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1 Electrochemical inactivation of cyanobacteria and microcystin
2 degradation using a boron-doped diamond anode — A
3 potential tool for cyanobacterial bloom control
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Cyanobacterial blooms are global phenomena that can occur in calm and nutrient-rich

19

(eutrophic) fresh and marine waters. Human exposure to cyanobacteria and their

20

biologically active products is possible during water sports and various water activities, or

21

by ingestion of contaminated water. Although the vast majority of harmful cyanobacterial

22

products are confined to the interior of the cells, these are eventually released into the

23

surrounding water following natural or artificially induced cell death. Electrochemical

24

oxidation has been used here to damage cyanobacteria to halt their proliferation, and

25

for microcystin degradation under in-vitro conditions. Partially spent Jaworski growth

26

medium with no addition of supporting electrolytes was used. Electrochemical treatment

27

resulted in the cyanobacterial loss of cell-buoyancy regulation, cell proliferation arrest, and

28

eventual cell death. Microcystin degradation was studied separately in two basic modes

29

of treatment: batch-wise flow, and constant flow, for electrolytic-cell exposure. Batch-wise

30

exposure simulates treatment under environmental conditions, while constant flow

31

is more appropriate for the study of boron-doped diamond electrode efficacy under

32

laboratory conditions. The effectiveness of microcystin degradation was established

33

using high-performance liquid chromatography–photodiode array detector analysis, while

34

the biological activities of the products were estimated using a colorimetric protein

35

phosphatase-1 inhibition assay. The results indicate potential for the application of

36

electro-oxidation methods for the control of bloom events by taking advantage of specific

37

intrinsic ecological characteristics of bloom-forming cyanobacteria. The applicability of the

38

use of boron-doped diamond electrodes in remediation of water exposed to cyanobacteria

39

bloom events is discussed.

40
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5455 Introduction

56 A variety of techniques has been developed to minimize the
57 harmful effects of cyanobacterial blooms that are based on
58 the removal (Falconer et al., 1989) and/or destruction of
59 the cyanobacterial community and their toxic products (Fan
60 et al., 2013; Rodriguez et al., 2007). Frequently used conven-
61 tional methods include filtration, flocculation, coagulation
62 and sedimentation, although these are only efficient for the
63 removal of cyanobacteria, and not for cyanotoxin degrada-
64 tion, and therefore disposal of the residual material is
65 necessary (Lawton and Robertson, 1999). In natural environ-
66 ments, competitive adsorption with suspended and dissolved
67 natural organic substances can significantly reduce the
68 effectiveness of the adsorption of selected cyanotoxins, and
69 therefore impede their removal (Donati et al., 1994; Tran and
70 Drogui, 2013).
71 Various advanced oxidation processes have already been
72 used for cyanotoxin degradation (Sharma et al., 2012; Zong
73 et al., 2013). Among the electrochemical processes, the ap-
74 plication of boron doped diamond (BDD) electrodes is one
75 of the most promising. Oxidation of organics and oxygen
76 evolution take place on BDD electrodes mediated by hydroxyl
77 radicals (dOH) that are generated from the discharge of water
78 (Simond et al., 1997). ThedOH is a powerful non-selective
79 oxidizing agent that can react with organic matter, with the
80 production of dehydrogenated or hydroxylated by-products
81 that can then undergo total mineralization. Moreover,dOH
82 is responsible for the generation of reactive oxygen species
83 (ROS), such as O3 and H2O2, which can also then react with
84 organic matter (Pérez et al., 2010). Boron-doped diamond
85 electrodes have technologically important characteristics,
86 with a wide potential window and corrosion stability in
87 aqueous media (Panizza and Cerisola, 2005).
88 Oxidative stress can provoke irreversible cell damage
89 to cyanobacteria (Ding et al., 2012). This can be induced by
90 various techniques, such as exposure to UV radiation, ap-
91 plication of oxygen peroxide, and advanced oxidation proce-
92 dures. These agents can act on cyanobacteria to have dual
93 effects that are manifested through their direct external
94 impact on the cells, and through their eliciting of intracellular
95 ROS overproduction (Ding et al., 2012, 2013; Li et al., 2015).
96 Both of these effects can also lead to residual inactivation of
97 the cyanobacteria (Li et al., 2015). Such irreversible inactiva-
98 tion of cyanobacteria has been described as apoptosis and
99 apoptotic-like programmed cell death. These subpopula-
100 tions of cells cannot recover, as has been demonstrated by
101 their complete loss of autofluorescence and detection of DNAQ2

102 unfolding and dissolution using nucleotide staining and
103 other immunostaining methods.
104 Under calm-water conditions during bloom events, spe-
105 cific physiological characteristics separate cyanobacteria
106 from other planktonic species: their buoyancy regulation and
107 nitrogen fixation, according to nutrient and light availability
108 during water stratification. It is relatively simple to locate the
109 position of large aggregations of cyanobacteria using fluores-
110 cence sensors that allow directed targeting during sanitation
111 measures. Here, we present laboratory experiments that
112 are based on electrochemical degradation of cyanobacteria

113and their products as a potential tool in the control of
114cyanobacterial blooms. This method has the additional
115advantage that it provides simultaneous destruction of the
116cyanobacteria and their toxins.

1171181. Experimental

119The electrochemical treatment was carried out in a single-
120compartment electrolytic cell made of Plexiglas. The experi-
121mental set-up is schematically shown in Fig. 1. The electrode
122set consisted of one anode and one cathode placed parallel
123to each other with 1.96 mm between them. The BDD plate
124(Condias, Germany) had a surface area of 8 cm2 and served as
125the anode (BDDA), with a same-sized stainless steel plate as
126the cathode. The volume of the cell was 1.6 mL. The BDDA
127plate had a niobium base that was coated with a conductive
128polycrystalline diamond layer, whereby the conductivity of
129the BDDA was regulated by the addition of boron. The surface
130of the BDDA was cleaned before each run, using ethanol,
131Milli-Q water, and Jaworski growth medium in succession.
132The current density was adjusted to 10 mA/cm2 using a
133laboratory direct-current power supply in constant-current
134mode (GPS-4303, Gwinstek, China).
135The experimental set-up consisted of three groups: (1)
136Batch-wise flow-through exposures of the cyanobacterial cells
137in suspension (Fig. 1a); (2) Batch-wise flow-through exposures
138of a microcystin solution (Fig. 1a); (3) Constant flow-through
139exposures of microcystin solutions (Fig. 1b).
140A peristaltic pump (Dynamax RP-1, Rainin, USA) was used
141to circulate the suspension/solution through the electrolytic
142cell, with a constant flow rate of 10 mL/min. The electro-
143oxidation time was 9.5 sec per passage through the electro-
144lytic cell. This thus defined the batch-wise flow-through
145as electro-oxidation of 9.5 sec per passage (e.g., 10 passages:
146electro-oxidation, 95 sec), and the constant flow-through as
147electro-oxidation of 9.5 sec per 1 min operation time (e.g.,
14810 min operation time: electro-oxidation, 95 sec).

1491.1. Batch-wise flow-through exposure of cyanobacterial cells
150in suspension

1511.1.1. Cyanobacterial strains and cultivation
152The Microcystis aeruginosa axenic microcystin-producing unicel-
153lular PCC7806 strain from the Pasteur Institute (Paris, France),
154and the NIES-843 strain from the National Institute of Environ-
155mental Studies (Japan)were grownandmaintainedunder sterile
156conditions in 100-mL flasks with 50 mL Jaworski (PCC7806) or
157BG11 (NIES-843) medium, while exposed to daylight. The cell
158counts were determined using a haemocytometer (Blaubrand,
159Germany). Relatively high concentrations of cells were used
160(about 5.0 × 106 cells/mL) to effectively monitor numerous
161responses at the cell and the cell-population levels, including
162cell proliferation. The cyanobacterial cells were inspected under
163an inverted fluorescence microscope, photomicrographs were
164taken, and the cells were measured on each sampling day. At
165least 100 randomly selected cells were discriminated on the
166basis of their autofluorescence and measured.
167The influence of the electrochemical treatment on cell pro-
168liferation was studied on the PCC7806 strain using batch-wise
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