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PhotoenhancedPhotoenhanced toxicity of azaarenes to marine phytoplankton 

Photoenhance dd toxicit y of 
azaarenee isomer s to the marin e 
flagellat ee Dunaliella tertiolecta 

Abstrac t t 

Manyy studies have shown that narcosis or baseline toxicity of polycyclic 
aromaticc hydrocarbons (PAHs) is strongly related to their lipophilicity. For 
azaarenes,, such relationships have also been demonstrated, but for some 
compounds,, deviations from these relationships have been observed, even 
forr closely related compounds such as isomers. In the present study, the 
toxicityy of four azaarene isomer pairs to the marine flagellate Dunaliella 
tertiolectatertiolecta was determined. For quinoline, isoquinoline, acridine, phenan-
thridine,, benz[a]acridine, and benz[c]acridine, the 72 h median effective 
concentrationss for growth were 571, 464, 2.10, 14.7, 0.50, and 0.11 JUM, 
respectively.. For the five-ringed isomers dibenz[a,i] acridine and dibenz-
[c,/z]acridine,, no effects were observed at the highest concentration tested 
(0.11 and 0.005 j/M, respectively). Growth inhibition by the two-, three-, and 
four-ringedd isomer pairs to D. tertiolecta was well described by molecular 
volumee and log K0VI, indicating a narcotic mode of action. However, the 
toxicityy of acridine and benz[c]acridine was much higher than that of their 

Previouslyy published as: Saskia Wiegman, Peter L.A. van Vlaardingen, Eric A.J. 
Bleeker,, Pirn de Voogt and Michiel H.S. Kraak, 2001. Environmental Toxicology and 
ChemistryChemistry 20(7): 1544-1550. 
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respectivee isomers, phenanthridine and benz|>]acridine, suggesting an 
additionall  specific mode of action. Based on the differences in energies 
betweenn the highest occupied molecular orbital and the lowest unoccupied 
molecularr orbital (HOMO-LUMO gap), acridine and benz[c] acridine are 
susceptiblee to ultraviolet (UV) radiation, in contrast to the other tested 
compounds.. Because UV was present, it is therefore argued that the toxicity 
off  both compounds was photoenhanced. Photoenhanced toxicity may 
increasee the environmental hazard of azaarenes, indicating the importance of 
enlargingg the present monitoring of PAHs with phototoxic N-heterocyclic 
PAHss and incorporating this mode of action in water quality criteria. 

Introductio n n 

Azaareness are a family of N-heterocyclic PAHs (NPAHs) containing one in-
ringg nitrogen atom. They exist in biological systems as mycotoxins, defence 
toxinss of plants and sponges, electron carriers, alkaloids and nucleotides 
(Schmitterr et aL, 1982; Tomkins and Ho, 1982; Kuhn and Suflita, 1989; 
Kaiserr et aL, 1996). However, a large fraction of azaarenes found in the 
environmentt has an anthropogenic origin, because almost no azaarenes have 
beenn found in older sediments (Wakeham, 1979). The NPAHs enter the 
environmentt as spills or waste materials generated by the mining industry, 
coall  tar and oil shale processing operations, wood-preserving facilities, and 
chemicall  manufacturing plants (Kaiser et aL, 1996). 

Thee NPAHs are present in lower concentrations (1-10% of PAHs) in the 
environmentt (Wild and Jones, 1995; Gissel-Nielsen and Nielsen, 1996), but 
theyy are more water-soluble than their homocyclic analogues (PAHs). For 
example,, the solubility of acridine, a three-ringed azaarene, is almost two 
orderss of magnitude higher than that of anthracene, its homocyclic analogue 
(Pearlmann et aL, 1984). Although this higher solubility could cause a higher 
bioavailabilityy to aquatic organisms, most ecotoxicological research has 
focusedd on homocyclic compounds only. The presence of PAHs in the 
environmentt is extensively monitored, and the release of PAHs in air, 
waters,, and sediments often exceeds the maximal permissible risk concen-
trationss (MPCs) (Kalf et aL, 1995). For azaarenes, however, presence in the 
environmentt is scarcely documented. Water quality criteria, such as MPCs 
andd negligible concentrations, are available for some PAHs but lacking for 
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NPAHss (Ministry of Transport, 1997). Acute toxic effects ofazaarenes have 
beenn studied in several fish species, but only in a few aquatic invertebrates 
andd algae, and even less is known about toxic effects of azaarenes on marine 
organismss (Aquatic Toxicity Information Retrieval Database [AQUIRE], 
http://www.epa.gov/ecotox/).. Within this limited data set, acridine and 
quinolinee are often the only compounds tested (AQUIRE), August 2000). 
Thiss study presents an investigation regarding the toxicity of eight aza-
arenes,, ranging from two- to five-ringed structures, to the marine green 
flagellatee Dunaliella tertiolecta, a representative algal species for phyto-
planktonn in coastal waters (Geel, 1997) and a common used test species 
(Visvikii  and Rachlin, 1994; Lin and Carpenter, 1997; Mooney and Patching, 
1998). . 

Manyy studies have shown that narcosis or baseline toxicity is strongly 
relatedd to the lipophilicity of the compound, which is often expressed as the 
«-octanol/-waterr partition coefficient (Kow) (Könemann, 1981; Veith et al, 
1995).. For several aquatic species, a linear relationship between log Kow and 
short-termm toxicity of azaarenes has been demonstrated (de Voogt et al, 
1988;; Bleeker et al, 1998). However, deviations from these relationships 
havee also been observed, even for closely related compounds such as 
isomerss (Kraak et al, 1997b; Bleeker et al, 1998). In some cases (Bleeker 
etet al, 1998), this could be explained by compound-specific modes of action, 
suchh as photoenhanced toxicity, whereas in others, it could not (Kraak et al, 
1997b).. Hence, isomer-specific toxicity deserves further attention; therefore, 
fourr isomer pairs have been selected in the present study. 

Too elicit a biological effect, a chemical has to cross membranes and interact 
withh one or more receptors. In these processes, both hydrophobic and elec-
tronicc forces may play a role. Hydrophobicity-related and electronic 
molecularr descriptors quantifying the transport and partition processes 
involvedd (Bleeker et al, 1998) may, therefore, be useful tools to gain a 
betterr insight regarding the mechanisms of action of azaarenes (de Voogt et 
al,al, 1988). For organic compounds, hydrophobicity-related molecular 
propertiess such as volume, surface area and log Kow accurately predict 
narcosiss (Könemann, 1981; Bleeker et al, 1998). Photoenhanced toxicity of 
aromaticc compounds, on the other hand, is well predicted by molecular 
electronicc properties (Arfsten et al, 1996), especially the differences in 
energiess between the highest occupied molecular orbital (HOMO) and the 

25 5 

http://www.epa.gov/ecotox/


ChapterChapter 2 — Photoenhanced toxicity of azaarene isomers 

lowestt unoccupied molecular orbital (LUMO). Several studies showed a 
bell-shapedd relationship between photoenhanced toxicity and the HOMO-
LUMOO gap of aromatic compounds (Mekenyan et al., 1994a; Mekenyan et 
al.,al., 1994b). If all compounds selected in the present study exhibit narcotic 
toxicityy only, their acute median effective concentrations (EC50 values) 
wouldd correlate well with the hydrophobicity-related molecular properties. 
Conversely,, deviations from narcosis may be indicative of specific modes of 
action.. In addition, HOMO-LUMO gap values can be used to demonstrate if 
thee deviating toxicity of azaarenes is photoenhanced. This study aimed to 
determinee the difference in toxicity of azaarene isomers to marine algae. 
Thee use of molecular descriptors may help in elucidating the mechanisms of 
azaarenee isomer toxicity and enable us to predict the environmental risk 
associatedd with these compounds. 

Material ss  and method s 

SelectedSelected azaarenes 

Eightt azaarenes were tested: Quinoline (99% purity; Aldrich Chemical Co., 
Bornem,, Belgium), isoquinoline (97% purity; Aldrich), acridine (97% 
purity;; Aldrich), phenanthridine (> 99% purity; Aldrich), benz[a] acridine, 
benz[c]]  acridine, dibenz[a,i] acridine and dibenz[c,/z]acridine (all four with > 
99.5%% purity; European Community Bureau of Reference). 

ExperimentalExperimental set-up for growth tests 

Toxicityy of the eight azaarenes was assessed in a 72 h growth test with the 
greenn alga Dunaliella tertiolecta. The algae were cultured in batch in artifi-
ciall  seawater medium (Admiraal and Werner, 1983) under cool-white 
fluorescentt light (100 ^/mol m"2 s"1; Philips TLD 36W/33; Amsterdam, The 
Netherlands)) at 20 °C. The light-dark regime was 16:8 h. Tris-buffer (3.7 
mM;; Merck, Darmstadt, Germany) was added to the artificial seawater 
mediumm to maintain a pH of 8; silicate was omitted to avoid precipitation 
afterr sterilization. 

Forr the toxicity experiments, 0.5 L borosilicate serum bottles with artificial 
seawaterr were sterilized. The bottles contained 150 ml of medium, leaving a 

26 6 



PhotoenhancedPhotoenhanced toxicity of azaarenes to marine phytoplankton 

largee volume of air to allow equilibration of dissolved gasses (Halling-
Sorensenn et al, 1996). To avoid a lag phase in algal growth and to allow the 
algaee to acclimatize, 1 d before azaarene addition, the algae were added to 
thee serum bottles. The initial algal concentration varied between 1 and 6 x 
1033 cells/ml, but each azaarene concentration series was tested with the 
samee initial algae concentration originating from the same batch culture. 
Algaee were kept in suspension by incubating the bottles in water at 20 °C on 
aa rolling device (25 rpm). Here, serum bottles were illuminated with three 
mercuryy lamps (Philips HPI-T 400 W), each with an intensity of 150 //mol 
m"22 s"1, and received approximately 70 //mol m"2 s"1. The light-dark regime 
wass 16:8 h to mimic natural radiance conditions. One day after the acclima-
tizationn period, for each azaarene, a concentration series was added to the 
serumm bottles at the start of the toxicity experiment. Of each serum bottle a 5 
mll  sample was measured daily with a Coulter counter (Coulter Multisizer, 
Fullerton,, CA, USA), with a counting tube aperture of 70 //m, to determine 
celll  numbers and volumes (in triplicate). At the end of each experiment, 
algall  populations were microscopically examined to determine if cells were 
livingg (i.e., mobile) or dead (i.e., non-mobile or not present as complete 
cells). . 

PreparationPreparation of azaarene solutions 

Azaareness were added to the medium 1 d after the algae were added, using 
thee carrier solvent dimethyl sulphoxide (DMSO; > 99.5% Merck, Amster-
dam,, The Netherlands). The borosilicate bottles were closed with a screw 
capp with Teflon inlay to minimize sorption of azaarenes. Separate stock 
solutionss were made for each treatment by dissolving the highest used 
azaarenee concentration in DMSO, followed by an appropriate dilution in 
DMSO.. To each experimental treatment, 50 ju\ of the corresponding stock 
solutionn were added to ensure equal DMSO concentrations in all azaarene 
treatmentss (0.033% v/v). Besides biological controls (algae without aza-
arenes),, DMSO controls (algae with DMSO but without azaarenes) were 
incorporatedd to check for effect of the carrier solvent on growth. For each 
compound,, the series of concentrations (including controls) was tested in 
duplicate.. A chemical control (azaarenes in sterile medium without algae) 
wass added to determine the loss of azaarenes due to sorption or chemical 
photodegradation. . 
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Thee average actual concentration of the azaarenes tested were 10, 33, 95, 
320,, and 863 //M for quinoline; 5, 16, 45, 148, and 488 fiM for isoquinoline; 
0.1,, 0.6, 3.0, 13, and 51 //M for acridine; 0.8, 3.3, 14, 62, and 135 (M for 
phenanthridine;; 0.01, 0.02, 0.09, 0.37, and 0.89 //M for benz[a] acridine; 
0.009,, 0.01, 0.025, 0.035, and 0.O85 juM for benz[c]acridine. The nominal 
concentrationss tested were 0.006, 0.013, 0.026, 0.052, and 0.10 /vM for 
dibenz[a,/]acridinee and 0.0003, 0.0006, 0.0013, 0.003, and 0.005 //M for 
dibenz[c,, h] acridine. 

AnalysisAnalysis of azaarenes by HPLC 

Waterr samples (2 ml) were taken directly after addition of azaarenes (70) and 
againn after 72 h to determine actual concentrations in the test medium. After 
centrifugationn (3000 rpm, 10 min) 1 ml of the supernatant was taken for 
analysiss by high-performance liquid chromatography (HPLC), using fluo-
rescencee detection (Kratos Spectroflow 980) for the (di)benzacridines and 
ultraviolett detection (Applied Biosystems [Rotterdam, The Netherlands] 
modell  785 A) for the other compounds. A 150 x 4.6 mm Lichrosorb (Varian, 
Middelburg,, The Netherlands) 5 //m RP-18 analytical column was used with 
aa 4 x 4 mm Lichrosorb 5 jum RP-18 guard column. The column temperature 
wass kept at room temperature (20 °C). The flow of the mobile phase, an 
isocraticc mixture of 65% (v/v) acetonitrile (> 99.9% purity; J.T. Baker 
Analyzedd HPLC Reagent, Deventer, The Netherlands) and 35% (v/v) water 
(J.T.. Baker Analyzed HPLC Reagent), was 1 ml/min. Of each sample, 20 /vl 
weree automatically injected. Quinoline was detected at a wavelength of 225 
nm,, isoquinoline at 215 nm, acridine at 249 nm and phenanthridine at 247 
nm.. Benz[a]acridine and benz[c]acridine, eluted with an isocratic mixture of 
80%% acetonitrile and 20% (v/v) water, were detected at excitation wave-
lengthss of 276 nm and 275 nm respectively and emission wavelengths of > 
3544 nm. Azaarene concentrations were calibrated with standards of cor-
respondingg azaarenes in methanol (> 99.8% purity; J.T. Baker Analyzed 
HPLCC Reagent). 

CalculationCalculation ofECSO values 

Fromm the azaarene concentrations measured at 0- and 72-h, an average 
exposuree concentration was calculated assuming exponential decrease over 
time.. Recovery was defined as the quotient of the actual concentration at 72 
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hh and the actual start concentration, expressed as percentage (C72/Co x 100). 

Forr each treatment, the growth rate, // (day1), of the algal population was 
calculatedd over the exponential growth phase. For the highest used azaarene 
concentrationss some negative growth rate values were calculated, indicating 
thatt algae did not grow. Therefore, negative growth rate values were set to 
zeroo in curve-fitting calculations. The growth rate values were plotted 
againstt corresponding average actual azaarene concentrations in the water. 
Thee azaarene concentrations that reduced growth rates of D. tertiolecta to 
50%% of the (DMSO) controls (EC50 values) were obtained by fitting the 
followingg equation (Haanstra et al, 1985) through the dose-response plots 
withh Kaleidagraph (Synergy software, Reading, PA, USA): 

7=c/(l+expö(*- f l ) )) (2.1) 

wheree 7 is effect on growth rate, X is 10log azaarene concentration (juM), a is 
10logg EC50, b is the slope of the logistic curve, and c is the average growth 
ratee of (DMSO) controls. The corresponding 95% confidence intervals were 
calculatedd according to the method described by Miller and Miller (1984). 

Thee differences in EC50 values between isomers were tested for signifi-
cancee by fitting the toxicity data of the treatments simultaneously to logistic 
modelss that differed in their slope parameters, but had the same EC50 
parameter,, using SPSS 9.0 for windows (SPSS, Chicago, IL, USA). A like-
lihoodd ratio test was used to test the hypothesis of similarity of shape by 
comparingg these results to those obtained when each model had its own 
EC50EC50 parameter (van Gestel and Hensbergen, 1997). 

MolecularMolecular descriptors of azaarenes 

Inn this study, the lipophilicity-related descriptors molecular volume (vol) 
andd log Â ow were chosen, and the electronic molecular parameters ionisation 
potentiall  (HOMO/IP) and electron affinity (LUMO/EA) were used to 
calculatee HOMO-LUMO gap values for each azaarene. Correlation coeffi-
cientss were calculated between the EC50 value and molecular volume and 
logg Kov/. Log Kow were taken from Bleeker et ah (1998) or taken from Med 
Chem'ss ClogP model (http://esc.syrres.com/~ESC/kowexpdb.htm). Molecu-
larr volume, ionisation potential and electron affinity were calculated 
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accordingg to the method described by Bleeker et al. (1998) using the semi-
empiricall  quantum mechanical AMI method in the general purpose 
molecularr orbital (MOPAC) package (Fujitsu America, San Jose, CA, 
USA). . 

Result ss  and discussio n 

Figuree 2.1 shows the growth rates of D. tertiolecta exposed to the selected 
azaarenes.. Clear dose-response relationships were observed for the effects 
off  all compounds, except for the two five-ringed structures. For both five-
ringedd structures, dibenz[ö,/]acridine and dibenz[c,/z]acridine, no effect on 
growthh rates was observed at the highest concentrations tested (0.1 and 
0.0050.005 /uM, respectively; data not shown). For the other compounds tested, 
thee EC50 values and corresponding 95% confidence limits (juM) were cal-
culatedd (Table 2.1). In general, toxicity increased with increasing number of 
rings.. Both three-ringed molecules acridine and phenanthridine were signi-
ficantlyy more toxic (p < 0.05) than the two-ringed molecules quinoline and 
isoquinoline.. Benz[a]acridine and benz[c]acridine, both four-ringed mole-
cules,, were more toxic than the three-ringed structures, although the toxicity 
off  acridine did not differ significantly from that of benz[#]acridine (Table 
2.1).. However, differences in toxicity between isomers were also observed. 
Acridinee was sevenfold more toxic than phenanthridine (p < 0.05) and benz-
[cr]acridinee was fivefold more toxic than benz[c]acridine (Table 2.1). 

Tablee 2.1. EC50 values (JJM) and 95% confidence limits based on average azaarene 
exposuree concentrations, for growth of Dunaliella tertiolecta (ne, no effect was 
observedd at the highest tested concentration). Average recovery of actual azaarene 
concentrationss (C72/C0 in %)  standard deviations (n = 10). Average recovery of the 
chemicall controls (no algae) was 96.8%  6.9% (two-to four-ringed azaarenes) 

Compound d 
Quinoline e 
Isoquinoline e 
Acridine e 
Phenanthridine e 
Benz[a]acridine e 
Benz[c]acridine e 
Dibenz[a,/]acridine e 
Dibenz[c,/?]acridine e 

EC50 0 
571 1 
464 4 
2.10 0 
14.7 7 
0.50 0 
0.11 1 
ne e 
ne e 

(95%% con. limits) 
(443-736) ) 
(359-599) ) 
(1.34-3.28)a a 

(11.0-19.8)a a 

(0.14-1.85)a a 

(0.03-0.33) ) 

recovery y 

118.3 3 
107.7 7 
82.6 6 
99.8 8 
80.3 3 
53.2 2 
--
--

(sd) ) 
(24.3) ) 
(10.4) ) 
(9.9) ) 
(9.6) ) 
(12.7) ) 
(26.8) ) 

significantt difference (p < 0.05). 
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Figur ee 2.1. Growth rates (day1) of the marine flagellate Dunaliella tertiolecta during 
722 h exposure to different azaarenes. The lines represent the curve-fit after Haanstra 
etet al. (1985). 

Becausee toxicity increased with increasing number of rings, a good correla-
tionn between toxicity to D. tertiolecta (log EC50) and lipophilicity (log K0Vi) 
andd molecular volume, both transport- and partition-related descriptors 
(Bleekerr et al., 1998), could be expected. Indeed, high correlation coeffi-
cientss were observed between the log K0VI and molecular volume and the 
toxicityy of azaarenes (0.94 and 0.95, respectively; Table 2.2), indicating a 
non-specificc narcotic mode of action for this group of compounds. 

Narcoticc toxicity appears to be a general mode of action for (N)PAHs and, 
consequently,, may be predicted by existing linear relationships between the 
toxicityy and lipophilicity for algae. Therefore, a previously reported rela-
tionship,, between 72- to 96-h EC50 values (for cell growth) for the green 
algaa Selenastrum capricornutum for narcotic aromatics (van Leeuwen et ai, 
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1992)) and log /Cow, was compared to the inhibition of growth of D. 
tertiolectatertiolecta exposed to azaarenes in the present study. In Figure 2.2, the loga-
rithmm of the inverse EC50 values of the azaarenes are plotted against their 
correspondingg log Â ow values. In the same figure, the relationship between 
EC500 values (M) for Selenastrum capricornutum and log K0VJ is plotted (van 
Leeuwenn e tal., 1992): 

logg EC501 = 1.0 log /Cou + 1.23 (2.2) 

Thee EC50 values of both two-ringed structures, of the three-ringed molecule 
phenanthridinee and of the four-ringed molecule benz[ö]acridine fall within 
thiss area of toxicity by narcosis. However, this graph clearly shows the rela-
tivelyy high toxicity of acridine and benz[c]acridine compared to their 
isomerss phenanthridine and benz[a] acridine, thereby suggesting a specific 
modee of action for these two azaarenes. 

Tablee 2.2. Log Kow, molecular volume (vol), and energy difference 
betweenn the highest occupied molecular orbital (HOMO) and 
lowestt unoccupied molecular orbital (LUMO). Correlation 
coefficientss (r) between these descriptors and the corresponding 
effectt concentrations (pM) for Dunaliella tertiolecta 

Compound d 
Quinoline e 
Isoquinoline e 
Acridine e 
Phenanthridine e 
Benz[a]acridine e 
Benz[c]acridine e 
r(logEC50)a a 

logg Kow 

2.03D D 

2.08b b 

3.40b b 

3.48b b 

4.49c c 

4.49c c 

0.94 4 

voll (A3) 
121.95 5 
121.84 4 
166.25 5 
166.03 3 
210.19 9 
210.35 5 
0.95 5 

HOMO-LUMOO (eV) 
8.71 1 
8.46 6 
7.53 3 
8.37 7 
7.63 3 
7.56 6 

--
"significantt positive correlation (p < 0.05)^k<w values from Bleeker ef al. 
(1998),, cKow values from Med Chem's ClogP model. 

Forr acridine, photoenhanced toxicity is well established as a specific mode 
off  action (Newsted and Giesy, 1987; Oris and Giesy, 1987; Arfsten et al., 
1996;; Dijkman et al, 1997; Sinks et ai, 1997). Hence, photoenhanced 
toxicityy was likely responsible for the high toxicity of acridine compared 
withh that of its isomer phenanthridine to D. tertiolecta. For aromatic com-
pounds,, photoenhanced toxicity can easily be predicted with electronic 
propertiess of molecules, such as the HOMO-LUMO gap (Newsted and 
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Figur ee 2.2. Effect concentrations and 95% confidence limits of azaarenes (M) 
plottedd against the corresponding log Kow values. The solid linear line represents a 
relationshipp between log Kow and effect concentrations for aromatic compounds with 
aa narcotic mechanism to 72-96 h growth of Selenastrum capricornutum. The gray 
areaa indicates a 5% deviation. 
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Figur ee 2.3. Effect concentrations and 95% confidence limits of azaarenes (M) 
plottedd against the corresponding HOMO-LUMO gap values (eV). 
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Giesy,, 1987; Mekenyan et al, 1994a; Mekenyan et al, 1994b; Veith et al, 
1995;; Arfsten et al, 1996; Ankley et al, 1997; Sinks et al, 1997). The 
HOMO-LUMOO gap window of PAHs, including azaarenes, that can exhibit 
photoenhancedd toxicity, was found to be 7.2  0.4 eV (Mekenyan et al, 
1994a).. From the azaarenes selected in this study, acridine and benz-
[c]acridinee fall into this highly phototoxic region (Table 2.2, Figure 2.3). In 
Figuree 2.2, for both compounds, a high toxicity deviating from narcosis was 
observed;; suggesting that photoenhanced toxicity indeed took place under 
thee present experimental conditions. In addition, HOMO-LUMO gap values 
off  PAHs are indicative for the ability of molecules to absorb UV radiation 
andd for their stability (Mekenyan et al, 1994a; Mekenyan et al, 1994b; 
Veithh et al, 1995; Ankley et al, 1997), suggesting that the relatively low 
analyticall  recoveries after 72 h exposure of acridine and benz[c]acridine 
comparedd to their isomers (Table 2.1) were caused by photodegradation. 

Ultraviolett radiation must be present to induce photoenhanced toxicity of 
(N)PAHss (Mekenyan et al, 1994a; Mekenyan et al, 1994b; Veith et al, 
1995;; Ankley et al, 1997; Sinks et al, 1997). Spectral analysis revealed that 
thee borosilicate serum bottles, in which algae were grown, still transmitted 
mostt of the UV-A radiation (75%  14% of the radiation in the spectral 
rangee of 32CM100 nm) from the used mercury lamps. Direct evidence for 
photoenhancedd toxicity was obtained by filtering UV radiation and, then, 
comparingg the toxicity of acridine in the presence and absence of UV. The 
usee of a polycarbonate filter (1 mm; Lexan 80330; GE Plastics, Bergen op 
Zoom,, The Netherlands) that absorbs all UV radiation, but that transmits 
visiblee radiation, indeed decreased the toxicity of acridine to the midge 
ChironomusChironomus riparius and to the marine diatom Phaeodactylum tricornutum 
(chapterr 4). Bleeker et al (1998) found, under mercury light, a LC50 of 0.07 
mg/LL of acridine to C. riparius (Table 2.3) and, by removing UV radiation 
(samee set-up as described in Bleeker et al (1998), but with a polycarbonate 
filter),filter), a toxicity of acridine that was reduced by a factor of 20 (LC50 = 1.46 
mg/L).. Acridine concentrations of 0.40 mg/L under mercury light reduced 
thee growth rates of P. tricornutum to 41.4%  16.7% of the (DMSO) 
controls,, but without UV radiation (polycarbonate filter), the growth rates 
(85.4%%  0.2%) were hardly reduced by 0.5 mg/L of acridine. Therefore, the 
highh toxicity of acridine and benz[c]acridine compared to their correspond-
ingg isomers phenanthridine and benz[a]acridine for D. tertiolecta can be 
relatedd to photoenhanced toxicity. 
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Inn Table 2.3 the effect concentrations of the selected azaarenes (mg/L) for 
D.D. tertiolecta are compared to values for different aquatic invertebrates and 
algae,, as reported in the available literature on azaarenes. Quinoline and 
acridinee were often the only compounds investigated, and except for the 
marinee diatom P. tricornutum, no effect concentrations were reported for 
marinee algae and invertebrates. Here, striking differences were observed 
betweenn the toxicity of the isomers acridine and phenanthridine. Regarding 
D.D. tertiolecta, acridine was much more toxic to the alga Scenedesmus sp. 
(vann Vlaardingen et al, 1996) and to the midge C. riparius (Bleeker et al., 
1998)) than phenanthridine (Table 2.3). Since all these experiments were 
conductedd in the presence of the same light source, with some UV radiation, 
photoenhancedd toxicity was likely responsible for the high toxicity of 
acridinee compared to the narcotic toxicity. But for Dreissena polymorpha, 
alsoo in the presence of UV radiation, phenanthridine was more toxic than 
acridinee (Kraak et ai, 1997b). Although mussels are protected from the UV 
radiationn by their valves, the difference in toxicity between the two isomers 
wass higher than could be expected based on differences in Kov, (Table 2.3). 
Itt is concluded that, even within this limited series of related compounds, 
smalll  differences in molecular structure among isomers lead to different 
modess of toxicity, underlining the importance of scholarly toxicity studies 
regardingregarding isomer differences. 

Withh the current models for baseline toxicity of aromatic compounds, 
specificc modes of action of azaarenes can be demonstrated. In addition, 
electronicc descriptors may demonstrate which mode of action is responsible 
forr such deviating toxicity. In the present study, the acute toxicity of the six 
azaareness on Dunaliella tertiolecta could be accounted for and explained 
withh the descriptors for narcotic and photoenhanced toxicity. However, risk 
assessmentt of aromatic compounds is mostly based on narcosis only and 
otherr modes of action, such as photoenhanced toxicity, are still disregarded 
inn defining water quality criteria, which, therefore, underestimate their 
potentiall  hazard. 
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