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Abstract: This paper presents the absorbance and fluorescence optical properties of various phyto-
plankton species, looking to achieve an accurate method to detect and identify a number of phyto-
plankton taxonomic groups. The methodology to select the excitation and detection wavelengths that
results in superior identification of phytoplankton is reported. The macroscopic analyses and the
implemented methodology are the base for designing a lab-on-a-chip device for a phytoplankton
group identification, based on cell analysis with multi-wavelength lighting excitation, aiming for
a cheap and portable platform. With such methodology in a lab-on-a-chip device, the analysis of
the phytoplankton cells” optical properties, e.g., fluorescence, diffraction, absorption and reflection,
will be possible. This device will offer, in the future, a platform for continuous, autonomous and in
situ underwater measurements, in opposition to the conventional methodology. A proof-of-concept
device with LED light excitation at 450 nm and a detection photodiode at 680 nm was fabricated.
This device was able to quantify the concentration of the phytoplankton chlorophyll a. A lock-in
amplifier electronic circuit was developed and integrated in a portable and low-cost sensor, featuring
continuous, autonomous and in situ underwater measurements. This device has a detection limit of
0.01 u/L of chlorophyll a, in a range up to 300 pug/L, with a linear voltage output with chlorophyll
concentration.

Keywords: phytoplankton sensor; optical methods; photosynthetic pigment; lab-on-a-chip

1. Introduction

Knowledge- and resilience-based management of marine ecosystem services is strongly
required to cope with the pressures and impacts of the Anthropocene society [1]. To this
aim, a constant and long-term monitoring of several environmental marine variables is
needed to assess marine ecosystem health [2,3].

The study of phytoplankton species and their density estimation is a routine task in
marine scientific research, since under certain conditions, the proliferation of algae can
have a negative impact on the environment, fishing activities and the public health. This
phenomenon is known as a harmful algal bloom (HAB) and can be as diverse as the species
that originates it. For instance, blooms of high biomass of phytoplankton can drive the
depletion of oxygen from the water, causing massive indiscriminate marine death. Another
type of HAB consists of microalgae that, under certain conditions, are capable of producing
toxins, and for some species, only a few hundreds of cells per litre is sufficient for the
presence of toxins to be manifested in bivalves [4]. Other events are so massive that the
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ocean colour blends with the pigment coloration of the species, and “red tides” can be
observed [5]. Therefore, it is of extreme importance to study the population dynamics of
phytoplankton communities [6], enabling knowledge about the potentially harmful algae
present in aquatic marine systems. Local or regional authorities routinely perform this task
by collecting phytoplankton and shellfish samples, analysing their toxicity and regulating
the safe harvesting of seafood. The available methods for phytoplankton identification
and quantification are based on optical and electronic microscopy, flow cytometry, image
analysis, pigment analysis through high performance liquid chromatography (HPLC)
and molecular methods [7,8]. However, these tasks can be expensive, time or reagent
consuming, and require highly trained personnel, which can be limiting for in situ and real
time HAB monitoring [9]. Efforts are being made to develop swift and precise measurement
techniques for in situ automated measurements, such as FlowCAM, CytoBuoy, Imaging
FlowCytobot or Laser Optical Plankton Counter [10,11], but these are bulky and very
expensive (about EUR 26,000-130,000). Furthermore, these devices are mainly based on
imaging methods which provide information about phytoplankton size, shape and cross-
sectional area. However, to obtain precise taxonomic classification, advanced hardware and
software and computer-assisted human experts are required to complement the complex
data processing. Efforts for obtaining automated recognition of images using machine-
learning techniques are in progress, but still have to be complemented with taxonomic
expertise, which limit their in-situ application. A comparison of several optical and imaging
methods already available and their operating capabilities can be found in [12].

Several photosynthetic pigments, such as chlorophylls a, b and ¢, carotenes, xantho-
phylls and phycobilins, are present in phytoplankton. Chlorophyll a is the main pigment
of all organisms that performs photosynthesis with oxygen release, being widely used
to estimate autotrophic phytoplankton biomass in aquatic ecosystems [13]. Distinct phy-
toplankton communities have specific marker pigments that can be used for taxonomic
discrimination [14]. For instance, the main secondary pigment for most dinoflagellates is
peridinin, while for diatoms fucoxanthin is the representative secondary pigment. These
variations in pigment compositions produce different spectral characteristics across taxa
that can be harnessed for phytoplankton identification [15]. The fluorometric methods
are widely used for quantifying the photosynthetic pigments due their high sensitivity,
high specificity and simplicity. However, most fluorometric system use expensive and
bulky equipment and, mainly, cannot be applied for in situ detection. Some examples
of these referenced devices are: the FluoroProbe II from bbe Moldaenke, which weighs
4.6 kg and costs around EUR 23,000; the Algae Online Monitor from Photon Systems Instru-
ments, which weighs 3.4 kg and costs around EUR 12,990; and the AlgaeTorch from bbe
Moldaenke, which weighs 1.2 kg and costs around EUR 7500 [16]. Therefore, development
of new methodologies and novel devices, which can offer cost-effective, high-throughput
and non-destructive analysis of microalgae species, has attracted increasing interest from
research communities.

Recent works have reported on the development of portable sensors that measure
different phytoplankton species through fluorescence detection of both the primary photo-
synthetic pigment (chlorophyll a) and accessory pigments (such as chlorophyll b, carotene,
phycocyanin, phycoerythrin, and others) which are present in microalgae and cyanobac-
teria. Among these recently developed portable sensors, some can be highlighted, such
as the development of a hand-held fluorescence sensor platform capable of selectively
estimating green algae and cyanobacteria biomass [14]. In other works, the optofluidic
detection systems are presented according to their category, such as fluorescence sensing,
Raman spectroscopy and imaging flow cytometer, where they compare and discuss their
advantages and disadvantages and identify avenues of further development of microfluidic
systems for microalgal detection and characterization [17]. With an increasing demand
for fluorescent portable sensors due to the benefits that fluorescent sensing technology
offers, an overview of recent developments of portable fluorescence sensors can be found
in [9,18]. However, most of them only differentiate different mixtures of green algae and
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cyanobacteria, at a higher taxonomic group. In [19], the authors report a device featuring
similar characteristics to the herein presented. However, despite its low cost and small
dimensions, their device, as presented, is not a stand-alone system. In contrast, the system
hereby presented aims to be integrated in a fully autonomous and portable lab-on-a-chip
for in situ toxic phytoplankton quantification.

To our knowledge, there is not any methodology yet allowing the quantification and
identification of phytoplankton groups at the same time, that also features low cost, portability,
is prepared for continuous underwater monitoring and is autonomous. Therefore, we present
an identification methodology for inclusion in a portable lab-on-a-chip, based on:

(1) Multi-wavelength LED lighting excitation;

(2) Photodiode based multi-wavelength fluorescence detection;
(8) Scattering and absorption optical properties;

(4) Single-cell analysis.

Phytoplankton has specific optical characteristics, which naturally absorbs light in the
visible spectral range (mainly in blue light) and fluoresces in the 600 nm to 750 nm spectral
range. Moreover, phytoplankton cells have different pigments, and each pigment has its
own absorbance and fluorescence characteristics. Each phytoplankton group also have
different cell sizes and complexity, which translates in different reflection, transmission and
diffraction of light, as previously reported by flow cytometry [20]. Considering these optical
properties, it is possible to identify and quantify the different groups of phytoplankton
in aquatic systems [6]. Moreover, a single-cell analysis system is necessary to avoid the
averaging effect when several cells are analysed at same time.

It should be noted that device miniaturization efforts emerged as a potential alterna-
tive, introducing improvements on efficiency, portability, automation, analysis time and
reagents/samples reduction, as well as a reduction in costs [21].

In this work, the spectral characteristics of three species (Nannochloropsis gaditana,
Isochrysis galbana and Tetraselmis suecica) were studied using benchtop flow cytometry,
commercial spectrophotometers and fluorimeters. Knowing that phytoplankton pigments
absorb and emit light at different wavelengths [2], excitation systems of multi-wavelength
excitation (350-650 nm) and detection systems (550750 nm) will be, in the future, im-
plemented in the lab-on-a-chip, as a promising method to identify major phytoplankton
groups in a high-resolution, portable (weight about 0.5 kg) and low-cost device (estimated
cost of EUR 300). Despite being designed for identification of three species, this proposed
lab-on-a-chip can be redesigned to detect other phytoplankton species by just specifying
new absorption wavelengths and respective fluorescence signals as well as its morphologi-
cal properties, foreseeing a future platform for improving the accuracy of phytoplankton
quantification of in vivo samples.

2. Materials and Methods
2.1. Cultures

Three laboratory cultures of phytoplankton, representing six divisions (Table 1), were
selected to be kept in culture and used for the various studies in this article. The initial cultures
were provided by the Toralla Marine Science Station (ECIMAT), Vigo, Spain, from its Culture
Collection of Algae and were periodically replicated to maintain stock. Each culture was
maintained in 250 mL Erlenmeyer flasks and in an incubation chamber at a temperature of
18 °C (£0.5 °C) and under illumination of fluorescent lamps with a 11 h light-13 h dark
photoperiod. Nannochloropsis gaditana, Isochrysis galbana and Tetraselmis suecica were cultured
in Walne medium prepared with seawater filtered through 0.2 um pore size polycarbonate
filters. Vitamins and soil extract were added to the filtered seawater. All culture mediums
were sterilized in the autoclave and then stored in the refrigerator at 4 °C.
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Table 1. Phytoplankton species in culture for the different studies.

Species Family Order Class Division
Nan;;gg;:;)p o1 Monodopsidaceae Eustigmatales Eustigmatophyceae Ochrophyta
Isochrysis galbana  Isochrysidaceae Isochrysidales Coccolithophyceae Haptophyta
Tetraselmis

suecica Chlorodendraceae ~ Chlorodendrales ~ Chlorodendrophyceae ~ Chlorophyta

Each of the phytoplankton species mentioned above have characteristics that allow
them to be distinguished from each other, such as size, shape and characteristic pigments.
Table 2 presents these characteristics for each of the species.

Table 2. Characteristics of each of the phytoplankton species.

Characteristic Secondary

Species Size Shape Pigments [15]
Nannochloropsis gaditana 3-5 um spherical fucoxanthin
. o fucoxanthin and
Isochrysis galbana 6-12 pm ellipsoid 19'-hexanoyloxyfucoxanthin
Tetraselmis suecica 10-15 pm oval chlorophyll-b

2.2. Apparatus Used for This Investigation

Commercial benchtop equipment was used to determine the optical and the morpho-
logical properties of the selected species. Absorption, fluorescence and single-cell flow
cytometry were measured.

Absorption spectra of each phytoplankton species were recorded with a setup that in-
cludes a 170 W tungsten light source (Newport NRC 6334NS); a monochromator (Newport
74125); an optical fibre (Newport Standard Grade FS Fibre Optic), used to guide the light
through the photodiode (Hamamatsu, S1336-5BQ); and a picoammeter (Keithley 487) to
measure the photodiode current. Absorption spectra were scanned from 400 nm to 750 nm
at 1 nm intervals.

Fluorescence spectra of species were acquired by a fluorimeter (Fluorolog of the brand
HoribaJobin Yvon).

For the acquisition of different structural and functional parameters such as size
(FS), relative complexity (SS) and fluorescent response (green (FL1), yellow (FL2), orange
(FL3) and red (FL4)) of each of the phytoplankton species under study, a flow cytometer
(COULTER® EPICS® XL-MCL™ Flow Cytometer, Beckman Coulter, Inc., Brea, California,
USA) was used [22]. This flow cytometer uses a 488 nm excitation laser, directly measured
in the forward scattering sensor. The side scattering (SS) sensor signal is separated using a
488 nm dichroic long-pass filter (488 DL) at a 45-degree angle to the light path (see Figure 1).
This filter reflects the SS to the respective sensor but transmits fluorescent light of longer
wavelengths. A 488 nm laser-blocking filter (488 BK) blocks any remaining laser light,
transmitting only fluorescent light. The remaining optical filters separate the light for the
four FL sensors. A 550 DL filter is at a 45-degree angle to the light path, and it reflects
wavelengths lower than 550 nm to a 525 nm band-pass (525 BP) filter. In turn, this filter
transmits light between 505 nm and 545 nm to the FL1 sensor. The 550 DL filter transmits
between 555 nm and 725 nm to the next dichroic long-pass filter (600 DL), also positioned
at a 45-degree angle to the light path, that reflects light between 555 nm and 600 nm to a
575 BP filter (560-590 nm) in front of the FL2 sensor. A dichroic long-pass filter, a 645 DL,
reflects the light between 605 nm and 645 nm to a 620 BP filter (605635 nm) in front of the
FL3 sensor. The 645 DL filter also transmits light between 650 nm and 725 nm to a 675 BP
filter (600700 nm) in front of the FL4 sensor.
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Figure 1. Filter configuration used in the commercial flow cytometer.

3. Characterization of Microalgae Optical Properties

The main objective of this study was to find optical properties that can be used to dis-
tinguish phytoplankton groups according to single characteristics. For that characterization,
absorbance, fluorescence and flow cytometry were used as optical techniques. Absorption
spectra (aiming for the colour of microalgae) is analysed in Section 4.1. Fluorescence in the
range of 600 nm to 750 nm, with excitation in the range of 320 nm to 700 nm, is presented in
Section 4.2. A 2-3 mL volume of culture with several cells from the same species was used
in both characterization methodologies. Flow cytometry was also used once; in contrast
with fluorometric tests where a group of cells (2-3 mL of seawater) were analysed together,
in flow cytometry each cell is analysed individually. Single-cell analysis facilitates iden-
tification, avoiding the mean value (fluorescence, absorption or other property) obtained
when several different species are presented in the same sample.

In this technique, the cells flow through a constriction channel in which they are
illuminated with a 488 nm laser light, as described in Section 2. Forward light intensity
(FS) is related to the size of the cell and 90° dispersion light intensity (SS) is related to
the complexity of the cell (shape and external structure of the cell). Fluorescence is also
measured at four fixed wavelengths, green, yellow, orange and red (FL1, FL2, FL3 and FL4,
respectively), as described in Section 2.2. Single-cell analysis regarding forward scattering,
side scattering and fluorescence in four wavelengths, using flow cytometry, is presented
in Section 4.3. In order to ensure that the concentrations of each species are at the same
level, the chlorophyll concentration present in each in vivo sample was measured. All
the samples were collected in the stationary phase of growth and diluted to a similar
chlorophyll concentration of ~250 ug/L.

4. Results and Discussions
4.1. Absorption Spectra

Figure 2 presents the absorbance spectra of each of the studied phytoplankton species.
It is possible to observe that the absorbance has two peaks, one at 436 nm and the second one
at 675 nm. In order to avoid differences in absorption that arise from different concentration
of each species, the results presented in Figure 2 are normalized at 436 nm (absorbance
spectra of all species to the same value at this wavelength, i.e., Nannochloropsis gaditana
and Tetraselmis suecica spectrum values were multiplied by scale factors in such a way that
their absorption at 436 nm has the same value as that of Isochrysis galbana) to allow the
comparison of the absorbance spectra.



Appl. Sci. 2022,12, 5376

6 of 20

0.65

055

0.45

0.35

Absorbance (a.u.)

0.25

0.15
400 450 500 550 600 650 700 750
Wavelength (nm)

Isochrysis galbana =——Nannochloropsis gaditana =—Tetraselmis suecica

Figure 2. Relative absorbance spectrum of each studied phytoplankton species. All curves were
normalized to the same absorbance value at 436 nm. The maximum standard deviation (1 = 3) of 2%
was obtained.

The absorption spectra corresponding to green algae (Nannochloropsis gaditana and
Tetraselmis suecica; blue and brown lines in Figure 2) are very similar. The brown algae
Isochrysis galbana (yellow line) showed a distinct absorption spectrum as compared with
the other species under study.

Due to the scale normalization, to use the absorbance as an identification criterion,
the ratio between the absorbance at two wavelengths must be used to avoid the effect of
different concentrations. Table 3 presents the relation between the absorption coefficient at
530 nm and 436 nm. The results of this study show that although phytoplankton species
can be grouped by colour by analysing their absorption spectra, the observed differences
were not sufficient to allow differentiation, especially when more species were considered.

Table 3. Relationship between absorption at 530 nm and 436 nm for the phytoplankton species
studied.

Species As30/Ag36
Nannochloropsis gaditana 0.46
Isochrysis galbana 0.80
Tetraselmis suecica 0.56

4.2. Excitation/Fluorescence Spectrum Matrix

Fluorometric measurements, using the commercial fluorimeter described in Section 2.2,
were performed for each species. Excitation was scanned from 400 nm to 650 nm (steps of
20 nm) and emission scanned from 400 nm to 850 nm (steps of 1 nm) for each excitation
wavelength. Fluorescence at the same wavelength of the excitation was removed, since it
results mainly from dispersion. Here, 2-3 mL of monocultures was analysed.

Figure 3 presents the fluorescence spectra (emission) of three of the presented phyto-
plankton species (Nannochloropsis gaditana (A), Isochrysis galbana (B) and Tetraselmis suecica
(©)) for each excitation wavelength. Fluorescence values were normalized to the maximum
value measured in the spectrum of each studied species.
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Figure 3. Fluorescence spectrum with excitation light scanned from 320 nm to 700 nm of (a) of
Nannochloropsis gaditana, (b) Isochrysis galbana and (c) Tetraselmis suecica.

The three species show a fluorescence peak at 685 nm, for several excitation wave-
lengths. This peak corresponds to the fluorescence emission of chlorophyll a.

We then tried to find patterns in Figure 3 that are unique for each species. To this
aim, we calculated the mean and standard deviation (¢), corresponding to the excita-
tion/emission values for the three species using Equation (1), where Fyy is the fluorescence
at each pair of excitation (x) and fluorescence (y) wavelengths, and Fy, is the mean value
from the three species.

i (F Xy3—§y)2
Oxy ny ’ 1)

Standard deviation between fluorescence in each excitation/emission wavelength
from the three species is plotted in Figure 4. As depicted by Equation (1) of the standard
deviation (cyy), a higher standard deviation means that the three species have different
values of fluorescence (measured at wavelength represented in index y and when excited
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at wavelength represented by index x). When the standard deviation has a value near
zero, it means that all three species have equivalent fluorescence at that wavelength. The
standard deviation is therefore used to understand which wavelengths can be used to
better distinguish between species. The standard deviation of fluorescence for each pair of
excitation/emission is higher when differences are found between the three species. Four
main regions were found where standard deviation showed high (>30%) values (Figure 4).
The respective excitation and emission wavelengths are presented in Table 4.

W 30-40 20-30

m10-20 =010

Std deviation (%)

Figure 4. Standard deviation of the excitation/emission fluorescence values corresponding to Nan-
nochloropsis gaditana, Isochrysis galbana and Tetraselmis suecica, calculated with Equation (1). The peaks
represent the excitation/emission pairs where fluorescence differs in these three species. Excitation
and emission wavelengths are plotted in horizontal axis and standard deviation (as percentage of
mean value) in vertical axis.

Table 4. Pairs of excitation/emission wavelengths where difference between fluorescence of spectrum
is higher, using the standard deviation as selection criteria.

Excitation (nm) Emission (nm) Standard Deviation (%)
420 685 39
450 670 33
530 680 47
680 680 39

The last region (excitation and emission at 680 nm) results from dispersion, since
the same wavelength is used for excitation and emission and will not be considered for
species differentiation. Emission in the 640 nm regions is almost equal in all species, at all
excitation wavelengths (Figure 4). Figures 5 and 6 plot only these selected wavelengths, for
the three species. Figure 5 represents fluorescence at 640 nm and 685 nm, when excitation
is scanned from 320 nm to 700 nm, and Figure 6 shows the fluorescence emission spectrum,
for excitation at 420 nm, 450 nm and 530 nm.
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The maximum standard deviation (1 = 3) of 5% was obtained.
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Figure 6. Fluorescence spectrum with excitation at: (a) 420 nm; (b) 450 nm; (c) 530 nm. The maximum
standard deviation (n = 3) of 5% was obtained.

Differences between the species could be detected from Figures 5 and 6. As expected,
the higher standard deviations from Table 4 are confirmed in the observed differences of
the fluorescence spectra in Figures 5 and 6. We also identified the emission wavelengths
where fluorescence is very similar for the studied species, which resulted to be emission
wavelengths bellow 660 nm and emission wavelengths above 710 nm. These emission
wavelengths can be used as reference.

Based on this study, excitation wavelengths of 420 nm, 450 nm and 530 nm and
emission wavelengths of 640 nm and 685 nm were chosen as the most suitable to distinguish
between these species. In order to confirm if the classification method could be used to
discriminate potentially toxic species, the fluorescence spectrum of Alexandrium tamarense
reported in [23,24] was used. Figure 7 shows the Alexandrium tamarense fluorescence
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spectrum at 685 nm, when excitation light is scanned from 200 nm to 600 nm. The pairs of
excitation/emission are presented in Table 5.

250

200 —— Alexandrium Tamarense

150

100

50

FLuorescence at 680 nm [a.u.]

200 300 400 500 600
Excitation wavelength (nm)

Figure 7. Alexandrium tamarense fluorescence spectrum with several excitation wavelengths.
Reprinted /adapted with permission from Ref. [23]. Copyright © 2005 Elsevier B.V.

Table 5. Pairs of excitation/emission wavelengths used to distinguish Nannochloropsis gaditana,
Isochrysis galbana, Tetraselmis suecica and Alexandrium tamarense and respective measured fluores-
cence value.

Fluorescence of Nannochloropsis gaditana (a.u.) Emission (nm)

Excitation (nm) X: 685 Y: 640
A: 320 1010
B: 420 1332 74
C: 450 944 71
D: 530 335 109
Fluorescence of Isochrysis galbana (a.u.) Emission (nm)
Excitation (nm) X: 685 Y: 640
A: 320 707
B: 420 768 74
C: 450 962 75
D: 530 533 110
Fluorescence of Tetraselmis suecica (a.u.) Emission (nm)
Excitation (nm) X: 685 Y: 640
A: 320 805
B: 420 665 66
C: 450 653 62
D: 530 251 90
Fluorescence of Alexandrium tamarense (a.u.) Emission (nm)
Excitation (nm) X: 685 Y: 640
A: 320 79.84
B: 420 150.4 8
C: 450 180.8 10
D: 530 128.8 9

For each species, nine ratios were derived from the fluorescence values shown in
Table 5: six ratios resulting from the four fluorescence values obtained at 685 nm, with
the four different excitation wavelengths (320 nm, 420 nm, 450 nm and 530 nm), named
FBX/CX, FBX/DX FBX/AX, FCX/DX, FCX/AX and FDX/AX; and three ratios between
the emission obtained at 685 nm and 640 nm, for each excitation wavelengths (320 nm,
420 nm, 450 nm and 530 nm), named FBX/BY, FCX/CY and FDX/DY. These ratios are
presented in Table 6 for each species.
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Table 6. Fluorescence ratios used to distinguish Nannochloropsis gaditana, Isochrysis galbana

Tetraselmis suecica and Alexandrium tamarense.

Specie
Ratio Nannochloropsis Isochrysis Tetraselmis Alexandrium

gaditana galbana suecica tamarense
Fpx/px 3.98 (M) 1.44 2.65 1.17 (m)
Fex/ax 1.32 1.09 0.83 (m) 1.88 (M)
Fex/px 2.82 (M) 1.80 2.60 1.40 (m)
Fex/ ax 0.93 1.36 0.81 (m) 2.26 (M)
Fpx/ ax 0.33 0.75 0.31 (m) 1.61 (M)
Fpx/BY 18 10.35 10.08 (m) 18.80 (M)
Fex/cy 13.30 12.83 10.53 (m) 18.08 (M)
Fpx/py 3.07 4.85 2.79 (m) 14.31 (M)

For each ratio, the maximum (M) and minimum (m) values (maximum and minimum
at each row) were selected. These maximum and minimum values of the fluorescence
ratios were then used as identifying characteristics of each species. For each species, an
identifier was calculated (GAD, GAL, SUE and TAM on Equation (2)). Maximum ratios
from Table 6 are in the numerator and minimum ratios in the denominator of equations
to calculate GAD, GAL, SUE and TAM (Equation (2)), but other ratios were also added to
improve selectivity. A coefficient was also used to normalize all identifiers to a maximum
value of 1 (1/284.6,1/0.24, 61.8 and 1/20,423 respectively).

_ EexycxxFpx/px XFex/px X Fex/By
GAD = 284.6 4
GAL — Fexycy XFpx/ax
0.24xFpx/cx % Fpx/px X Fpx/BY XFpx /DY’
()
SUE = 61.8
Fpx/ax>*Fex)ax*Fpx;axxFex/sy *Fcx/cy XFpx/py”’
TAM = IexzaxxFex/axxFpoxyax>Fpx/py xFex/cy *Fpx/py
o 20423x Fpx /px X Fex/px /

Validation of the equations was made by calculating the four identifiers (Equation (2))
with the fluorescence values of the four species (Table 6), resulting in the values in Table 7.

Table 7. Four identifiers (GAD, GAL, SUE and TAM) calculated from fluorescence ratios of the
three species.

Species GAD GAL SUE TAM
Nannochloropsis gaditana 1.00 0.08 0.25 0.09
Isochrysis galbana 0.24 1.00 0.48 0.54
Tetraselmis suecica 0.21 0.09 1.00 0.00
Alexandrium tamarense 0.00 0.01 0.00 1.00

The species Nannochloropsis gaditana and Isochrysis galbana are clearly identified from
the calculated identifier GAD and GAL, respectively. The identifier GAD showed the
highest value (1.00) when Nannochloropsis gaditana is present, whereas this identifier has
low values (0.24, 0.21 and 0.00) when calculated with the fluorescence measurements of the
three other species.

The identifier GAL has the highest value (1.00) with the fluorescence of Isochrysis
Galbana, but very small values (0.08, 0.09 and 0.01) when calculated from the fluorescence
measurements corresponding to the three other species.

In addition, the species Tetraselmis suecica can be identified, but with less confidence
than the previous species. The identifier SUE has the value 1.00 when calculated with the
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fluorescence of species Tetraselmis suecica, and values bellow 0.48 when calculated with the
fluorescence measurements from the other species.

The toxic species (Alexandrium Tamarense) can be clearly identified from Nannochloropsis
gaditana and Tetraselmis suecica. However, TAM showed a value of 0.54 in the presence of
Isochrysis galbana, a value that still allows its identification, but with less confidence.

An identifying algorithm should calculate the value of the four identifiers (GAL,
GAD, SUE and TAM), and the higher value obtained in these four identifiers reveals the
presented species.

If more different species are presented for identification, the same methodology can be
used. However, more emission ratios (than the ones presented in Table 6) should be used
in order to improve selectivity of the identification process.

We were, therefore, able to identify phytoplankton taxonomic groups using a commer-
cial fluorimeter, thus allowing to fulfil the objective of this work: to develop a lab-on-a-chip
sensor capable of distinguishing toxic and non-toxic phytoplankton species through the
analysis of fluorescence spectrum and intensity at several excitation wavelengths.

4.3. Single-Cell Analysis
4.3.1. Study of Size versus Complexity

Figure 8 reports on the size versus complexity for each of the selected phytoplankton
species, measured with the flow cytometer. The forward scatter (FS in y-axis of Figure 8)
represents the size of the cell, and the side scatter (SS in x-axis) is the granularity and
complexity of the cell.

Nannochloropsis gadifana Isochrysis galbana
10°
102 -
(O] (6]
= S
2 2 4
3 s 10
9 9 ]
2 2
10° -
4 sum
10 S
16" 10° 10" 102 10°
SSLOG: SSLOG Q) SSLOG: SSLOG b)
Tefraselmis suecica

FS LOG: FS LOG

L B S i L) s AL e Ly

10" 10° 10" 10° 10°

SSLOG: SSLOG 9
Figure 8. Size as a function of complexity for each of the phytoplankton species, obtained by flow

cytometry: (a) Nannochloropsis gaditana; (b) Isochrysis galbana; (c) Tetraselmis suecica.

As expected, each species presents different results in terms of size and complexity
(Figure 8). Nannochloropsis gaditana (Figure 8a) is the smallest (FS) and least complex (SS)
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species studied, followed by the Isochrysis galbana (Figure 8b), which is a little larger and
more complex.

Tetraselmis suecica (Figure 8c) shows large and complex cells. When all the species are
mixed, the results from Figure 9 can be expected, where differentiation and similarities
between species can be better visualized. Moreover, the discrimination of toxic phytoplank-
ton species by the flow cytometry method was clearly validated in [25]. The cytometry
results have revealed excellent capabilities for rapid and automatic detection of several
cells of phytoplankton within a flux, simultaneously analysing several optical parameters.
Thus, a solution based on lab-on-a-chip flow cytometry could revolutionize the paradigm
of portable and autonomous strategies for in situ phytoplankton quantification and species
determination, as designed in Section 5.

FS LOG: FS LOG

SSLOG: SSLOG

Figure 9. Cytometry results from individual species in the same graph: (a) Nannochloropsis gaditana;
(b) Isochrysis galbana; (c) Tetraselmis suecica.

4.3.2. Study of Fluorescence in Four Wavelengths of the Visible Spectrum

Figure 10 represents the relative fluorescence for each of the phytoplankton species in
four wavelengths of the visible spectrum: green (FL1-525 nm) (Figure 10a), yellow (FL2-
575 nm) (Figure 10b), orange (FL3-620 nm) (Figure 10c) and red (FL4-675 nm) (Figure 10d),
obtained with the flow cytometer, using a laser excitation at 488 nm.

Nearly 3000 cells were analysed in each test. Counts in the y-axis represent the number
of cells for each intensity range in the x-axis. The intensity of fluorescence in these species
is clearly different when considering the FL1, FL3 and FL4 histograms. Regarding the
FL2 histogram, almost all the studied species show the same histogram.

FL4 can be used as the base histogram to distinguish cells. FL4 florescence intensities
(600-700 nm) are almost an order of magnitude different in Nannochloropsis gaditana and
Tetraselmis suecica (1 and 40, respectively) as depicted by Figure 10d. This difference could
be attributed to the different chlorophyll cellular content characteristic of each species.

A lab-on-a-chip that measures fluorescence in these four wavelengths (FL1-525 nm,
FL2-575 nm, FL3-620 nm and FL4-675 nm) can be used to distinguish between these
species, except those from the same group. Complementing the lab-on-a-chip with forward
scattering and side scattering, further differentiation is also possible.
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Figure 10. Size as a function of complexity for each of the phytoplankton species, obtained
by flow cytometry: (a) FL1-525 nm (green); (b) FL2-575 nm (yellow); (¢) FL3-620 nm (orange);

(d) FL4-675 nm (red).

4.4. Preliminary Tests of Chlorophyll a Measurements

With the propose of evaluation, validation and output of the electronic features and
measuring principles presented in this paper, a simple and portable device was fabricated,
using excitation at 450 nm and detection at 680 nm. The fabricated device has only one
excitation wavelength (450 nm) and one fluorescence wavelength (680 nm). The analysis
was performed in a 1 cm® volume. This device was used to measure chlorophyll a content

of cells.

4.4.1. Fabricated Device

The portable and low-cost fluorescent detection system was fabricated using four
subsystems: (1) the illumination system containing two commercial LEDs with maximum
emission peak cantered at 450 nm; (2) the photodetection system containing a low-noise and
high-quantum-efficiency photodiode with a 680 nm optical bandpass filter for supressing
the excitation signal at 450 nm and improving the sensitivity by drastically reducing the
background noise; (3) the power source batteries; and (4) the electronics system for readout
and control, as described in Section 4.4.2.

The optical-electronic system was assembled in a 90° configuration using a 3D printed
support ensuring the correct alignment and position of the optical components. It was
designed with dimensions suitable for analysis in standard cuvettes. At this early stage of
development, the control and readout electronics were soldered in a PCB placed externally
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PCB for electronic
readout and control

| Cuvette holder |

Excitation LEDs |

Figure 11. Photograph of the developed device showing the several subsystems.

4.4.2. Readout Electronics

The major problem associated with the fluorescence signal is its low amplitude and,
consequently, low current in the photodiodes (tens of nA were measured for low chloro-
phyll concentrations), so it is easily affected by surrounding noise. The implementation of
a high-sensitivity, noise-free reading circuit capable of making viable readings is required.
This mechanism can be implemented using synchronous detectors as the lock-in ampli-
fier, which extracts the signal embedded in noise, allowing a higher signal-to-noise ratio,
since noise decreases as frequency increases [26]. Shifting the useful detection signal to
higher frequencies, the signal-to-noise ratio is increased, allowing the detection of smaller
frequency signals, such as those expected from phytoplankton fluorescence, by modulating
the excitation light (LED). The simplest approach for modulating the LED is to pulse it
in the order of kHz, shifting the signal of interest to frequencies where lower noise is
expected. The original DC signal (from fluorescence) is recovered through a synchronous
demodulator that will shift the signal from the modulation frequency to DC, attenuating
all signals that are not synchronized with excitation reference.

The representative block diagram of a lock-in amplifier is shown in Figure 12.

Low-pass
filter

Transimpedance
amplifier

Band-pass
filter

Output (DC)

Amplifier Multiplier

Band-pass
filter

&

Lock-in amplifier

Reference signal
(from control unit)

Figure 12. Lock-in amplifier functional block diagram.
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4.4.3. Performance Testing and Calibration

The performance of the proposed device was determined considering the measure-
ment range, limit of detection and linearity. As such, an initial calibration was performed
using standard solutions of chlorophyll a (from spinach, Sigma-Aldrich C5753-1 mg) dis-
solved in acetone 90%. Several dilutions of this standard solution were carried out with
known concentrations in the range of 0.01-300 ug/L (Figure 13). As it can be seen from
the presented results, the sensor exhibits a linear response (R? = 0.9963) with a 0.01 nug/L
detection limit.

10
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Figure 13. Calibration curve of the sensor using chlorophyll a standard solutions.

Experimental tests were also performed in the device with collected seawater. Water
samples were diluted (with filtered seawater) to obtain five different water samples with
chlorophyll a concentration in the range 0.05-2 ug/L. This low concentration allowed
assessing the limit of detection of the device using natural seawater samples (Figure 14).
These measurements showed an excellent performance for outputting the chlorophyll
a concentrations, from 0.05 to up to 300 pg/L, with in vivo phytoplankton, allowing to
conclude the viability of the developed electronics illumination and readout circuits.

0.10
Vout = 0.0267 [Chl-a]

— ,"”
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>
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<)
—
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o Seawater samples

0.00 T

0.05 0.50 5.00

log [Chl-a] (pg/L)

Figure 14. Measurement of five diluted seawater samples, with chlorophyll a concentration in the
range 0.05-2 pug/L.

5. Towards the Development of a Lab-on-a-Chip

After the previous validation of the wavelengths, a lab-on-a-chip device for phyto-
plankton group identification was designed, resorting to the spectral characteristics of each
of the species used in this study. The algorithm from Section 4.2 requires four excitation
wavelengths (320 nm, 420 nm, 450 nm and 530 nm) that can be obtained with LEDs or
lasers, and two detection wavelengths (640 nm and 685 nm) with respective optical filters.
The methodology described in Section 2.2 requires only one excitation wavelength, but the
detection needs six photodetectors with optical filters for the six wavelengths. Furthermore,
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the proposed lab-on-a-chip will comprise a constriction channel, in order to analyse single
cells (or a few cells) to avoid measurement of mean values of optical properties that results
from larger volumes with several different cells. This allows the phytoplankton cells to
move in a single centre line and pass, one by one, through the detection area.

The schematic representation of the lab-on-a-chip is shown in Figure 15. This device
has integrated fluorescence and scattering detection. It comprises a microfluidic die, which
includes microchannels and a detection chamber; a set of excitation light sources with
wavelengths specific for the different species of phytoplankton; CMOS silicon photodiodes;
signal amplifiers; data acquisition and processing; and a microcontroller. All of these parts
are integrated in a portable and compact platform.

Microfluidic Hi.gh-p_ass Fluorescence detectors
channelinlet optical filters (640 and 680nm)
[ &
- L Transmittance
T : detectors . .
> T & i Microfluidic
! channel outlet
1

Constriction ~

channel e >
_.--="" Excitation lights ="

-—=

Integrated o2
micro-lens .-
-

Figure 15. Schematic illustration of the lab-on-a-chip for phytoplankton group identification and
quantification based on fluorescence detection.

5.1. Microfluidic Die

The microfluidic die was designed to deliver the phytoplankton cells to the detection
channel. A sheath flow could be used to confine the sample cells to a focus point where
the morphology features (scattering sensor), absorbance (transmittance detectors) and
fluorescence (fluorescence detectors) can be measured for phytoplankton classification.
This microfluidic die is fabricated in polydimethylsiloxane (PDMS) due to its flexibility,
biocompatibility and optical transparency in the visible/ultra-violet (down to 230 nm)
spectral range, which allows the use of optical detection methods. The fabrication of the
PDMS microfluidic die is a simple and low-cost method, without the need of cleanroom
facilities, where it was cast with an SU-8 mould (soft lithography) obtained by a high-
resolution photolithography process. The detailed processing steps for the SU-8 mould
fabrication can be found in [27].

5.2. Optical Detection System

Based on the results obtained in Section 4, four micro-LEDs were chosen as the
excitation light source, with wavelengths of 320, 420, 450 and 530 nm. Lenses could be
fabricated in the PDMS die in order to focus light on a small spot located in the constriction
channel. Two photodetectors (with band-pass filters at 640 nm and 680 nm) are placed at
a 90° angle with respect to the LEDs to measure fluorescence and minimize the influence
of excitation light (see Figure 15). Forward (FS) and lateral (SS) detection can also be
implemented. Transmitted light can be measured by means of photodetectors added in
front of each excitation light (LEDs or laser). Waveguides could be used to conduct the
transmitted light (FS) from the cell to the photodetector. The bottom photodiodes can be
used to measure cell complexity (SS) at the excitation wavelength. The control and readout
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electronics are based on a lock-in amplifier, as described and validated in Sections 4.4.2
and 4.4.3, respectively.

6. Conclusions

This paper presents the features of absorbance and fluorescence optical properties
of three phytoplankton species, and it serves as a preliminary step towards the devel-
opment of a portable and low-cost lab-on-a-chip capable of identifying phytoplankton
taxonomic groups. A methodology for the selection of suitable excitation/emission pairs
in fluorimetry analyses is also described. Based on this methodology, a lab-on-a-chip
device is proposed that is able to distinguish between four phytoplankton species (one of
them, Alexandrium tamarense, known for being toxic), using excitation at 320 nm, 430 nm,
450 nm and 530 nm and detection at 640 nm and 680 nm wavelengths. The measurement
principle and electronics were validated (with excitation at 450 nm and fluorescent emis-
sion at 680 nm wavelengths). The developed device was able to estimate phytoplankton
biomass from in vivo chlorophyll a, with concentrations ranging from 0.01 to 300 pg/L.
The detection limit of the proposed device was measured as 0.01 ug/L for chlorophyll a
standard solutions, and as 0.05 pug/L for in vivo measurements. Further work will focus on
the integration of the several excitation and emission wavelengths in a single lab-on-a-chip
device for multi-species identification, paying special attention to the identification of toxic
species in the presence of other non-toxic species. This device exhibits great potential for
oceanographic research, since it allows in vivo analysis with less work time and without the
need for complex extraction procedures. Furthermore, the proposed low-cost technology
(<300 EUR) will allow future massive deployments of those sensors, enabling a better
understanding of the ocean, with systematic measures and analyses of potentially toxic
(and non-toxic) phytoplankton.

7. Patents

A European Patent Application resulting from the work reported in this manuscript
was submitted with EP number EP3943918A1 and title: “Device for identification and
quantification of phytoplankton, methods and uses thereof”.
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