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Highlights
o UV-A photolysis was effective for elimination of cyanobacteria and toxins
e Complete inhibition of M. aeruginosa PCC7813 by UV-A photolysis
e 92% removal of four microcystins after UV-A photolysis (intra- and extracellular)

e TiO; photocatalysis was less effective in M. aeruginosa PCC7813 cell removal
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UV-A irradiation photocatalytic reactor removes
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Abstract

To date, the high cost of supplying UV irradiation has prevented the widespread
application of UV photolysis and titanium dioxide based photocatalysis in removing
undesirable organics in the water treatment sector. To overcome this problem, the use
of UV-LEDs (365 nm) for photolysis and heterogeneous photocatalysis applying TiO-
coated glass beads under UV-LED illumination (365 nm) in a pilot scale reactor for the
elimination of Microcystis aeruginosa PCC7813 and four microcystin analogues (MC-
LR, -LY, -LW, -LF) with a view to deployment in drinking water reservoirs was
investigated. UV-A (365 nm) photolysis was shown to be more effective than the
UV/TiO photocatalytic system for the removal of Microcystis aeruginosa cells and
microcystins. During photolysis, cell density significantly decreased over 5 days from
an initial concentration of 5.8 x 10° cells mL™" until few cells were left. Both intra- and
extracellular microcystin concentrations were significantly reduced by 100 and 92%,
respectively, by day 5 of the UV treatment for all microcystin analogues. During
UV/TiO; treatment, there was great variability between replicates, making prediction of

the effect on cyanobacterial cell and toxin behavior difficult.

Keywords: blue-green algae; cyanotoxins; water treatment; titanium dioxide,

cyanobacteria

1 Introduction
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Cyanobacterial blooms in freshwater reservoirs represent a threat to human and animal
health because of the potential release of a wide variety of harmful metabolites, known
collectively as cyanotoxins (Carmichael et al., 2001; Falconer et al., 1983; Jochimsen
et al., 1998). Microcystins (MCs) are one of the most commonly reported cyanotoxins
with over 247 analogues to date (Spoof and Catherine, 2017). Conventional water
treatment (i.e., coagulation, flocculation, sedimentation or flotation and filtration) is used
worldwide for treatment of water contaminated with cyanobateria, however, these
processes can promote cell rupture and consequently cyanotoxin release into the
environment (Chang et al., 2018; Pestana et al., 2019). Further, conventional treatment
methods are designed for the removal of suspended or colloidal particles and are not fit
to remove dissolved contaminants including dissolved cyanotoxins (Chae et al., 2019;
Vilela et al., 2012). In order to mitigate the effect of dissolved cyanobacterial toxins
entering water treatment plants, advanced oxidation processes (AOPs) such as
photocatalysis and photolysis can be used for the control of cyanobacterial cells and
toxic metabolites within reservoirs (Fan et al., 2019; Matthijs et al., 2012; Ou et al.,
2011a).

UV photolysis is an AOP that has been widely applied for the inactivation of pathogenic
microbes in water treatment and other applications, and can be used as a strategy for
removing cyanobacteria and their toxins. A number of studies have evaluated the
effects of mainly UV-C (usually 254 nm) and UV-B (usually 312 nm) on microcystin
degradation and Microcystis aeruginosa removal (Liu et al., 2010; Moon et al., 2017;
Tao et al., 2018). This, however, is the first time that the degradation of M. aeruginosa
PCC7813 and four microcystin analogues (MC-LR, MC-LW, MC-LY, MC-LF) under UV-
A (365 nm) irradiation was investigated.

UV-irradiation-driven titanium dioxide (TiO2) photocatalysis is another AOP that can be
used to control cyanobacteria and their toxins. TiO; activation needs to occur under UV
light irradiation (A < 387 nm) (Chang et al., 2018; Hu et al., 2017; Zhao et al., 2014) due

to its wide band gap (3.2 eV and 3.0 eV for the anatase and rutile forms of TiO;
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respectively) (Chen et al., 2015; Hu et al., 2017; Pinho et al., 2015b), which limits its
application in drinking water treatment (Jin et al., 2019). UV light is, however,
attenuated by water and hence the need for UV irradiation (below 387 nm) is a hurdle
in the practical application of photolysis and photocatalysis for water treatment (Chae
et al., 2019). To overcome this, and to make the systems practical for application in
reservoirs used for drinking water, the system investigated here employs UV (365 nm)
light emitting diodes (LEDs), which are low-cost (ca. USD 0.78 per LED), long life
(approximately 100,000 working hours; Heering, 2004) and capable of activating TiO..
In the current study, UV-LED-driven photolysis and TiO, photocatalysis were evaluated
over 14 days for the elimination of M. aeruginosa PCC7813 as well as for the

destruction of four microcystin analogues (MC-LR, MC-LW, MC-LY, MC-LF).

2 Methods

2.1 Reagents

The chemicals for artificial fresh water (AFW) and BG-11 culture medium (Stanier et al.,
1971) preparation were of reagent grade (Fisher Scientific, UK). AFW was prepared
according to Akkanen and Kukkonen (2003) by dissolving CaCl. (11.8 mg L™"), MgSO4
(4.9 mg L"), NaHCO3 (2.6 mg L™") and KCI (0.2 mg L™") in ultrapure water. For AFW,
pH was adjusted to 7 with 1 M hydrochloric acid or 1 M sodium hydroxide if required.
Acetonitrile, methanol, and trifluoroacetic acid used for high performance liquid
chromatography analysis of microcystins were of HPLC grade (Fisher Scientific, UK).
Diuron (3-(3,4-dichlorophenyl)-1,1-dimethylurea) (Sigma-Aldrich, UK) was used for
photosynthetic activity assays. Isoton |l Diluent obtained from Beckman Coulter (USA)
was used for cyanobacterial cell density determination. All solutions were prepared

using ultrapure water (18.2 MQ) provided by an ELGA PURELAB system (Veolia, UK).

2.2 Cyanobacterial cultivation

The cyanobacterium M. aeruginosa PCC7813 (Pasteur Culture Collection) was grown
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in BG-11 medium at 21+1 °C with constant cool white fluorescent illumination with an
average light intensity of 30 umol photons m s and constant sparging with sterile air.
This strain does not have gas vesicles and produces four main microcystin analogues

(MC-LR, MC-LY, MC-LW and MC-LF).

2.3 Reactor design for M. aeruginosa PCC7813 and microcystins treatment

A cell suspension of a 27 days-old culture of M. aeruginosa PCC7813 (5 x 10° cells mL-
) in AFW was prepared and sampled prior to addition to the reactors (Co). The reactors
(1000 x 90 mm) were made of a stainless-steel mesh with an aperture of 1.2 x 1.2 mm
and 0.4 mm wire strength. Each reactor was placed inside an acrylic cylinder (1100 x
95 mm) that was filled with 6.5 liters of M. aeruginosa suspension. The acrylic cylinders
were sparged from the bases through a multi-porous air-stone with sterile air with the
aid of a pump for continuous gentle air flow (1 L min™' per reactor; Figure S1). The top
of the acrylic cylinders was covered with a foam bung to avoid external contamination
and to allow air exchanges. The overhead ambient light was of low intensity (2.5 ymol
photons m2 s). Triplicate reactors were prepared for each of the tested systems (UV-
only, TiOz-only and UV/TIOy).

One set of three reactors for the UV-A treatment (photolysis) was prepared (Figure
S1A) which consisted of reactors with 5 UV-LED strips (1 meter), each with 120
individual UV-LEDs (A=365 nm and light intensity of 5 W m?), attached to the external
surface of the acrylic cylinders and 6.5 L of the cyanobacterial cell suspension added.
In the UV-A treatment, empty tetrahedral stainless-steel wire mesh pods (aperture 1.2 x
1.2 mm, wire strength 0.4 mm, Figure S2) were placed inside the reactors without TiO-
coated glass beads to allow observation of the effects of only UV-A light on M.
aeruginosa PCC7813 and its four microcystin analogues. To determine if the TiO;
coated beads have an effect on the cyanobacterial cells and toxins in the absence of
UV light, a second set of triplicate reactors was prepared (Figure S1B), consisting of

6.5 L of the M. aeruginosa PCC7813 suspension and TiO; coated glass beads (3.2 g)
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corresponding to 0.1% (w/v) TiOz inside tetrahedral stainless-steel pods (Figure S2).
The TiO, coated beads were manufactured from recycled glass that were prepared as
per Pestana et al. (2020) and Hui et al. (2021) containing approximately 12% (w/w)
TiOo. In the TiO2-only samples, no UV illumination was used. Finally, a third set of
reactors to test the efficacy of TiO, photocatalysis was prepared. The UV/TiO;
treatment consisted of reactors with TiO, coated glass beads inside of the stainless-
steel pods (Figure S2), 5 UV-LED strips and 6.5 liters of M. aeruginosa cell suspension
(Figure S1C). All reactors were maintained in the presence low light intensity (2.5 umol
photons m? s™') from overhead lighting since photosynthetic organisms like
cyanobacteria require light to survive.

Samples were collected and temperature measured (supplementary material S2) at the
same time every day over 14 days. A total of 4 mL was removed at each sampling
point, of which 1.5 mL was used for cell enumeration, 1.5 mL was used for
intra/extracellular microcystin analysis and 1 mL was used for photosynthetic activity
measurements. All aliquots were used immediately except for the aliquots for toxin
determination, which were centrifuged for 10 minutes at 13000 G and the supernatant

and cell pellets were stored separately at -20 °C until further processing and analysis.

2.4 M. aeruginosa PCC7813 regrowth experiment

To assess the regrowth of M. aeruginosa PCC7813 after 14 days treatment, samples
(50 mL) were removed from each reactor and mixed with an equal volume of BG-11
medium. Aliquots of this mixture (3 mL) were transferred to 28 sterile glass vials (4 mL
volume) to allow for sacrificial sampling over seven days with four replicate samples.
Samples for each sampling point (i.e., 4 vials) were incubated in a sterile glass beaker
(150 mL), covered with a sterile petri dish lid (Figure S3). Immediately, one set of
samples was removed and cell density was analyzed (Co sample), the remaining
beakers were incubated at 211 °C on a 12/12 hours light/dark cycle illuminated by
cool white fluorescent lights with an average light intensity of 10.5 pmol photons m s

6
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without agitation for the following 6 days and sampled at the same time every day.

2.5 Analysis

2.5.1 M. aeruginosa PCC7813 cell density determination

M. aeruginosa PCC7813 cell density was measured with a Multisizer 3 (Beckman
Coulter, USA). A 50 um aperture tube was used to detect particle sizes from 1 to 7 ym
for both reactor treatments and regrowth experiments. Samples were diluted 200 to
1500-fold in Isoton Il Diluent (Beckman Coulter, USA), depending on the sample cell

density.

2.5.2 M. aeruginosa PCC7813 photosynthetic activity evaluation

A Mini-PAM system (Walz, Germany) was used for cyanobacterial photosynthetic
activity analysis according to Menezes et al. (2020). In short, the minimal fluorescence
Fo was measured by adding 400 yL of sample into a cuvette under agitation followed
by diuron (0.5 M) addition (20 uL) and the true maximal fluorescence measurement
(FM') by a saturating pulse under actinic light. The cyanobacterial photosynthetic activity
can be determined by the maximal values of quantum yield of photosystem (PS) Il
calculated by Fv/Fn', where Fy is the difference between Fy' and Fq (Stirbet et al.,

2018).

2.5.3 Intra- and extracellular microcystin determination by high-performance
liquid chromatography (HPLC)

After sampling, the liquid and solid portions of the sample were separated in a
centrifuge for 10 minutes at 13000 G. The supernatant, representing the extracellular
toxin component, was evaporated to dryness in an EZ-Il evaporator (Genevac, UK).
Dried samples were resuspended in 80% aqueous methanol (150 pL) and stored at -
20 °C until analysis. Cell pellets, representing the intracellular toxin component, were
resuspended in 80% aqueous methanol (150 pL), agitated in a dispersive extractor for

7
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5 minutes at 2500 rpm and centrifuged for 10 minutes at 13000 G to remove cell
debris. The resultant supernatant, representing the liberated intracellular content was
stored at -20 °C until analysis. The concentrations of four microcystin analogues (MC-

LR, MC-LY, MC-LW and MC-LF) were quantified by HPLC (Table 1).

Table 1 — Analytical conditions of HPLC for intra- and extracellular microcystins
determination.

Parameters Conditions

HPLC 2965 separation module and a 2996
photodiode array (PDA) detector
(Waters, United States)

Column Symmetry C18 column, 2.1 mm x 150
mm, 5 um particle size (Waters, United
States)

Mobile phase A: 0.05% trifluoroacetic acid in ultrapure

water (18.2 MQ)
B: 0.05% trifluoroacetic acid in

acetonitrile
Gradient Time (min) 0 25 26 29 35
SolventA(%) 80 30 0 80 80
Flow rate 0.3 mL min-*
Injection volume 35 uL
Column temperature 40 °C
PDA scan range 200-400 nm

All chromatograms were extracted at 238 nm and quantified using standards (as per
Enzo Life Sciences) for calibration between 0.001 and 5 ug mL™" in the Empower
software. The limit of quantification was 0.01 ug mL"" for MC-LF and 0.005 ug mL™" for

the other microcystin analogues.

2.7 Statistical data analyses

All statistical analyses were performed using RStudio with a significance level of 5%. In
order to verify if the TiO2-only samples, UV and UV/TiO; treatments influenced cell
numbers or toxin removal it is necessary to identify a significant reduction of cell
density during treatment and intra- and extracellular microcystin concentration
(dependent variables) over 14 days (independent variable). The results were pre-

analyzed using different statistical models, i.e., linear, piecewise, linear-plato,
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exponential and logarithmic regression. The models were selected and adjusted using
the linear or piecewise regression techniques using the mean of triplicates from each
treatment group. The linear or piecewise regression techniques were selected because
they were the models that presented the best fit with the data. The mean was selected
to create each model because the mean values presented normal distribution
according to Shapiro-Wilk Normality Test (data not shown). The linear regression
consists in a linear relation between dependent (cell density and microcystins
concentration) and independent (time) variables. The piecewise regression consists in
multiple linear models to the data for different ranges of the independent variable,
which means that the tendency/inclination of the curve of the dependent variable will
change over the independent variable. A detailed description of the data analysis and

the model selection can be found in the supplementary material (S4).

3 Results and Discussion

3.1 Treatment effects on Microcystis aeruginosa PCC7813 cell density and
photosynthetic activity

The removal of M. aeruginosa PCC7813 in a photocatalytic and a photolytic reactor
using UV-LEDs and TiO, coated beads was investigated. The effect of the UV-A
treatment presented a piecewise regression tendency (Figure S4) with a cell density
decrease from 5.4 x 108 cells mL™" over 5 days until there were only 1.8 x 10* cells mL"’
left (significant tendency rate of 1.12 x 10° cells mL™" day™ until 5 days, p<0.01; Figure

1A).



233

234
235
236
237
238
239
240
241
242
243
244
245
246
247
248

249

A uv B TiO, C UV / TiO,

o _ - —
™
© S - - - A
N~ 7 2N
(G A A
UTEI o _ - | A/* A,
p Aa A/‘\ \/
0
0= A /A\A’ N A
AR ek Tt
. B A\
58 \A A aqns 4 \
E\— < A — \‘A:AA'AA —
D X A A ‘A A A A
e\l : NE \
A
A N A A,
o - ASOAOAALAALA AL A Al -
I

T 1T 1 1T T T 1T 1T 1T 1 1T 1T T T T T"1
6 8 10 12 14 0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14

Time (days) Time (days) Time (days)
Figure 1 — Effects of (A) UV-LED irradiation (365 nm), (B) TiO2 coated glass beads under
ambient light (2.5 pmol photons m-2 s-') and (C) photocatalytic treatment on Microcystis
aeruginosa PCC7813 cell density using TiO2 coated glass beads under UV-LED illumination

(365 nm) over 14 days, sparged with sterile air. Data points represent individual replicates for
each treatment.

Biological replicates can commonly present different behaviors even when exposed to
very similar conditions. M. aeruginosa PCC7813 cell numbers showed slightly different
trends during TiO2-only treatment with variability increasing as the investigation
progressed, particularly after day 10. The outlier observed on day 6 probably occurred
due to lack of mixing during cell counting, since samples were consistent until day 10.
M. aeruginosa PCC7813 cell numbers decreased on average from 5.8 x 108 to 2.6 x
108 cells mL™" with a significant rate of 0.19 x 108 cells mL™" day' (p<0.01) over 14 days
(Figure 1B) represented by linear regression (Figure S5). The variability that increased
over time might have occurred due to adsorption of cells onto the surface of the TiO;
layer on the beads and to adhesion of cells onto the inside walls of the reactor.

A reduction in cell numbers was expected to be observed in the UV/TiO; treatment on
the M. aeruginosa PCC7813 cell density based on previous bench-scale studies
(Pestana et al., 2020; Chang et al., 2018; Song et al., 2018; Wang et al., 2018, 2017;
Pinho et al., 2012). However, the M. aeruginosa cell density could best be represented

by a piecewise regression tendency (Figure S6) and significantly rose in the UV/TiO»

10
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treatment over the first eight days with a tendency rate of 0.46 x 106 cells mL™" day
(p<0.01), and then decreased after day 8 with a tendency rate of 1 x 10 cells mL™" day
' (p<0.01; Figure 1C). One possible explanation for this observation is that the TiO-
coated glass beads have converted some of the incoming UV irradiation into visible
light through fluorescence from the semiconductor material (Li et al., 2016) in sufficient
quantities to support modest growth, despite the fact that ambient overhead light was
of low intensity (2.5 pmol photons m2s') and nominally insufficient for significant cell
growth evidenced by no growth observed in the treatments without LEDs (Figure 1B).
Photoluminescence measurements of the TiO, coated glass beads show that the
beads generate additional visible light, albeit with low efficiency of 7%. The spectrum
was generated at a wavelength of around 430 nm, presenting an overlap with the blue
absorption peak of chlorophyll a, which can be used by cyanobacteria since chlorophyll
a has a significant absorbance at this same wavelength and might have contributed to
growth of the cyanobacteria (supplementary material S5). It is possible that at the same
time cells were receiving sufficient light to grow, during UV/TiO- treatment, cells were
being damaged and growth was inhibited. Mathew et al. (2012) also observed
emission of new wavelengths in the range of visible light (387, 421, 485, 530 and 574
nm) from TiO2 colloidal nanoparticles after the excitation wavelength of 274 nm. The
sample behavior after day 8 is not a true reflection of the individual replicates. After 8
days, the replicate treatments diverged with one of the replicates (Figure 1C: black)
declining rapidly (cell density decreased from 5.8 x 106 to 3.1 x 10° cells mL""), while
the two other replicates (Figure 1C: red and green) grew, with a cell density increasing
from 5.6 x 10° to 7.7 x 10 cells mL™" for one of these replicates (red) and from 5.6 x 10°
to 8.9 x 106 cells mL™" in the other (green).

In order for the UV illumination to target a specific organism or to activate a catalyst, it
must be able to first transmit through the water (Summerfelt, 2003). The lack of cell
removal by photocatalysis in two out of three samples during the UV/TiO; treatment
could be explained by the air flow within the reactor design. In the UV/TiO-

11
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photocatalytic treatment, coated beads inside of the pods may have dispersed the
rising air flow into smaller air bubbles, thus attenuating the light to the point where an
insufficient number of photons reached the TiO; to produce hydroxyl radicals that would
be responsible for M. aeruginosa PCC7813 removal. The sparging pattern in the
reactor where photocatalytic removal of M. aeruginosa PCC7813 was observed may
have been such that permitted better light penetration, allowing the activation of TiO-
coated beads by UV illumination and subsequent sufficient hydroxyl radical production.
Direct photolysis and the indirect oxidation by extracellular reactive oxygen species
(ROS) initially cause cellular stress and then damage to the cell membrane, without
promoting the complete destruction of the cell (Ou et al. 2011a, 2011b). Photosynthetic
activity as expressed as the Fv/Fy' ratio is a rapid method that can represent the level
of stress and/or damage in cyanobacterial cells (Menezes et al., 2020; Stirbet et al.,
2018; Yang et al., 2013). Cyanobacterial stress causes a decline in the Fy/Fy' ratio,
which means that the lower the Fv/Fy' ratio (photosynthetic activity) the more damage
or stress there is to the cyanobacteria. During the UV treatment, cyanobacterial cells
suffered inhibition of photosynthetic activity especially at the beginning of the
experiment from days 1 to 4 (Figure 2A). The photosynthetic activity decrease
observed during photolysis corresponds to the decrease in the cell number observed
until day 3 (Figure 1A). As previously reported by Menezes et al. (2020), photosynthetic
activity measurements showed a faster response to cell damage than cell density
measurements, indicating that cell stress occurred as early as 24 hours before cell
density changes could be observed by cell density measurements. The cell stress
results from day 3 are most likely due to the very low cell density observed from that
point in time (5 x 10° cells mL™"), which were lower than the minimum concentration of
cells required for cell stress determination. For the TiOz-only treatment photosynthetic
activity remained consistent for the first 6 days (Figure 2B), remaining at the same level
for two out of the three replicates until the end of 14 days (Figure 2B: red and green).
These results support the hypothesis from cell density observations (Figure 1B) that

12
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cells were not inhibited or damaged but were removed from suspension and thus
influencing the cell enumeration. Before carrying out the study, UV/TiO, treatment was
expected to be the most effective treatment through damage to the photosynthetic
system of M. aeruginosa PCC7813. However, relatively little effect was observed in the
UV/TiO- treatment over the first 8 days with only one of the replicates showing a

decline in photosynthetic activity from day 7 onwards (Figure 2C: black) which also

corresponds to the cell density decrease in that replicate. (Figure 1C: black).
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Figure 2 — Effects of (A) UV-LED irradiation (365 nm), (B) TiO2 coated glass beads under
ambient light (2.5 pmol photons m-2 s-') and (C) photocatalytic treatment on Microcystis
aeruginosa PCC7813 photosynthetic activity using TiO2 coated glass beads under UV-LED
illumination (365 nm) over 14 days under sparging with sterile air. Data points represent

individual replicates from each treatment. *Data points below the limit of quantification as too
few cells remained for reliable quantification.

An initial decrease of M. aeruginosa PCC7813 cell density at the beginning of the
experiment was expected which was what had been observed previously in other
studies that evaluated M. aeruginosa cell density after TiO, photocatalytic treatment
(Pestana et al., 2020; Chang et al., 2018; Song et al., 2018; Wang et al., 2018, 2017;
Pinho et al., 2012). In particular, the study of Pestana et al. (2020), was a similar
experimental design albeit in a smaller bench scale (30 mL of cell suspension and 700

mg of coated beads, equivalent to 0.2% (w/v) TiO.). The differences in results between
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the two studies could be due to the light attenuation of the bubbles being dispersed by
the beads.

In the current study, photolysis by UV illumination (365 nm) was observed to be the
most effective treatment for M. aeruginosa PCC7813 cell destruction. The reduction in
the M. aeruginosa PCC7813 cell density (Figure 1A) might be explained by the fact that
cyanobacteria do not produce sufficient ROS-scavenging enzymes (e.g., ROS
produced by UV treatment; Sinha et al., 2018). ROS oxidize lipids and proteins inside
the cyanobacterial cells, resulting in cell wall damage, followed by inactivation of
enzymes and ultimately cell death (Sinha et al., 2018). Furthermore, the effect of the
UV treatment on M. aeruginosa PCC7813 cells might have been caused by indirect
oxidation due to intracellular ROS (Ou et al. 2011a, 2011b). Intracellular ROS
generation may have been enhanced by the presence of intracellular phycocyanin
which is a natural cyanobacterial pigment (Robertson et al., 1999). Robertson et al.
(1999) suggested that cell destruction can occur from the inside-out rather than the
outside-in due to the production of both singlet oxygen and hydroperoxide radical
facilitated by the intracellular phycocyanin upon UV-irradiation. After this, the
intracellular ROS effects on cells were enhanced by phycocyanin, causing complete
degradation of cells. Under UV illumination alone, phycocyanin can contribute to the
degradation of cells by two mechanisms: firstly, during the electron transfer process
(Equation 1), the photoexcited phycocyanin transfers an electron to oxygen, producing
the superoxide radical that then becomes a hydroperoxide radical by protonation.
Secondly, during the energy transfer process (Equation 2), phycocyanin and oxygen
interact to produce singlet oxygen (Robertson et al., 1999) with both ROS attacking the
cell structures from within.

Phycocyanin + hv + 0, — Phycocyanin + « 05

*«0; + H* -« O0H (Equation 1)
Phycocyanin + hv + 0, — Phycocyanin +'0, (Equation 2)
Furthermore, cyanobacteria release oxygen during photosynthesis which can interact

14



351
352
353
354
355
356
357
358
359
360
361
362
363
364
365
366
367
368
369
370
371
372
373
374
375
376
377

378

with UV light and other organic compounds to produce ROS (Pattanaik et al., 2007).
The ROS produced by UV-A illumination in the present study might also be responsible
for damaging M. aeruginosa PCC7813 cells.

UV-C (254 nm) has been widely applied as a germicide for the inactivation of bacteria
and viruses by denaturing the DNA of microorganisms and causing death or function
loss (Boyd et al., 2020; Summerfelt, 2003). However, it is likely that the UV-A
ilumination (365 nm) used in the present study was able to destroy M. aeruginosa
PCC7813 cells due to the generation of ROS and the presence of phycocyanin inside
the cyanobacterial cells. Therefore, unlike UV-C illumination, UV-A illumination might be
specific to cyanobacterial control and it may not affect other phytoplankton such as
diatoms or green algae, although this requires further confirmation. The specificity of
the effects of the UV-A photolysis on cyanobacteria would impact the phytoplankton
community in natural waterbodies less than the application of UV-B/UV-C photolysis. At
the same time, having the additional advantage of presenting with lower capital cost.
Previous studies have investigated the application of other treatments (e.g., hydrogen
peroxide oxidation) and observed that some treatment were selective for
cyanobacterial species due to their biochemistry (Drabkova et al., 2007a; Drabkova et
al., 2007b; Matthijs et al., 2012).0u et al. (2011a, 2011b) pointed out that the UV-C-
induced damage occurs via either direct photolysis or indirect oxidation by intra- and/or
extracellular ROS. UV irradiation causes damage to the photosynthesis system,
including PS I, PS Il and phycobilisome which interrupts the electron transport chain
and retards the critical reactions during photosynthesis, followed by the decomposition
of cytoplasmic inclusions and finally cell destruction with release of intracellular organic
matter. The same mechanisms might have occurred during the present UV-A photolysis
where the photosynthetic system of M. aeruginosa PCC7813 was affected (Figure 2A)
and cellular destruction occurred due to intracellular ROS (Figure 1A). Yang et al.
(2015) evaluated the effects of high-energy UV-B illumination (280—-320 nm) on a toxic
(FACHB 915) and a non-toxic (FACHB 469) strain of M. aeruginosa photosynthetic
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activity. The UV-B irradiation resulted in an inhibition of the photosynthetic activity of
both toxic and non-toxic strains over 3 days of exposure due to damage to
photosystem Il (Yang et al., 2015). However, both M. aeruginosa strains used by Yang
et al. (2015) showed signs of photosynthetic activity recovery at the end of the

experiment.

3.2 Intra- and extracellular microcystin removal

The intracellular microcystin concentration for all analogues diminished significantly in
a piecewise regression tendency (Figure S7 — S10) over the first 5 days of the UV
treatment (Figure 3A) with the complete removal of all microcystin analogues by this
time (approximate rate of 40, 22, 15 and 2.6 ng mL™ day' of intracellular MC-LR, MC-
LF, MC-LW and MC-LY, respectively, p<0.01 for all samples). The decrease of all four
analogues of intracellular microcystins during UV treatment (Figure 3A) corresponds to
the reduction of M. aeruginosa cell density and subsequent microcystins leak (Figure
1A). For the TiOz-only samples (Figure 3B), the mean values suggest removal of 20,
43, 42 and 42% of intracellular MC-LR, MC-LF, MC-LW and MC-LY, respectively, or a
significant decrease in a linear regression rate (Figure S11 — S14) of 3.7, 2.8, 2.9 and
0.3 ng mL" day (for all samples p<0.05) over 14 days. Samples remained consistent
over the first 11 days, however, it was possible to observe divergence in the results in
the later stages. During UV/TiO; treatment, intracellular microcystins samples
presented high variability over 14 days (Figure 3C) and while one replicate (Figure 3C:
black) showed complete removal of all microcystins at the end of the experiment,
another replicate (Figure 3C: green) demonstrated microcystins concentration of 157,
74, 59 and 11 ng mL™" for MC-LR, MC-LF, MC-LW and MC-LY respectively. It is
noteworthy that across all the treatments all microcystin analogues behaved in a similar
manner (Figure 3), for example, one replicate during the UV treatment (Figure 3A: red)
all analogues decreased on day 2, followed by the other two replicates on day 4
(Figure 3A: green and black). Variability in the toxin concentrations observed in Figure
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3C is a further indication that both cell lysis due to UV/TiO; and cell growth due to the

production of visible light are acting in the system.
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Figure 3 — Intracellular microcystin concentrations produced by Microcystis aeruginosa
PCC7813 during (A) UV, (B) TiO2 under ambient light (2.5 pmol photons m-2 s') and (C)
UV/TiO2 treatment over 14 days under constant agitation. Data points represent individual
replicates from each treatment.

A uv B TiO, C UVITIO,
o
—_ © N N
E N n A /ﬁ\ n
=5 O 4, 4 TAA ARl da
g= v Ada A R \\‘/ﬁ‘A‘ Alpgaan’y
9-8 14 \ A Al = A - A A
Emo_ \ / _ A _ \“ \k" A A
32 ® \ / a1l
s — N A/A\ 1. N \A/
o - A A — -
T T T T I | R — I | R | —
o -] -]
- ©
3 _ _ _
O"I-‘o
85 ¥ ‘ ool ]
I.E-o N N N T\ Al T
42 2 44 - POV O S R4 4 aad
(_IJVN A\A/\ 2 a a ‘/ a AAAAA‘* a
g 1 %) ] ] thape il
D S B T T T 1 1 T T T T T T 1
O__ . ]
- ©
7] _ _ _
O ~
- 9 . _
] - -
0 o 4 - ‘ -
TE A, AAMAR, ArtD A
3} & A4 A laaad a0, a oA aasg,
g \A‘A\ Ada A/\_AA/\A\:
o - — -
T T T T T 1 T T T T 1 T T T T T T 1
—3 < - — -
7]
O~ _ - A -
B N
o = . 4 N, aadid A A
B3 o Jitiy L VA T ok I YYeTey X
:9 — \\ — 4 - AA-:‘AA' 3
oF A A a
= ° - A — — ‘A

A
T T T T T T T T T T T T T T T T T T T T T T T
0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14

Time (days) Time (days) Time (days)

Figure 4 — Intracellular microcystin analogues ratio (toxin cell') in Microcystis aeruginosa
PCC7813 over 14 days of (A) UV, (B) TiO2 under ambient light (2.5 pmol photons m-2 s-1) and
(C) UVITiO2 treatment under constant agitation. Data points represent individual replicates from
each treatment.

For the UV treatment, all microcystins per cell were undetectable after 6 days (Figure
4A). The complete destruction of cells during photolysis (Figure 1A) could be confirmed
by this corresponding decrease in the toxin ratio (i.e., toxin concentration per cell
number). For TiO2-only samples, the toxin concentration per cell presented variability

(Figure 4B). Despite the slight decrease in cell number of TiO2-only samples, no cell

stress was detected when analyzing both photosynthetic activity (Figure 2B) and
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intracellular toxin (Figure 3B), indicating that cells were not actually damaged and/or
dead but there was physical cell removal of intact healthy cells by adsorption of cells
onto the surface of the TiO2 beads and the surface of the reactors.

The amount of toxin per cell over 14 days in the UV/TiO; treatment diminished by 54,
64, 70 and 72% for MC-LR, -LY, -LW and -LF, respectively (Figure 4C). One reason for
the reduction in the toxin concentration per cell could be that some of the M.
aeruginosa PCC7813 cells were detected and counted as living organisms, however,
some of the cells were probably fragmented and inactive. Additionally, as was
previously mentioned, intracellular microcystin could leak the cell if the cell wall was
compromised. Another reason for the decrease in toxin concentration could be
microcystins binding to intracellular proteins which M. aeruginosa is known to do as
demonstrated by Zilliges et al. (2011). Pestana et al. (2020) also observed a reduction
in the toxin per cell ratio of the same intracellular microcystin analogues used in the
present study (MC-LR, -LY, -LW and -LF) TiO; coated glass beads under UV/LED
illumination (365 nm, 2.1 mW s™'), which they ascribed to microcystins binding to
intracellular proteins.

Microcystins are commonly released into the surrounding water after cell rupture by
water treatment processes. Therefore, water treatment technologies must be applied to
remove toxins that are released into the water since conventional treatment cannot
remove dissolved components (Chow et al., 1999). After the liberation of intracellular
microcystins during the UV treatment, samples could be best represented by a
piecewise regression (Figure S19 — S22) with removal for all extracellular microcystins
amounting to 92% for MC-LR and complete removal of the other three analogues over
the first 5 days (Figure 5A). The reduction in M. aeruginosa PCC7813 cell number
(Figure 1A) is the most likely reason for the decrease of intracellular microcystins
during the UV treatment (Figure 3A) due to cell lysis and release of the intracellular
content to the surrounding water followed by the immediate removal of the extracellular
microcystins by direct photolysis and indirect oxidation of ROS (Figure 5A). No
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significant change (p>0.05) in the extracellular concentration of any of the microcystin
analogues was observed over 14 days in the TiO2-only samples (Figure 5B), indicating
that there was no microcystins release from the cells. This finding also corroborates the
theory that cells were not destroyed in TiO2-only samples and remained intact. During
UV/TiO- treatment, there was no increase in the extracellular microcystin
concentrations for most samples over 14 days (Figure 5C: red and green). However,
the cell reduction observed for one of the replicates (Figure 2C: black) and the decline
of intracellular microcystins (Figure 3C: black) of this replicate in the UV/TIO; treatment
could account for the increase of extracellular microcystins (Figure 5C: black). The
toxin concentration released in this replicate (Figure 5C: black) corresponds to the
concentration increase of the extracellular microcystins, an indication of cell lysis

caused by the UV/TiO..
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Figure 5 — Extracellular microcystin analogue concentrations produced by Microcystis
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aeruginosa PCC7813 during (A) UV, (B) TiO2 under ambient light (2.5 ymol photons m=2 s-') and
(C) UV/TIO2 treatment over 14 days under constant agitation. Data points represent individual
replicates from each treatment.

A study by Robertson et al. (1999) evaluated the destruction of MC-LR under UV/TiO>
photocatalysis and photolysis in the presence of phycocyanin. The authors also
observed a decline of MC-LR concentration when the sample was treated with only UV-
Alight in the presence of phycocyanin, corroborating the results of the current study.
However, when no phycocyanin was present, the UV light had no effect on the toxin
degradation, showing that phycocyanin acts as a photocatalyst for microcystin
destruction under UV illumination until the pigment was completely bleached
(Robertson et al., 1999). There is a number of studies which have investigated the
effects of UV illumination on microcystins (Liu et al., 2010; Pinho et al., 2015a, 2015b,
2012; Triantis et al., 2012), however, the breakdown of pure microcystin requires UV-C.
In order for the UV-A illumination used in the current study to breakdown microcystins,
the presence of phycocyanin is necessary. Similar effects were observed by Rinalducci
et al. (2008) which demonstrated the photosensitizing effect of phycocyanin on the
phycobilisomes of another cyanobacterium (Synechocystis PCC 6803).

Pestana et al. (2020) carried out a bench-scale (30 mL of cell suspension) study of the
destruction M. aeruginosa strain (PCC7813) (MC-LR, -LY, -LF and -LW) under UV/TiO,
photocatalysis the TiO2 coated beads used in the current study. Intracellular microcystin
analogues were removed by 49% and extracellular microcystins that were release after
cell lysis were completely removed by UV/TiO. photocatalysis. Similar results were
expected in the current study, however, UV photolysis was more efficient for the
removal of microcystins than the UV/TiO, photocatalytic treatment used in the present
study. The difference in the results might have occurred due to the larger scale and
lower initial cell concentration (6.5 L with 5 x 10° cells mL™" in the current study
compared to 30 mL with 15 x 10° cells mL™" used in Pestana et al. (2020) study).

Further, in the current study, a small amount of cell growth was observed in UV/TiO>
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treatment over the first 8 days (Figure 1C). Additionally, stronger mixing caused by the
multi-porous air-stone in the base of the reactor in the current study combined with the
dispersion of the larger air bubbles by the TiO,-coated glass beads that potentially
attenuated the effects of the UV irradiation, rendering the UV/TiO; treatment less
effective. In contrast, in the Pestana et al. (2020) study, only very gentle single point
sparging (flow rate of 1.5 L min™") was used from the top of the vials. Finally, the
shadowing effect caused by the coated glass beads and the stainless-steel pods inside
the reactors (which were not used in the Pestana et al. (2020) study) may have

interfered in the efficiency of the photocatalytic removal of the microcystins.

3.3 Microcystis aeruginosa PCC7813 regrowth post UV and UV/TiO; treatment

It is important to evaluate cyanobacterial regrowth potential to determine the residual
effects of the treatment. For the UV-A treated cells the difference in cell concentration
between the beginning of the regrowth experiment and day 6 was not significant
(p=0.08) due to the fact that few cells remained viable after UV treatment that were not
inhibited/damaged (Figure 6A). The remaining M. aeruginosa PCC7813 cells had a
doubling rate of 1.9 days over 6 days of regrowth (Figure 6A), which is still considered
a typical doubling rate for M. aeruginosa. For the TiOz-only samples, variability was
high, with one of the replicates (Figure 6B: black) which had the lowest cell density
after 14 days treatment with TiOz-only showing no regrowth. This replicate (Figure 6B:
black) actually showed a decreased in cell density from 4.1 x 10° to 2.5 x 10° cells mL"
over 6 days, while the other two replicates (Figure 6B: red and green) presented a
doubling rate of 2.9 and 3.8 days, respectively. The same sample variability was
observed in regrowth samples from the UV/TiO- treatment (Figure 6C). While cell
concentrations in two replicates (Figure 6C: black and green) doubled at a rate of 4.2
and 4.7 days respectively, the third replicates (Figure 6C: red) decreased in cell density
from 4.1 x 10° to 1.4 x 10° cells mL™" over 6 days.

Wilson et al. (2006) stated an average doubling rate for 32 strains of Microcystis
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cultured in BG-11 medium as 2.8 days. Some UV treatment samples from the current
study presented a faster doubling rate of 1.9 days and some UV/TiO; treatment
samples showed a slower doubling rate of 4.2 and 4.7 days.

Despite the lower initial cell density after 6 days of regrowth in UV treatment (Figure
6A), the cells in UV treatment showed the fastest doubling rate (1.9 days) when
compared to cells from TiOz-only samples and UV/TiO, treatment (Figures 6B and C),
as previously observed by Dunn and Manoylov (2016). In the UV treatment, low cell
density means low competition for resources, hence this is often when growth is

fastest.
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Figure 6 — Effects of (A) UV-LED irradiation (365 nm), (B) TiO2 coated glass beads under
ambient light (2.5 pmol photons m-2 s-') and (C) photocatalytic treatment on Microcystis
aeruginosa PCC7813 regrowth using TiO2 coated glass beads under UV-LED illumination (365
nm) over seven days under cool white fluorescent lights of 10.5 pmol photons m-2 s-'. Data
points represent the average of four replicates from each treatment where four individual vials
were used for samples of each tested system (UV-only, TiO2-only and UV/TiO2) to assess
regrowth (n = 4).

Ou et al. (2012) studied the effects of different UV-C dosages (140-4200 mJ cm2) on
M. aeruginosa FACHB-912 recovery over 7 days. They found a significant reduction in
indicators of photosynthesis (e.g., quantum yield) and chlorophyll a for samples
irradiated at 350, 700, 1400 and 4200 mJ cm, showing the irreversible inhibition of the
photosynthetic system in the M. aeruginosa cells FACHB-912 after UV-C irradiation
which then inhibited the reproduction and recovery of M. aeruginosa cells (Ou et al.,
2012).

A study by Huang et al. (2011) evaluated the regrowth potential of M. aeruginosa after
24 hours of ZnO/y-Al.O3 photocatalytic treatment under solar light. After 12 days of

regrowth, the cell density of treated samples was less than 85% of that of the control,

highlighting the lasting effect of photocatalysis on M. aeruginosa cells even though a
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different type of photocatalyst and irradiation was applied (Huang et al., 2011).

4 Conclusion

The current study investigated the effects of UV-A photolysis and a UV/TiO>
photocatalytic system using TiO» coated glass beads on M. aeruginosa PCC7813 cells
and the four main microcystin analogues (MC-LR, -LY, -LW and -LF) this strain
produces. Both systems had energy-efficient UV illumination supplied by UV-LEDs for
cyanobacteria and cyanotoxin control. The UV photolysis was able to consistently
remove cyanobacterial cells and toxins, and therefore was shown to be more effective
than the UV/TiO; photocatalytic system which gave a delayed removal of cells and
concerningly, slightly supported growth in the first 8 days. All the data analysis (cell
density, photosynthetic activity, toxin per cell, intra- and extracellular toxin) indicate that
UV-A photolysis was capable of not only inhibiting M. aeruginosa PCC7813 cells, but it
significantly damaged them to the point that only a very limited regrowth was observed.
An advantage of using UV-A irradiation over other types of UV irradiation is that UV-A
ilumination might be specific to cyanobacterial control due to the presence of
phycocyanin inside of the cyanobacterial cells. To confirm this, the effects of UV
photolysis on other phytoplankton (diatoms and green algae) and cyanobacterial
species shouldbe investigated, such as a mesocosms experiment with community
analysis. An additional advantage of employing UV-A over other types of UV irradiation
is that lamps generating UV-A tend to be more economical in terms of capital cost
compared to UV-B or UV-C generating lamps. In practice, many aspects of the reactor
design need to be optimized and field-tested to allow in-situ application inside
reservoirs: vertical or horizontal orientation of reactors, optimization of the active
surface area and contact time, incorporation of waterproof UV-LEDs, and powering the
units in-situ exploring solar options. The current study has successfully demonstrated

that UV-LED-based advanced oxidation techniques could be operated at a larger-than-
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bench scale and control cyanobacteria and their toxins.
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