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S U M M A R Y (S W E D I S H ) 

 

Advanced oxidation technology (AOT) är en metod som kan användas för att bli av 
med mikroorganismer i ballastvatten genom att bryta ner dessas cellmembran. Det 
övergripande syftet med studien var att fastställa effekterna för ett system som 
använder en kombination av UV-C-ljus (λ=254 nm), vakuum-UV (VUV, λ=185 nm), 
och fotokatalytisk titandioxid (TiO2) för en sötvattensalg, Pseudokirchneriella subcapitata, 
och en marin alg, Tetraselmis suecica. Kombinationen av en halvledare (som TiO2) med 
en UV-ljuskälla benämns AOT (advanced oxidation technology). För att testa 
effekterna   av   TiO2    och   UV-våglängd   på   algerna,   genomfördes   dos-respons- 
experiment för att bestämma median letal koncentration (LC50) för var och en av 
följande behandlingar: UV-ljus emitterat vid 254 nm (UVλ=254 nm), UV-ljus emitterat 
vid λ=254 nm (90 %) och vid 185 nm (10 %) i närvaro av TiO2  (AOTλ=185 + 254 nm). 
För båda algerna orsakade TiO2 en significant ökad mortalitet, sannolikt beroende på 
de biologiskt skadliga fria radikaler som bildas på titandioxidens yta. Tillägget av UV- 
ljus vid 185 nm orakade en signifikant ökad celldöd för P. subcapitata, men inte för T. 
suecica. Ett annat syfte med studien var att utvärdera tillämpbarheten av ImageJ, en 
mjukvara för bildanalys, för att undersöka stora datamängder när man analyserar 
behandlingseffekter för ballastvatten. ImageJ har använts för att på ett snabbt och 
precist sätt utföra analyser av döda/levande celler; dock identifierades ett flertal 
begränsningar med mjukvaran. 
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S U M M A R Y 

 

Advanced oxidation technology (AOT) is a method that can be used to get rid of 
micro-organisms in ballast water by breaking down their cell membranes. The overall 
aim of the study was to determine the effects of a system that uses a combination of 
UV-C light (λ=254 nm), vacuum UV (VUV, λ=185 nm), and photocatalytic titanium 
dioxide (TiO2) for a sweetwater alga, Pseudokirchneriella subcapitata, and a marine alga, 
Tetraselmis suecica. The combination of a semiconductor (TiO2) with a UV light source 
called AOT (advanced oxidation technology). To test the effects of TiO2 and UV 
wavelength of algae, was dose-response experiments to determine the median lethal 
concentration  (LC50)  for  each  of  the  following  treatments:  UV  light  emitted  at 
254 nm (UVλ=254 nm); UV light emitted at 254 nm (90%) and at 185 nm (10%) in the 
presence  of  TiO2   (AOTλ=185+254nm).  For  both  algae,  TiO2  significantly  increased 
mortality, probably because of the biologically harmful free radicals formed on the 
titanium dioxide surface. The addition of UV light emitted at 185 nm significantly 
increased cell death of P. subcapitata, but not for T. suecica. Another aim of the study 
was to evaluate the applicability of ImageJ, an image analysis software, to examine 
large amounts of data when analyzing the effects of AOT treatment. ImageJ was used 
to quickly and precisely analyzes dead/live cells; however, a number of limitations 
were identified. 
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λ Wavelength 
AOT Advanced oxidation technology 
CI Confidence interval 
EG Band gap energy 
Eh Redox potential 
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A B S T R A C T 

 

Advanced oxidation technology (AOT) has been used to destroy microorganisms in 
ballast water by breaking down the cell membranes. The primary objective of this 
study was to determine the effects of a ballast water treatment system that uses a 
combination   of   UV-C   (λ=254   nm),   Vacuum-UV   (VUV;   λ=185   nm)   and 
photocatalytic titanium dioxide (TiO2) on a freshwater algae, Pseudokirchneriella 
subcapitata, and a marine algae, Tetraselmis suecica. The coupling of a semiconductor, 
such as TiO2, with a UV source is known as an advanced oxidative technology (AOT). 
To test the effects of TiO2 and wave length on algae, dose-response experiments were 
conducted to determine the species median lethal dose (LC50) for each of the follow- 
ing treatments: UV-light emitted at 254 nm (UVλ=254 nm), UV-light emitted at 254 nm 
in the presence of TiO2 (AOTλ=254 nm), and UV-light emitted at λ=254 nm (90 %) and 
185 nm (90 %) in the presence of TiO2 (AOTλ=185 + 254 nm). In both species, TiO2 sig- 
nificantly increased mortality, most likely due to the biologically harmful radicals gen- 
erated at the TiO2  surface. The addition of the 185 nm wavelength significantly in- 
creased cell mortality in P. subcapitata, but not in T. suecica. Across all three treatments, 
P. subcapitata was more sensitive than T. suecica.  The secondary purpose of this study 
was to assess the applicability of ImageJ, an image analysis software, for high- 
throughput data to analyze the effectiveness of ballast water treatment. ImageJ has 
been used to rapidly and accurately perform cell Live/Dead analysis; however, several 
hurdles were identified. 

 
Key words: Advanced oxidation technology, vacuum UV, UV-C, titanium 
dioxide, algae, Pseudokirchneriella  subcapitata, Tetraselmis suecica, ballast 
water treatment. 

 
 

1. I N T R O D U C T I O N 
 

Invasive marine species have been recognized as a major threat to eco- 
systems worldwide, and proliferating the problem is the marine shipping 
industry, which has been identified as a main vector. In response, the 
United Nations International Maritime Organization (IMO) adopted the 
International Convention for the Control and Management of Ships Ballast Water 
and Sediments, hereafter the Convention, in 2004, which aims to manage 
and control ships’ ballast water and sediments by instituting industry 
standards and practices. With the adoption of the Convention, the cargo 
shipping industry has begun researching and developing ballast water 
treatment technologies for land-based and on-board system. There are 
several treatment systems currently available, and some in developmental 
stages, which meet the Convention’s standards, such as filtration, cyclone 
or  hydrotech-drum  settling,  UV  radiation,  ultrasonic  treatment, 
ozonation, biocides, electric pulse or pulse plasma, deoxygenation, chlo- 
rination, and heat deactivation. The principles and current employment 
of these technologies have been reviewed by Balaji and Yaakob (2011). 
Wallenius Water AB, a Swedish environmental technology company, has 
developed an on-board, chemical-free treatment system, known as 
PureBallast, to disinfect ballast water to a level that meets the standards 
called for by the Convention. The PureBallast system uses an advanced 
oxidation technology (AOT) to kill microorganisms in ballast water. 
AOTs are a set of treatment processes that target organic and inorganic 
compounds indiscriminately via oxidation. There are several forms of 
AOTs, (reviewed by Ollis and Al-Ekabi, 1992) all of which use the same 
mechanistic steps to decompose organic compounds: (a) generation of 
reactive  radicals,  (b)  decomposition  of  organic  contaminants,  and 
(c) complete demineralization of materials into inorganic compounds. 
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The PureBallast system uses an AOT known as a photocatalytic redox 
process, which employs medium pressure Hg-lamps and photo ioniza- 
tion via immobilized nano-sized TiO2, to produce highly reactive radi- 
cals. Various semiconductors (TiO2, ZnO, ZrO2, SnO2, Fe2O3, CeO2, 
etc.) can be used for photocatalytic radical generation in AOTs, however, 
TiO2  is the predominant semiconductor used in industrial practices be- 
cause of its efficiency, photostability, insolubility, durability, and afforda- 
bility (Choi et al, 2010). TiO2  generally occurs in one of three mineral 
phases: rutile, anatase, or brookite (Avnir et al, 1984; Anpo et al, 1988; 
Gutfraind et al, 1991). The photocatalytic activity of TiO2  is influenced 
by its crystalline structure, as well as other physiochemical properties 
(Mei et al, 2012). The crystalline structure of TiO2 anatase, which is used 
in the PureBallast system, is a linkage of octahedrons connected at their 
vertices. Anatase has been shown to produce the highest photocatalytic 
activity of any individual form of TiO2 (Schindler and Kunst, 1990; Fox 
and Dulay, 1993; Riegel and Bolton, 1995; Fotou and Pratsinis, 1996; 
Hsien et al, 2001; Thomas et al, 2007). However, some reports have 
shown various combinations of TiO2  structures to be more efficient 
(Ohno et al, 2003; Zhang et al, 2008). 
The success of TiO2  to act as a radical generator is due to its band gap 
energy, EG, which is a physical property of all semiconductors (and insu- 
lators). EG is unique to each material, and is defined as the energy range 
where no electrons can exist. Anatase has an EG of 3.2 eV, which re- 
quires a wavelength, λ, <387 nm to photocatalyze. When a photon has a 
higher energy, hv, than the EG of the material, it is absorbed and an elec- 
tron, e-, is promoted from the valence band into the conducting band, 
creating a hole, h+, in the valence band (Reaction 1) (Fig. 1) (Ollis and 
Al-Ekabi, 1992; Kabra et al, 2004). 
Reaction 1                TiO2 + hv  e- + h+ 

These photogenerated oxidative holes, h+, and reductive electrons, e-, 
have a redox potential, Eh, of +2.53 V and -0.52 V at pH 7, respectively 
(Fujishima et al, 2000). While the bulk of the electron-hole pairs recom- 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1 Simplified schematic of the reaction mechanisms of 
photocatalytic radical generation in a TiO2 particle excited 
by UV. 
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bine and simply release energy in the form of heat, the oxidative holes 
that do not recombine can produce hydroxyl radicals, •OH (Eh=+2.80), 
which are largely responsible for the decomposition of organics, R. The 
conduction band electrons, e-, can reduce O2  (Eh=+1.23) to superoxide 
radical anions, •O2 (Eh=-0.33), or hydrogen peroxide, H2O2 (Eh=+1.77) 
(Fujishima et al, 2000). These redox transitions then set the stage for a 
cascade of subsequent reactions, which include the formation of the 
hydroperoxyl radical, •HO2, and H2O2,  both of which contribute to or- 
ganic decomposition. Superoxide, hydrogen peroxide and its protonated 
form, hydroperoxyl radical, are biologically toxic. These constituents act 
as either reductants or oxidants and can create stressful environments for 
microorganisms. In the presence of saline seawater, radical generation 
can be more effective due to the presence of salt constituents, such as 
Br-. Bromine radicals, •Br-, can form when Br-  reacts with •OH, TiO2- 
surface, or directly by UVλ≈200 nm. 
With the onslaught of reactive radicals, organic compounds are eventual- 
ly mineralized through various chemical reactions, including hydroxyla- 
tion, hydration, hydrogen abstraction, dihydroxylation, deprotonation, 
one-electron transfer reactions, and decarboxylation (Ollis and Al-Ekabi, 
1992). Factors that influence the photocatalytic reaction kinetics of TiO2 

include UV wavelength, dissolved oxygen, pH, concentration, surface ar- 
ea, TiO2  loading, reactor configuration, quantum yield, water turbidity, 
and radiant flux (Herrmann, 2005; Ollis, 2005; Emeline et al, 2007; 
Serpone, 2007). 
In addition to TiO2 radical generation, direct UV radiation also contrib- 
utes to cell mortality in AOT treatment. 90 % of the UV radiation emit- 
ted from the lamps used in PureBallast is UV-C, which is UV light with a 
wavelength  of  20-290  nm, the  other  10 %  is  vacuum-UV,  or VUV 
(40-190  nm),  which peak around  254 nm  and  185 nm,  respectively. 
UV-C has the ability to directly damage DNA by dimerizing thymine 
molecules, preventing growth and reproduction (Kowalski et al, 2000). 
VUV is absorbed by water and is thereby capable of generating several 
radical species by breaking the hydrogen bonds in a water molecule, a 
process known as hydrolysis (Getoff and Schenck, 1968; Jakob et al, 
1993). 
Although UV-C and VUV are extremely damaging to microorganisms, 
they are of very little environmental concern because they are entirely 
absorbed by the Earth’s atmosphere (Banaszak and Trench, 2001; 
Holzinger and Lutz, 2006; Basti, et al., 2009). To the best of my 
knowledge, there are limited reports highlighting the effects of 185 and 
254 nm UV/TiO2 on the acute mortality of freshwater and saltwater al- 
gae in aqueous suspensions (Borderie et al, 2011; Pessoa, 2012). For ex- 
ample, most of the studies on TiO2/UV based AOTs have focused on 
E. coli (Maness et al, 1999; Sunada et al, 2003; Rincon and Pulgarin, 2004; 
Cho et al, 2004; Paleologou et al, 2007) coliforms, viruses (Watts et al, 
1995), natural organic matter (Wiszniowski et al, 2002; Huang et al, 2008; 
Liu et al, 2008a), and plastics (Liu et al, 2008b; Gerrity et al, 2009). 
The primary objective of this study was to determine the effects of a bal- 
last   water   treatment   system   that   uses   a   combination   of   UV-C 
(λ=254 nm), Vacuum-UV (VUV; λ=185 nm) and photocatalytic titani- 
um dioxide (TiO2) on a freshwater alga, Pseudokirchneriella subcapitata, and 
a marine alga, Tetraselmis suecica. The results will facilitate the optimization 
of the PureBallast system and also improve the understanding of fresh 
and saltwater algal cell reactivity to irradiation with different wavelength 
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used in three treatments: UV at 254 nm (UVλ=254 nm), AOT induced by 
254 nm UV radiation (AOTλ=254  nm), and AOT induced by 185 and 
254 nm UV radiation (AOTλ=185 + 254 nm). 

2. M E T H O D S 
 

2.1. Algal cultures 
P. subcapitata was cultivated in MBL medium (Stein, 1973) at 22 ºC under 
a light intensity of 40 µE/cm2s1. P. subcapitata has been recommended by 
the Organization for Economic Co-operation and Development’s 
(OECD) Guidelines for Testing of Chemicals as a standard species for 
algal toxicity tests. T. suecica was grown semi-continuously in salt water 
(Instant Ocean™, Aquarium Systems, 20 g/mL) while being exposed to 
24-hours of light with an intensity of 90 µE/cm2s1 (Meseck et al, 2005). 
These light intensities were used so that algal cultures reached exponen- 
tial growth phase. Prior to the experiments, cell concentrations were de- 
termined using a Specrex LPC-2000 laser particle counter (Spectrex Cor- 
poration, California). 

 

2.2. Pilot experiments 
Algal stock solutions were diluted in tap water to a cell concentration of 
1,000 cells/mL and volume of 60 mL. In the case of T. suecica, Instant 
Ocean™ was added to create a saline environment (20 mg/L). For P. 
subcapitata, tap water was used to create a freshwater environment. In 
both cases, prior to dilution, the tap water was aerated and incubated at 
room temperature for at least 24 hours to remove gaseous chlorine. The 
diluted solution was then gently mixed in a glass Petri dish using a pi- 
pette  to  create  a homogenous  algal  solution. Low-pressure mercury- 
vapor lamps were switched on for at least 5 minutes prior to algae expo- 
sure to reach maximum strength and avoid intensity gradients during the 
actual experiment. The Petri dish was then placed in the apparatus and 
algae were exposed for 0, 2, 4, 8, and 16 minutes; 1 mL samples were 
taken at each time point and placed in 1.5 mL falcon tubes. The entire 
Petri dish was gently mixed by pipette tip for 10 seconds before each 
sampling point. Samples were stored in the dark for no more than 1 hour 
before staining. Two treatments were tested using this set up: 
1.  exposure to 254 nm light (UVλ=254 nm), and 
2.  exposure to 254 nm light in the presence of a TiO2-coated steel plate 

(AOTλ=254 nm). 
Both P. subcapitata and T. suecica were exposed to both treatments and 
sampled as described above. The results from this experiment were to 
estimate an appropriate incubation time for the circulation experiment 
and not to evaluate specific treatment effects. 

 

2.3. Circulation tank experiments 
The volume of the circulation system, V, was 16 L. As in the pilot exper- 
iments, tap water was used for the P. subcapitata trials, and saline water 
(20 mg/L) was used for the T. suecica trials. The water was aerated and 
incubated at room temperature for at least 24 hours before algae were 
added to the reactor. The UV lamps were turned on 5 minutes prior to 
running the experiment to avoid dose rate gradients while sampling. Di- 
lutions were made to control the cell concentration in the reactor to 
2,000-4,000 cells/mL. The circulation pump, which was off while the 
UV lamp was warming up, was turned on as soon as the algae were add- 
ed. It was assumed that the circulation created a homogenous reactor 
(Fig. 2). The flow rate, Q, of the pump was 26.3 L/min. The hydraulic 
retention time, τ, or time to complete one full loop in the system, was 
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Fig. 2 A photo (a.) and simplified schematic (b.) of the circulation 
treatment system with TiO2  coated stainless steel UV column. 
The path of the circulation system is as follows: (1) 15 L carboy 
container with an  outlet located at  the  bottom of  the  tank, 
(2) from the bottom of the carboy, through a plastic tube to the 
top of the UV lamp treatment column, which empties through an 
outlet in the bottom of the column, (3) then through another 
plastic tube into the pump, where it is then pumped back through 
an inlet hole at the top of the carboy container and the cycle re- 
peats. 
36.5 seconds (τ= V/Q). There were two treatment columns that were 
used: one of the columns was pure stainless steel, the other was stainless 
steel coated in TiO2. In total, three treatments were applied using the cir- 
culation system; 
1. exposure to 254 nm light with stainless steel (UVλ=254 nm), 
2. exposure   to   254   nm   light   with   TiO2-coated   stainless   steel 

(AOTλ=254nm), and 
3. exposure to 254 and 185 nm light with TiO2-coated stainless steel 

(AOTλ=185 + 254 nm). 
P. subcapitata under treatment 1 was run in triplicate. All other trials were 
done in duplicate. 
The  UV  dose  was  calculated  to  be  27.0  mJ/cm2   per  minute  and 
28.6 mJ/cm2 per minute in the UV185+254 and UV254 lamps, respectively, 
and estimated for each treatment by multiplying with the exposure time. 
Both species were exposed to all three treatments and sampled over a 
time series t=0, 1, 2, 4, 8, 16, and 32 minutes by taking 1.5 mL samples 
directly after passing through the pump, at the inlet stream leading to the 
carboy container.  Samples were stored in the dark for no more than one 
hour before staining. Dose-response data were normalized according to 
equation 1: 

                                        (eq. 1) 

where PN  is the normalized data point, PT  is the observed mortality at 
time point t, and PO is untreated blank. 

 

2.4. Staining and Observing 
TO-PRO-1 iodide, a fluorescence dye (MW 645, excitation wave- 
length=515 nm, emission wavelength=513 nm), obtained from Molecu- 
lar Probes Inc. (Eugene, OR), was used to stain the algae based on its ef- 
fectiveness to stain unicellular marine algae, and its robustness to storage 
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time (Gorokhova et al, 2012). TO-PRO-1 is a monomeric cyanide dye 
with a single cationic side chain that enters and stains cells with com- 
promised membranes, binding to the nucleic acid. The TO-PRO-1 io- 
dide stock solution was diluted with 20% NaCl solution in a 1:9 ratio 
(TO-PRO-1 iodide stain-to-NaCl solution), and stored at -20 ºC in the 
dark when not being used. Samples were centrifuged for 2 minutes at 
13,000 rpm. The supernatant was poured off by hand, leaving about 
50 µL of solution, along with the algal pellet, in the bottom of the sample 
tube. 5 µL of diluted TO-PRO-1 iodide stain was added to each sample. 
As the stain was added, the pellet was gently resuspended via pipetting. 
Samples  were  then  incubated  at  room  temperature  in  the  dark  for 
20-40 minutes. After incubation, the stained samples were visually ob- 
served using an epifluorescence Nikon Eclipse-Ti inverted microscope 
system with a standard long-pass blue filter (approximate wavelength of 
400-500 nm) at 30 x and 40 x magnifications. Live/Dead analysis was 
done by counting at least 200 total cells. To ensure a systematic counting 
system, staining intensity was ignored even though there appeared to be 
different ‘degrees of death’ (Fig. 3). Cells that showed any sign of a 
stained nucleus were considered dead, while viable cells exhibited only 
red chlorophyll autofluorescence (Fig. 4 and 5). 

 

2.5. Image Analysis 
Eight digital RGB images of the stained samples (four of P. subcapitata 
and four of T. suecica) were taken and loaded into ImageJ, an open-source 
java-based image processing and analysis software (NIH, Bethesda, Mar- 
yland). Taking advantage of the red/green staining effects, ImageJ was 
used in an attempt to speed-up Live/Dead cell counting. The results of 
ImageJ analyses were not considered directly related to the main aim of 
this report and thus are presented in Appendix A. 

 
 

Fig. 3 Photos of P. 
subcapitata exhibiting 
several different ‘degrees of 
death’. (A) has a defined 
green nucleus and banana 
shape, (B) has a less de- 
fined and pale yellow-green 
nucleus and a horse-shoe 
shape, and (C) also has the 
horse-shoe shape and pale 
green nucleus that appears 
to have migrated to the 
edge of the cell wall 
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were  considered dead, while  viable  ceUs exhibited only red  chlorophyU 
autofluorescence   These   s11n1pJes  _.e  exposed   to    AOT.=..,•    - 
(28.6 mj/ em'  per minute) for (A) 1 minute, (B) 2 minutes, (C)  4 minutes, 
(D)  8minutes, (E) 16minutes, snd (F) 32 minutes. 
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Pi§. 5  lm!J§eS  of  stflined (TO·PRO·l Iodide) T. suedCJI  under 
Ouorescences microscope. CeUs that showed 11ny siPJ of s stflined nucleus 
were considered desd,   while  visble cdls exhibited only  red  chlorophyU 
sutoDuorescence    These   s11n1ples  were    exposed   to    AOT.=..,.    _ 
(27.0 mj/ a»> per minute) for (A) 1 minute, (B)  2 minutes, (C)  4 minutes, 
(D)  8minutes, (E) 16minutes, snd(F)32minutes. 
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2.6. Statistical analysis 

Median lethal concentration values (LC50) and 95 % confidence inter- 
vals were determined, and two-way ANOVA tests, performed using 
GraphPad Prism 6 (GraphPad Software, Inc, 2013). Log(dose) vs. mor- 
tality (%) response curves were generated to determine LC50, the con- 
centration that proves lethal to 50% of the population in response to the 
agonist. To generate a response curve, the log(dosage), x, was plotted 
against the mortality percentage, y. The response curves were modeled 
using equation 2: 

                 (eq. 2) 

where Top and Bottom are defined as the relative plateaus in the Y-axis 
units, and the Hill slope, H, describes the steepness of the curve, which 
Graphpad fits from the data (Fig. 6). In this case, using a normalized 
dose-response curve, the Top and Bottom values were set to 100 and 0, 
respectively, giving equation 3: 

                   (eq. 3) 

LC50 values were considered significantly different if there was no overlap 
between the 95% CI upper and lower limits (UCL and LCL, respective- 
ly). 
A two-way analysis of variance (two-way ANOVA) was also performed 
using GraphPad, comparing LC50 values to determine whether the ob- 
served response was affected by the treatments, by algal species, or if the 
two are intertwined. 

 
 

 
Fig.  6  A  typical sigmoidal dose-response curve modeled 
using Y=Bottom + (Top-Bottom)/(1+10^((LogLC50- 
X)*H)), which was used to calculate LC50 values. 
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3.  RESULTS 

 

To determine  the effects of AOT/UV treatments  on  P. subcapitata and T. 
suecica, the normalized  average log(dose)-response of either  duplicate  or 
triplicate runs  were plotted  (Fig. 7). LC50  values were compared  to dis- 
tinguish  the influence of fixed Ti02 particles as well as the influence  of 
two  different  low-pressure  Hg-lamps--one that emitted light at 254 nm 
and another  that emitted light at 254 and 185 nm (Fig. 8). 
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Fig.    7   Log(dose)-response   curves    and    95%    CI   of   P. 
subcapitata  (top)   and      T.  suecica  (bottom)  treated   with 
AOT;,=Jss + 254=n,AOT;,=254nm, and  Uli),=254nm· 
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Fig. 8 LC50 with 95% CI for P. Subcapitata and T. Suecica 
treated with AOTλ=185 + 254 nm, AOTλ=254 nm, and UVλ=254 nm. 

 
3.1. Influence of TiO2 (AOTλ=254 nm vs. UVλ=254 nm) 

There  was  a  significant  difference  in  LC50  values  between  the 
AOTλ=254 nm and UVλ=254 nm  treatments for both species. The LC50 val- 
ues  for  P.  subcapitata  treated  with  AOTλ=254   nm    and  UVλ=254   were 
188.6 mJ/cm2 and 235.9 mJ/cm2, respectively. The LC50 values for T. 
suecica treated with AOTλ=254  nm  and UVλ=254  were 252.7 mJ/cm2  and 
353.2 mJ/cm2, respectively. A two-way ANOVA test comparing the ef- 
fects of AOT/UV and species showed that both factors had significant 
effects  (Table  1).  Treatment  variation  (AOT  vs.  UV)  accounted  for 
57.94% of the total variance, thus its effect is considered very significant. 
The difference in algae species accounted for 37.20% of the total vari- 
ance, thus it is also considered very significant. 

 

3.2. Influence of 185 nm peak in AOT (AOTλ=185 + 254 nm vs. AOTλ=254 nm) 
The addition of a 185 nm peak in the AOT treatments of P. subcapitata 
had a significant effect. According to equation 1, the LC50 values for P. 
subcapitata  treated  with  AOTλ=185   +   254   nm    and  AOTλ=254   nm   were 
89.28 mJ/cm2 and 188.6 mJ/cm2, respectively. This same effect was not 
observed in the treatment of T. suecica—the addition of the 185 nm peak 
did not show a significant increase in mortality compared to AOT λ=254nm. 

 
Table 1  A two-way ANOVA test comparing the effects of 
AOT/UV and species. 

 

 
Variation source 

 
% of total variation 

 
P value P value 

summary 
 

Significant 
Treatment factor 37. 20 0.0027 ** Yes 
Species facotor 57.94 0.0012 ** Yes 
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The  LC50  values  for  T.  suecica  treated  with  AOTλ=185  +   254  nm   and 
AOTλ=254  were  274.6  mJ/cm2   and  252.7  mJ/cm2,  respectively 
(UCL/LCL overlap). 

 

3.3. Influence of species 
LC50 values for P. subcapitata were significantly lower than those for T. 
suecica across all three treatments—AOTλ=185 + 254 nm, AOTλ=254 nm, and 
UVλ=254 nm. 

4. D I S C U S S I O N 
 

The significant decrease in LC50 values from UVλ=254 nm to AOTλ=254 nm, 
for both P. subcapitata and T. suecica, can be contributed to TiO2-induced 
radical generation, assuming that the TiO2 particles alone do not con- 
tribute to toxic effects by entrapping cells (Aruoja et al, 2009; Sharma, 
2009). This assumption was verified by the Dark trial (TiO2 with no UV 
light), which showed that the fixed TiO2 particles are observably toxic to 
the algal cells without UV irradiation. These results are consistent with 
previous studies that established that •OH generation is largely responsi- 
ble for the decomposition of organics by promoting peroxidation of cells 
polyunsaturated phospholipid components in the lipid membrane which 
disrupts essential metabolic functions and the ability to reproduce, ulti- 
mately resulting in cell death (Turchi and Ollis, 1990; Hoffmann et al, 
1995; Maness et al, 1999). 
Another possible explanation of the different AOTλ=254 nm and UVλ=254 nm 

LC50 values is that the TiO2  particles (without UV irradiation) may be 
contributing to a weakening of the cell wall that is undetected by stain- 
ing, thus remains undetected.  This is also in agreement with studies re- 
porting the toxicity of nano-sized TiO2 on algal species, such as P. 
subcapitata (Ochiai et al, 2010; Metzler et al, 2011). In this case, one could 
imagine that a synergistic effect may occur when the cells absorb UV 
light, resulting in a more rapid initiation of cell mortality. This effect may 
result in increased cell mortality, not due to TiO2-induced radicals, but by 
UVλ=254 nm acting on weakened cells. 
The addition of a 185 nm peak significantly influenced LC50 values of P. 
subcapitata treated at AOTλ=185 + 254 nm  versus AOTλ=254 nm. This effect is 
attributable to the ability of VUV to generate •OH in the presence of wa- 
ter via hydrolysis. This hypothesis is also consistent with a previous study 
that has VUV-initiated hydrolysis is equally, if not more, efficient in gen- 
erating hydroxyl radicals in aqueous solution, and thus very effective for 
the inactivation of microorganisms (Wang et al, 2010). 
Unlike P. subcapitata, the addition of a 185 nm peak did not significantly 
influenced the treatment of T. suecica treated at AOTλ=185 + 254 nm  versus 
AOTλ=254 nm. I believe this is a testament to T. suecica’s relative resiliency 
(or P. subcapitata relative sensitivity): Of the UV light emitted from the 
low pressure Hg-lamp used in the AOTλ=185  +  254  nm  trail, only about 
5-10 % of the UV emitted is 185 nm, the other 90-95 % is 254 nm. The 
relatively minor contribution (≈10 %) from the 185 nm peak was notice- 
able in P. subcapitata treatment but T. suecica showed no significant differ- 
ence. Furthermore, P. subcapitata was more sensitive than T. suecica in all 
three treatments. 
In general, different organisms have different strategies to cope with UV 
exposure and radical generation, such as antioxidant enzymes, UV- 
absorbing pigment production, and, reparation enzymes and proteins. 
(Banaszak and Trench, 1995b; Singh et al, 1998; Klisch and Häder, 2008; 
Singh  et  al,  2010; Marshall and  Newman,  2002; Hanelt  and  Roleda, 



13 

Comparison of UV-C and Vacuum-UV induced AOT on the acture mortality of microalgae  

 

 
2009). Specifically, T. suecica has shown the ability to adapt to and tolerate 
extreme solar-UV exposure (Jokiel and York, 1984), so perhaps the same 
defense/repair mechanisms are used to cope with higher UV energies, 
such as UV-C and VUV. With that being said, the diurnal 
rhythm/biological clock of a cell has been shown to influence the pro- 
duction of the abovementioned radical defense enzymes (Okamoto and 
Colepicolo, 2001; Colepicolo et al, 1992; Cardozo et al, 2002). With that 
being said, it should be remembered by looking back in the Methods and 
Materials section that T. suecica was cultured under constant UV light at 
90 µE/cm2s1, while P. subcapitata was grown at nearly half the UV dos- 
age, 40 µE/cm2s1. This difference in culture environment may have 
toughened up the T. suecica cells and caused them to produce protective 
enzymes and pigments, which could explain T. suecica’s relative resili- 
ence, compared to P. subcapitata under the UV/AOT treatments. 

5. C O N C L U S I O N 
 

Dose-response effects revealed that the AOT λ=254 (UV/TiO2) treatment 
increased the rate of cell mortality compared to UVλ=254 in both studied 
species.   Results   also   indicate   that   treatment   effects   are   species- 
dependent, and culture environment-dependent. The actual mechanisms 
that contributed to cell mortality were not studied, but are assumed to be 
due to radical production. A study to isolate and quantify TiO2-surface 
radical  generation  in  the  PureBallast  system  would  be  advantageous. 
These results highlighted the effects of AOT/UV disinfection on fresh 
and marine algae, which could be considered in future applications, such 
as ballast water treatment. 

http://www.sciencedirect.com.focus.lib.kth.se/science/article/pii/S0304377005000525#bib28
http://www.sciencedirect.com.focus.lib.kth.se/science/article/pii/S0304377005000525#bib28
http://www.sciencedirect.com.focus.lib.kth.se/science/article/pii/S0304377005000525#bib28
http://www.sciencedirect.com.focus.lib.kth.se/science/article/pii/S0304377005000525#bib28
http://www.sciencedirect.com.focus.lib.kth.se/science/article/pii/S0304377005000525#bib10


14 

Eric McGivney TRITA LWR Degree Project 13:24  

 

 
R E F E R E N C E S 

 

Alt, C, Veilleux I, Lee H, Pitsillides CM, Côté D, Lin CP. 2007. Retinal 
flowcytometer. Optics Letters. 32:3450-3452. 

Anpo M, Kawamura T, Kodema S. 1988. Photocatalysts on Ti-Al binary 
metal oxides: Enhancement of the photocatalytic activity of TiO2 
species. Journal of Physical Chemistry 92:438-440. 

Aruoja V, Dubourguier HC, Kasemets K, Kahru A. 2009. Toxicity of 
nanoparticles of CuO, ZnO and TiO2 to microalgae 
Pseudokirchneriella  subcapitata,  Sci.  Total  Environment.  407:1461– 
1468. 

Avnir D, Farin D, Pfeifer P. 1984. Molecular fractal surfaces. Nature. 
308:261-263. 

Balaji   R,  Yaakob   OB.   2011.   Emerging  Ballast  Water   Treatment 
Technologies: A Review. Journal of Sustainability Science and Management. 
6:1:126-138. 

Cardozo KHM, Oliveira MAL, Tavares MFM, Colepicolo P, Pinto E. 
2002.  Daily  oscillation  of  fatty  acids  and  malondialdehyde  in  the 
dinoflagellate   Lingulodinium   polyedrum.   Biological   Rhythm   Research. 
33:371–382. 

Cho MH, Chung W, Choi, Yoon J. 2004. Linear correlation between 
inactivation of E. coli and OH radical concentration in TiO2 
photocatalytic disinfection. Water Research. 38:1069–1077. 

Choi  H,  Al-Abed  SR,  Dionysiou  DD,  Stathatos  E,  Lianos  P.  2010. 
TiO2-based advanced Oxidation Nanotechnologies for Water 
Purification and Reuse. Sustainable Water for the Future: Water Recycling 
versus Desalination Edited by Isabel C. Escobar and Andrea I. Schäfer. 2:222- 
240. 

Colepicolo P, Camarero VCPC, Hastings JW.  1992. A circadian rhythm 
in the activity of superoxide dismutase in the photosynthetic alga 
Gonyaulax polyedra. Chronobiological Intstitute. 9:266–268. 

Emeline AV, Ryabchuk VK, Serpone N. 2007. Photoreactions occurring 
on metal-oxide surfaces are not all photocatalytic: Description of 
criteria and conditions for processes to be photocatalytic. Catalysis 
Today. 122:91-100. 

Fotou G, Prastinis S. 1996. Photocatalytic destruction of phenol and 
salicylic  acid  with  aerosol-made  and  commercial  titania  powders. 
Chemical Engineering Reviews. 151:251-269. 

Fox  MA,  Dulay,  MT.  1993.  Heterogeneous  Photocatalysis.  Chemical 
Reviews. 93:341-357. 

Fujishima A, Rao TN, Tryk, DA. 2000. Titanium dioide photocatalysis. 
Journal of Photochemistry and Photobiology C. Photochemistry Reviews. 
1:1-21 

Gerrity D, Mayer B, Ryu H, Crittenden J, Abbaszadegan M. 2009. A 
comparison of pilot-scale photocatalysis and enhanced coagulation 
for disinfection byproduct mitigation. Water Research. 43:1597-1610. 

Getoff  N,  Schenck  GO.  1968.  Primary  products  of  liquid  water 
photolysis at 1236, 1470, and 1849 Å. Photochem. Photobiology. 8:167- 
178 

Gorokhova E, Mattsson L, Sundström AM. 2012. A comparison of TO- 
PRO-1 iodide and 5-CFDA-AM staining methods for assessing 
viability of planktonic algae with epifluorescence microscopy. Journal 
of Microbiological Methods. 89:216-221. 



15 

Comparison of UV-C and Vacuum-UV induced AOT on the acture mortality of microalgae  

 

 
Gutfraind  R,  Sheintuch  M,  Avnir  D.  1991.  Fractal  and  multifractal 

analysis of the sensitivity of catalytic reactions to catalyst structure. 
Journal of Chemical Physics. 95:6100-6111. 

Hoffmann MRM, Scot T, Choi W, Bahnemann DW. 1995. 
Environmental    Application    of    Semiconductor    Photocatalysis. 
Chemical Reviews. 95:69-96. 

Hsien YH, Chang CF, Chen YH, Cheng S. 2001. Photodegradation of 
aromatic  pollutants  in  water  over  TiO2   supported  on  molecular 
sieves. Applied Catalysis B: Environmental. 31:4:241-249. 

Huang X, Leal M, Li Q. 2008. Degradation of natural organic matter by 
TiO2 photocatalytic oxidation and its effect on fouling of low- 
pressure membranes. Water Research. 42:1142-1150. 

Jakob L, Hashem TM, Bürki S, Guindy NM, Braun AM. 1993. Vacuum- 
ultraviolet (VUV) photolysis of water: oxidative degradation of 4- 
chlorophenol.  Journal  of  Photochemistry  and  Photobiology  A:  Chemistry. 
75:97–103. 

Jokiel,  York,  Jr.  RH.  1984.  Importance  of  Ultraviolet  radiation  in 
Photoinhibition  of  Microalgal  Growth.  Limnology  and  Oceanography. 
29:192-199. 

Kabra K, Chaudhary R, Sawhney RL. 2004. Treatment of Hazardous 
Organic and Inorganic Compounds through Aqueous-Phase 
Photocatalysis: A Review. Industrial & Engineering Chemistry Research. 
43:7683-7696. 

Kowalski WJ, Bahnfleth WP, Witham DL, Severin BF, Whittam TS. 
2000. Mathematical Modeling of Ultraviolet Germicidal Irradiation 
for Air Disinfection. Quantitative Microbiology. 2:249–270. 

Liu S, Lim M, Fabris R, Chow C, Chiang K, Drikas M, Amal, R. 2008a. 
Removal of humic acid using TiO2 photocatalytic process: 
Fractionation and molecular weight characterisation studies. 
Chemosphere 72:263-271. 

Liu S, Lim M, Fabris R, Chow C, Drikas M, Amal R. 2008b. TiO2 
photocatalysis of natural organic matter in surface water: impact on 
trihalomethane and haloacetic acid formation potential. Environmental 
Science & Technology. 42:6218-6223. 

Maness PC, Smolinski S, Blake DM, Huang Z, Wolfrum EJ, Jacoby WA. 
1999. Bactericidal Activity of Photocatalytic TiO2  Reaction: toward 
an Understanding of Its Killing Mechanism. Applied and Environmental 
Microbiology. 65:4094. 

Mazzalupo S, Cooley L. 2006. Illuminating the role of caspases during 
Drosphila oogenesis. Cell Death and Differentiation. 13:1950-1959. 

Mei F, Yang Z, Wu L, Zhou Y, Zhang D. 2012. Influence of Annealing 
Temperature on Structure and Photocatalytic Activity of TiO2 Thin 
Films  Prepared  by  DC  Reactive  Magnetron  Sputtering  Method. 
Wuhan University Journal of Natural Sciences. 17:309-314. 

Meseck SL, Alix JH, Wikfors GH. 2005. Photoperiod and light intensity 
effects on growth and utilization of nutrients by the aquaculture feed 
microalga, Tetraselmis chui (PLY429). Aquaculture. 246:393-404. 

Metzler DM, Li M, Erdem A, Huang CP. 2011. Responses of algae to 
photocatalytic nano-TiO2 particles with an emphasis on the effect of 
particle size. Chemical Engineering Journal. 170:538-546. 

Ochiai T, Fukuda T, Nakata K, Murakami T, Tryk DA, Koide Y, 
Fujishima A. 2010. Photocatalytic inactivation and removal of algae 



16 

Eric McGivney TRITA LWR Degree Project 13:24  

 

 
with TiO2-coated materials. Journal of Applied Electrochemistry. 40:1737- 
1742. 

Ohno T, Tokieda K, Higashida S, Matsumura M. 2003. Synergism 
between rutile and anatase TiO2  particles in photocatalytic oxidation 
of naphthalene Applied Catalysis A. General. 244:383-391. 

Okamoto OK, Colepicolo P. 2001. Circadian protection against reactive 
oxygen species involves changes in daily levels of the manganese- and 
iron-containing superoxide dismutase isoforms in Lingulodinium 
polyedrum. Biological Rhythm Research. 32:439-448 

Ollis DF, Al-Ekabi H. 1992. Photocatalytic purification and treatment of 
water and air. Proceedings of the 1st International Conference on 
TiO Photocatalytic Purification and Treatment of Water and Air, 
London, Ontario, Canada, 8-13 November, 1992. 

Ollis DF. 2005. Kinetics of liquid phase photocatalyzed reactions: An 
illuminating approach. The journal of physical chemistry. B. 109:2439-44. 

Paleologou AH, Marakas NP, Xekoukoulotakis A, Moya Y, Vergara N, 
Kalogerakis P, Gikas D, Mantzavinos. 2007. Disinfection of water 
and wastewater by TiO2 photocatalysis, sonolysis and UV-C 
irradiation. Catalysis Today. 129:136–142. 

Papadopulos F, Spinelli M, Valente S, Foroni L, Orrico C, Alviano F, 
Pasquinelli G. 2007. Common Tasks in Microscopic and 
Ultrastructural Image Analysis Using ImageJ. Ultrastructural Patholoyu. 
31:401-407. 

Rincon AG, Pulgarin C. 2004. Bactericidal action of illuminated TiO2 on 
pure Escherichia coli and natural bacterial consortia: Post-irradiation 
events in the dark and assessment of the effective disinfection time. 
Applied Catalytics. B. 49:99–112. 

Schindler KM, Kunst M. 1990. Charge-carrier dynamics in titania 
powders. The Journal of Physical Chemistry. 94:8222-8226. 

Serpone N. 2007. Some Remarks on So-Called Heterogeneous 
Photocatalysis   and   Application   of   the   Langmuir-Hinschelwood 
Kinetic Model. Journal of Advanced Oxidation Technologies. 10:111-115. 

Sharma VK. 2009. Aggregation and toxicity of titanium dioxide 
nanoparticles   in   aquatic   environment   –   a   review.   Journal   of 
Environmental Science Health A. 44:1485–1495. 

Stein JR. 1973. Handbook of Phycological Methods. Culture Growth 
and Measurements. Cambridge University Press. 237. 

Sunada K, Watanabe T, Hashimoto K. 2003. Studies on photokilling of 
bacteria on TiO2 thin film. Journal of Photochemistry and Photobiology. A. 
156:227–233. 

Thomas AG, Flavell WR, Mallick AK, Kumarasinghe A R, Tsoutsou D, 
Khan N, Chatwin C, Rayner S, Smith GC, Stockbauer RL, Warren S, 
Johal TK, Patel S, Holland D, Taleb A, Wiame F. 2007. Comparison 
of the electronic structure of anatase and rutile TiO2 single-crystal 
surfaces using resonant photoemission and x-ray absorption 
spectroscopy.  Physical Review B. 75. 

Turchi CS, Ollis DF. 1990. Photocatalytic degradation of organic water 
contaminants: Mechanisms involving hydroxyl radical attack. Journal of 
Catalysis. 122:178-192. 

Wang D, Oppenländer T, El-Din MD, Bolton JR. 2010. Comparison of 
the Disinfection Effects of Vacuum-UV (VUV) and UV Light on 



17 

Comparison of UV-C and Vacuum-UV induced AOT on the acture mortality of microalgae  

 

 
Bacillus subtilis Spore in Aqueous Suspensions at 172, 222 and 254 nm. 
Photochemistry and Photobiology. 86:176-181. 

Watts RJ, Kong S, Orr MP, Miller GC, Henry BE. 1995. Photocatalytic 
inactivation of coliform bacteria and viruses in secondary wastewater 
effluent. Water Research. 29:95–100. 

Wiszniowski J, Robert D, Surmacz-Gorska J, Miksch K, Weber JV. 2002. 
Photocatalytic decomposition of humic acids on TiO2: Part I: 
Discussion of adsorption and mechanism. Journal of Photochemistry and 
Photobiology A: Chemistry, 152:267-273. 

Zhang J, Xu Q, Feng Z, Meijun L, Li C. 2008. Importance of the 
Relationship between Surface Phases and Photocatalytic Activity of 
TiO2**. Angewandte Chemie International Edition. 47:1766–1769. 

O T H E R R E F E R E N C E S 
 

IMO (2004) International Convention for the Control and Management 
of Ships’ Ballast Water and Sediments. International Maritime 
Organization. http://www.imo.org. 

http://www.imo.org/


Eric McGivney TRITA LWR Degree Project 13:24 

II 
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Evaluating treatment efficacy of disinfection systems in a timesaving way 
is a challenge. One of the most prevalent issues of assessing treatment 
systems, such ship ballast water decontamination, is determining the via- 
bility of single cell organisms, or Live/Dead assessment (Binet and 
Stauber, 2006; Steinberg, 2011; Zetsche and Meysman, 2012). Due to the 
immense biodiversity in a given sample of sea water, there is no universal 
viability test that is successful in identifying all of the targeted organisms 
of the IMO convention, not to mention the complications associated 
with sampling size and sufficient replicates, uncertainties regarding data 
quality control, and logistical difficulties of demonstrating these systems 
work as advertised onboard ships. In a humbled attempt to tackle these 
issues, I worked with ImageJ, an open-source java-based image pro- 
cessing and analysis software, to perform Live/Dead analysis. Sample 
images were treated using a user-written macros: 
howManyAreDead.txt 
run("Find Maxima...", "noise=13999 output=Count ex- 
clude"); 
run("Channels Tool... "); 
Stack.setDisplayMode("color"); 
Stack.setChannel(2); 
run("Close"); 
run("Subtract Background...", "rolling=50 light"); 
run("Find Maxima...", "noise=30000 output=Count ex- 
clude"); 
In this macro, the ImageJ plug-in filter, Find Maximum, created a mask 
where local maxima (user defined) are marked and recorded. This gave a 
total cell count, identifying all cells which appear as maximal pixel value 
compared to the black background of the image using a noise tolerance 
of 13,999 (i.e., cells must stand out more than 13,999 pixel values com- 
pared to surrounding pixels). The RGB image was then split into three 
8-bit images; the red, green and blue stacks of the original image. Since 
dead cells exhibit a green nucleus, the green channel was treated using 
the plug-in Subtract Background, which removes smooth continuous back- 
grounds based on the ‘rolling ball’ algorithm described by Sternberg 
Stanley, Biomedical image processing, IEEE Computer, Jan 1983. This 
algorithm used a rolling ball radius (the radius of the curvature of the 
paraboloid) of 50. This treatment left only the bright green blots of the 
image. Subsequently, Find Maxima was run on the treated image with a 
noise tolerance of 30,000. Based on this macros, the output menu gave a 
total cell count and a dead cell count (Fig. 1 appendix). 
In total, eight images—four of P. subcapitata and four of T. suecica—were 
analyzed by counting total cells, dead cells, and live cells, using the mac- 
ros in ImageJ. The four P. subcapitata images evaluated were (a) untreated 
culture, and three samples treated with UVλ=254 nm  at varying dosages; 
(b) 57.2 mJ/cm2, 22.8 mJ/cm2, and 915.2 mJ/cm2.  The four T. suecica 
images evaluated were (a) untreated culture, and three samples treated 
with UVλ=254 nm  at varying dosages; (b) 57.2 mJ/cm2, (c) 22.8 mJ/cm2, 
and (d) 915.2 mJ/cm2. 
These cell count results were compared to the manual counts in a 1:1 
plot (Fig. 2 appendix). Since no replicates were performed using this 
method, it is difficult to attribute any statistical significance between 
treatment stages or species type. However, one conclusive observation 
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Fig. 1 appendix A Photo of untreated P. Subcapitata culture 
counted using user-defined macros in ImageJ. (1) original 
photo, (2) ImageJ plug-in filter, Find Maximum, with local 
maxima marked and recorded (270 cells), (3) 8-bit green stack 
of original images (4) treated using Subtract Background and 
Find Maxima which gave a dead cell count (24 cells).The 
ImageJ output menu is also shown. 

that could be made is that T. suecica counts were consistently under 
counted. Another obvious observation are the glaring outliers associated 
with P. subcapitata in sample D. This image was specifically chosen to 
analyze to highlight some of my macros’ shortcomings: it contained a lot 
of debris and visual noise that ImageJ did not differentiate between P. 
subcapitata cells (Fig. 4d). This issue was also detected in some T. suecica 
samples as well (Fig. 3 appendix), while clean samples, such as the pure 
culture  images  (Fig.  4  appendix),  were  counted  quite  accurately  by 
ImageJ. 
ImageJ  has  the  potential  to  rapidly  and  accurately  perform  cell 
Live/Dead analysis for ballast water samples; however, several prerequi- 
sites should be met in order to save time: (1.) Samples should be relative- 
ly clean and free from debris or other microorganisms that may be rec- 
ognized and falsely registered by software, (2) separate macros should be 
developed for specific microorganisms, at least specific to cell shape and 
size. It is possible to adjust recognition in ImageJ based on cell mor- 
phology, which, in the case of the corkscrew-shaped P. subcapitata, could 
be used to ignore irrelevant shapes, and (3) an understanding of nucleus 
dimensions and the possibility of multiple nuclei per cell are required. 
Due to time constraints, and my inexperience with ImageJ, I do not be- 
lieve that these results are representative of the program’s full potential 
to perform live/dead analysis. Rather, these results highlight some of the 
hurdles that should be understood if image analysis software, such as 
ImageJ, is to be used to produce high through-put data from water disin- 
fection samples, such as those collected from ballast water treatment sys- 
tems. Many laboratories have already reported successfully using ImageJ 
to count cells (Mazzalupo and Cooley, 2006; Alt et al, 2007; Papadopulos 
et al, 2007). Due to the ability of any user to upload/download on-line 
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material (e.g.,  plugins, macros code, handbooks, wikis, etc.), there is  a 
vast  and growing amount of resources that can  be accessed. 

 
 

(A.) P. Subcapitata 
 

250 ---------------- 
 

 
 

Q) 200 
(.) 

 

0 
150 

 
, 

.,' 
 
 
 

• Untreated 
57.2 mJ/cm2 

 
s::::: 
:::::1 

.8.., 100 
Q) 
C) 

m 50 E 

 
 
//,///.-• Total 
 

Dead 
Alive 

• 228.8 mJ/cm2
 

• 915.2 mJ/cm2
 

 

o-- -- -- ---- -- 
0 50  100  150 200 250 

Actual, # of cells 
 
 
 
 
 
 
 
 

1/) 

Q) 

(B.) T. Suecica 
 
200.,...---------..... 

, 

(.) 150 
0 

 

.... 
§ 100 
0 
.(..), 

 
 
 
 
 
 
 
Total 

e  Untreated culture 

57.2 mJ/cm2 
 

• 228.8 mJ/cm2
 

·+· 915.2 mJ/cm2 

m 50 
E 

 
-o 

Dead 
/ / / . Alive 

 
---r---- -- 

0 50  100 150 
Actual, # of cells 

 
 
 
 
 
 
200 

 
 
 
 

Fig. 2 appendix (A.) P. Suhcapitata and (B.) T. Suecica 1:1plots 
comparing lmageps detection of total, dead, aud alive  ceUs (y-axis) 
at four different treatments with actual values (x-axis ). 
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Fig. 3 appendix Image of three dead T. Suecica cells, (A) is the raw im- 
age and (B) shows the misidentification of the central cell and the false 
identification of a dead cell (green speck to the right of the bottom cell. 

 
 
 

 
Fig. 4 appendix Images of (A) P. Subcapitata and (B) T. Suecica culture 
stock. Images of pure culture were free of debris and other visual noise, 
allowing ImageJ to count cells more accurately. 
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A P E N D I X II - E F F E C T O F C H L O R I N A T I O N I N T A P W A T E R 

 

Understanding the effects of chlorinated tap water on cells was im- 
portant in reducing erroneous cell death, i.e. death not caused by 
UV/AOT treatment. There was no significant effect of using tap water 
directly from the tap versus tap water that was dechlorinated on P. 
subcapitata. However, precaution was still taken—using dechlorinated wa- 
ter in all experiments (A sample of P. subcapitata stock culture exhibited a 
mortality of 28.8%, after diluting this in two different petri dishes—one 
with dechlorinated tap water and the other with water directly from the 
tap—the respective mortality was 28.8% and 27.6%. 


