in separated steps. A separation in the trajectories of both
species is clearly noticeable, with an increase in the number of Alexan-
drium tamarense cells detected with each cycle, while Rhodomonas lens
cells number decreased. Fig. 7e shows the fluorescence signal of the
samples collected at the outlets for 3 cycles when excited with a 540 nm
LED. Besides the fluorescence peak at 680 nm, characteristic of chlo-
rophyll a, there is also a protuberance between 580 and 590 nm indi-
cated by a black arrow, which corresponds to the phycoerythrin pigment
present in Rhodomonas lens. This bump at around 585 nm increases for
the sample collected at the outlet 2 of the 1st cycle (red dashed line), and
decreases for the sample collected at the outlet 1 of the 1st cycle (black
line). This means that in outlet 1 the presence of Rhodomonas lens is
reduced, while its presence in outlet 2 is reinforced. The sample
collected at the outlet 1 was reintroduced for the 2nd cycle, and at the
outlet 1 the protuberance in the region of 585 nm practically dis-
appeared (blue line), while at outlet 2 there was an increase of that
protuberance (green dashed line), indicating a greater isolation between
both species at the end of the 2nd cycle. A decrease in the peak at 680 nm
is also observed for both samples collected at the outlet 1 of the first 2
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cycles, compared to the samples collected at the outlet 2. This is
observed because Rhodomonas lens is responsible for the highest fluo-
rescence emission, and despite the increase in Alexandrium tamarense
concentration in the outlet 1, the amount of Rhodomonas lens removed
from these samples results in a net loss of fluorescence intensity at 680
nm. At the 3rd cycle it is observed an increase in the fluorescence signal
at the 680 nm region at the outlet 1, and a fluorescence decrease for the
same region at outlet 2. These results suggest the 3rd cycle contributed
mainly for the concentration of Alexandrium tamarense as most of the
separation between species was done in the first 2 cycles.

As we are dealing with a mixture of two species, and since there is
fluorescence overlap between the two species, it is difficult to obtain
relative quantitative data through fluorescence signals to assess the
separation of both species in the sample. For a more deeper analysis, the
tracking graph of Fig. 7d was split in half along the x-axis, where the
channel width is represented (Fig. 7f). It was then assumed that the
microalgae detected in the left half (orange) exited through outlet 1 and
the microalgae detected in the right half (green) exited towards outlet 2.
The area under the curve (orange for microalgae exiting through outlet 1
and green for outlet 2) was calculated separately for each half of the plot
(of Fig. 7d), in order to have a numerical value that would allow us to
evaluate, in a relative way, the degree of isolation of the species in each
cycle through the spiral. The area units are in pixels since the curves
indicates how many pixels contribute to the detected object at that
particular position (more details are in supplementary material S3). The
results obtained are represented as a plot in Fig. 7g. We can’t directly
compare the value magnitude of the cell tracking between Alexandrium
tamarense and Rhodomonas lens, as one cell of Alexandrium tamarense
represents much more pixels detected than a cell of Rhodomonas lens (see
Fig. 4d). However, the increase and decrease in magnitude for each
species after each cycle gives valuable information to assess the
behaviour of both species in the spiral. By looking at the plot we can
easily observe a substantial growth of detected Alexandrium tamarense as
the sample was subjected to the 3 cycles, with a 2.2-fold increase be-
tween the first and the 2nd cycle, and a 4-fold increase between the 1st
and the 3rd cycle. At the same time, the amount of Alexandrium tam-
arense cells that came out of outlet 2 was extremely small, representing
only a 5.6 % loss of cells for the 1st cycle, a 4 % loss for the 2nd cycle and
a loss of 1.9 % for the 3rd cycle. For Rhodomonas lens, 20.7 % and 79.3 %
of the detected cells exited through outlet 1 and 2 of the 1st cycle,
respectively. For the 2nd cycle, the distribution was split between 35.3
% for outlet 1 and 64.7 % for outlet 2. At the 3rd spiral, the distribution
between both outlets evened out with 51.2 % and 48.8 % for outlet 1 and
2, respectively. The highest percentage of Rhodomonas lens came out in
outlet 2 of the 1st cycle. This relative percentage decreased for the
second spiral because the sample that entered the 2nd cycle was
collected from outlet 1 of the first cycle, so it was expected that the
number of Rhodomonas lens would decrease. As the mixture flows
throughout the cycles, smaller species of Rhodomonas lens, which are
more difficult to focus in a stable trajectory, get distributed between
both outlets, which might explain why Rhodomonas lens are evenly
distributed across the two outlets at the 3rd cycle, as the larger Rhodo-
monas lens species were removed in the first and second spirals. The cell
tracking results match the fluorescence plots and confirm the separation
and isolation capabilities of microfluidic spirals for species of different
sizes in mixtures.

3.4. Continuous method for size-based isolation and enrichment

The recirculation in the spiral presents very good results. It is suitable
for laboratory use and it can also be used outside the laboratory, since it
can easily be made into a compact unit with just a few components
(syringe pumps, microfluidic system, tubing, reservoirs). However, it
has some drawbacks that needs to be addressed. First, it is limited by the
initial volume of sample available. For a spiral with two outlets, both
with the same output flow velocity, the volume collected at each outlet
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will decrease roughly by half at each recirculation. So, the number of
possible cycles will depend on the available initial volume. Second, it
presents some difficulties to fully integrate into an in-situ system that,
for instance, operates autonomously underwater (for instance, coupled
with a sensor for continuous monitoring of seawater blooms). One way
to achieve this is through the arrangement of spirals in series. In this
case, the enrichment capacity would be defined by the number of spirals
in series. Nonetheless, this would add more complexity, higher pressure
and higher risk of clogging. To try to overcome these limitations, an
alternative system is suggested. A scheme for continuous sample
enrichment was developed that achieves gradual increase of microalgae
concentration. The tested configuration consisted of a microfluidic chip,
two micropumps (model RP-QII & RP-QIII Series from the supplier BMT
Fluid Control Solutions GmbH), an electronic control system (ZK-J5X
step down power supply module) to adjust the micropump flow rate and
two reservoirs. A schematic representation of the system is shown in
Fig. 8a. In this scheme two micropumps were used at the same time.
Micropump 1 (RP-QIII) pumps the sample into the spiral and micropump
2 (RP-QII) returns the sample, that exit through the outlet 1, back into
the spiral. The working principle is the following: with the appropriate
flow rate in the two micropumps, microparticles or microalgae with
sizes of interest will exit through outlet 1 towards reservoir 1, and then
reintroduced into the spiral, exiting again at outlet 1, remaining “trap-
ped” in the system. As micropump 1 pushes more sample into the spiral,
more microparticles/microalgae in the size range of interest are trapped
in the system, and as a result, the sample concentration will increase in
reservoir 1. In theory, this increase in concentration will be proportional
to the operating time of the system.

A diluted culture of Alexandrium minutum was used for the experi-
mental test. The pumping rate of micropump 1 and micropump 2 was
around 800 pl/min. The cell tracking at the outlets and the fluorescence
measurements at the reservoir 1 are plotted in time intervals of 20 min
(Fig. 8b, c). The system running time was 80 min. The position of
detected cells demonstrates the majority of microalgae exiting at the
outlet 1 throughout the whole running time. The fluorescence
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measurement results confirmed the concentration of Alexandrium min-
utum, with a fluorescence peak increase between 1.2 and 1.4-fold at
intervals of 20 min, and a total of 2.85-fold increase after 80 min of
operation (Fig. 8d). This continuous method presents a slower concen-
tration compared with the previous cycles’ method of Section 3.3
(Fig. 8f). However, while slower in its capability to concentrate, it is not
constrained by a fixed initial volume and subsequently number of cycles,
and rather relies on the time of operation to increase concentration. It
should be noted that since we used peristaltic micropumps for this
experiment, the flow velocity presents a slightly pulsed behaviour,
making it less precise and less stable when compared with the Nemesys
syringe pump used in the cycle method (Section 3.2), which might have
a slight influence in the presented results. This biggest pro of the
continuous method rely, in theory, on the analysis of an infinite volume
of sample, being limited either by clogging problems, particle satura-
tion, biofouling or component failure. It is also easy to integrate in an in-
situ system as its main components are 1 spiral and 2 micropumps. The
low energetic consumption of micropumps allows this mechanism to
operate autonomously for long periods of time. The feasibility of this
system underwater might be possible but more experimental tests are
needed to understand the effect of pressure from the water and the
closed microfluidic loop on the performance of this method.

One of the biggest challenges of the spiral inertial microfluidics in
seawater monitoring is the scalability of this technology. The system
must be scalable to handle larger volumes efficiently. For that, increase
throughput is need, reducing the time required to process larger quan-
tities of samples. This scale-up can be done through multiplexing/par-
allelisation of several microfluidic spiral. This was already demonstrated
by previous works, such as by Miller et al. [32], achieving an impressive
throughput of 1 1/min using a stack of 20 microfluidic devices [32] and
future work must be addressed in this particular topic.

The main aim of the device is to facilitate and improve the detection
using available methods, giving them the ability to detect samples of low
concentrations through selective pre-enrichment before measurements.
Additionally, the separated cells from potentially toxic species can be
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properly stored and discarded after treatment.

The characteristic larger size of toxic dinoflagellates compared to
most non-toxic species makes them candidates for separation and con-
centration before analysis, not only reducing sample complexity by
removing cell sizes outside the scope of interest, but also by providing
concentration of cells in the detection module, as identifying early stages
of toxic blooms requires the capability to detect very few cells per litter.
Implementing cell concentration before analysis is an ingenious
approach to enhance available methods without using more expensive
equipment or components, thus maintaining the device low cost. An in
situ sensor using this enrichment method can be designed to continu-
ously sample seawater for an extended period of time, thus considerably
increasing cell concentrations inside a size range of interest, and
allowing the detection of very few cells per litre, and trigger warnings
for HABs in early stages.

4. Conclusions

This work successfully developed a simple inertial microfluidic spiral
device for size-based microalgae separation and concentration. The
device showed effectiveness in sorting microalgae of different sizes and
modulating separation based on flow velocity. It demonstrated a sig-
nificant increase in microalgae concentration, e.g., a 5.8-fold increase in
Alexandrium minutum fluorescence after 3 cycles. It also effectively iso-
lated and enriched Alexandrium tamarense in a mixture with Rhodomonas
lens with cell losses below 6 %. The use of spiral inertial microfluidics for
isolation and concentration of toxic dinoflagellates for better HABs
detection and monitoring offers a unique approach of this technology for
environmental monitoring.
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