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MECHANISTIC QUANTITATIVE STRUCTURE-ACTIVITY RELATIONSHIP MODEL FOR
THE PHOTOINDUCED TOXICITY OF POLYCYCLIC AROMATIC HYDROCARBONS:

I. PHYSICAL MODEL BASED ON CHEMICAL KINETICS IN A
TWO-COMPARTMENT SYSTEM

SERGEY N. KRYLOV. XIAO-DONG HUANG, LORELEI F. ZEILER, D. GEORGE DIXON and BRUCE M. GREENBERG*
Department of Biology. University of Waterloo. Waterloo, Ontario N2L 3Gl, Canada

Abstrad-A quantitative structure-activity relationship model for the photoinduced to1{icity of 16 polycyclic aromatiehydrocarbons
(PAHs) to duckweed (umna Bibbo) in simulated solar radiation (SSR) was developed. UmMl Bibbo was chosen for this study
because toxicity could be considered in two compartments: water column and leaf tissue. Modeling of photoinduced toxicity was
described by photochemical reactions between PAHs and a hypothetical group of endogenous biomolecuies (0) r\:quired for normal
growth, with damage to G by PAHs and/or photomodified PAHs in SSR resulting in impaired growth. The reaction scheme includes
pbolomodifiealion of PAHs, uptake of PAH!! into leaves, triplet-state formation of intact PARs, photosensitizRtion reactions that
damage G, and reactions between photomodified PAHs and O. The assumptions used were: the PAH pbotomodification rate is
slower than uptake of chemicals into leaves, the PAH concentration in aqueous solution is nearly constant during a toxicity test,
the fluenc\: rate of actinic radiation is lower within leaves than in the aqueous phase, and the toxicity of intact PARs in the dark
is negligible. A series of differential equations describing the reaction kinetics of intact and photomodified PARs with G was
derived. The resulting equation for PAR toxicity was a function of ueatment period, initial PAR concentration, relative absorbance
of SSR by each PAH, quantum yield for formation of triplet-state PAH, and rate of PAR photomodHication. Data for growth in
the presence of intact and pholomodified PAHs were used to empirically solve for a photosensitization constant (PSC) and a
photomodiftcalion constant (PMC) for each of the 16 PAHs tested. For 9 PAHs the PMC dominates and for 7 PAHs the PSC
dominates.
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INTRODUCTION

Polycyclic aromatic hydrocarbons (PARs) are environmen-
tally ubiquitous contaminants [1.2] whose biological activity
is greatly enhanced by biotic and abiotic activation. Although
a number of possible routes of activation exist [3-7]. one of
the most important in the environment is photoactivation by
sunlight. Polycyclic aromatic hydrocarbons are, by virtue of
their highly conjugated 1T-orbital systems, prime examples of
photo active contaminants f5.8-12]. Polycyclic aromatic hy-
drocarbons strongly absorb in the ultraviolet-B (UV-B) (290-
320 nm) and UV-A (320-400 nm) spectral regions [7,13,14].
both of which are present in sunlight [15]. The toxicities of
PARs have been shown to be greatly enhanced [5.7.11.14,16J
when the UV components of sunJight are present, as either
natural sunlight or a light source mimicking sunlight.

Quantitative structure-activity relationships (QSARs).
which correlate the physicochemical properties of molecules
to observable biological responses, are useful for understand-
ing the mechanisms of action of groups of related chemicals
and for predicting the environmental risks associated with
those chemicals [17J. Quantitative structure-activity relation-
ships can predict the potential hazards of untested compounds.
establish which physical traits of chemicals contribute to bi-
ological impacts, describe the routes of chemical interaction
with an organism, and aid in elucidating chemical and bio-
logicaJ mechanisms of toxicity. In developing a QSAR modeJ,
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it is essential to consider the attributes of the environmental
compartment in which the contaminant of interest resides, as
this will dictate which physicochemical properties are likely
to be most influential in to~icity. B«ause solar radiation is
ubiquitous in the environment and can enhance the toxicity of
PAns (4,7,9,18], solar radiation is a factor that should be used
in QSAR modeling of PAR toxicity.

To generate a QSAR model describing the photoinduced
toxicity of PAns, both the mechanisms of the primary pho.
tochemical reactions involving light-sensitive molecules
[18,19] and the potential negative impacts of those reactions
on living organisms [9) must be considered. Light can alter
the toxicity of PARs by essentially two routes: photosensiti-
zation reactions initiated by the PAHs and photomodification
of the PAHs (Fig. 1). Photosensitization reactions initiated by
PARs often proceed via the formation of singlet-state oxygen
(10J (9,191. This process begins with the sensitizing PAR
absotbing a photon, which elevates the PAH to an excited
singlet state. The excited singlet-state PAH can undergo in-
tersystem crossing to the excited triplet state, where it can
react with ground triplet-state oxygen (300 to form 102, Due
to its low energy barrier to reaction, 102 is capable of oxy-
genating or oxidizing many different biomolecules, altering
their chemical structure, and consequently inhibiting or in-
activating them (18,19]. Pbotomodification of PAns, usually
via oJl;idation, results in the formation of new compounds that
will have different bioactivities than the parent compounds
[7.20,21). These two physicochemical processes, photosensi-

2283



Ellviron.2284 Toxicol. Chern. 16, 1997

hv

Photosensitization

Fig. I. Energy state diagram for ground and excited stares of a poly-
cyclic aromatic hydrocarbon. Following absorbance of a photon of
energy. hI!, the molecule is elevated from the ground singlet slate
(GSS) 10 an excited slnglel stale (ESSJ. from which it can react directly
(pbotomodificatioo), or it can intersystem cross to the excited triplet
slate (ETS). The triplet-state molecule can also react directly (pho-
tomodification). or it can react with ground triplet-state oxygen (>02),
forming excited singlet-state oxygen (102),

tizatjon and photomodification, caD be used iD toxicity mod-
eling [IOJ.

Most PAMs possess triplet-state Hfetimes that are suffi-
ciently long for djffusion-limitcd ructions with '<>2' rendering
them effective photosensitizers [5.8,11,22,23]. Indeed, previ-
ous QSAR models for the photoinduced toxicity ofPAHs were
based primarily on photosensitization reactions [5.8.11]. In
these models correlations between PAH bioactivity and the
triplet-state lifetimes, or the degree of splitting between sin-
glet- and triplet-state energy levels were observed and used
to explain toxicity. However. some of the chemicals did not
fit the models. It should be noted that at the time these models
were developed. the substantial role of photomodification in
enhancing the toxicity of PAlb had not been estab1ished. Pho-
tomodification (defined here as photooxidation and photolysis)
can significantly alter PAH toxicity (7.IO,20.21J. Photomod-
ification products of PARs are more toxic than are the intact
PAHs to plants, bacteria, and invertebrates [7,20,21, unpub-
lished observations). Because the rates of PAH photomodifi-
cation in sunlight are relatively rapid. the photoproducts must
be considered as major factors in the net environmental loads
of PARs £7,24]. To wit, it is the PAMs with the slowest ph~
tomodification rates that are generally observed at the highest
concentrations in the environment [1,7.25-27], implying that
PAHs with faster rates of photomodification have been struc-
tUrally altered and do not exist in high concentration in intact
form.

Because photomodified PARs are highly toxic, it follows
that a complete model for the photoreactions of PAHs and
their resultant photoinduced toxicity must incorporate deter-
minants for both photosensitization and photomodification oc-
curring both inside and outside of the target organism. In a
preliminary study based on only six PARs, we demonstrated
the merits of this approach for modeling the toxicity of PARs
to the aquatic higher plant Lemna gibba L. [IOJ. However.
merging both photosensitization and photomodification into a
QSAR model requires incorporation of a large number of pa-
rameters that may have varying degrees of importance in tox-
icity. To minimize the number of parameters to be considered,
L. gibba was chosen as a test plant. Physiologically and pho-
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ltion tosynthetically, L. gibba is fairly typical of other C-3 higher

plants. Because L. gibba is an aquatic plant and takes up
waterborne chemicals through the underside of the leaf {281.

tm only two compartments need to be considered: plant tissue and
water column. This eliminates the need to factor a vascular
system into the model. In addition. toxicity of intact rAgs to
L. gibba in the absence of light is very low [6.14], so modeling
could be performed without large interferences of other phys-
iological factors. In this study, a detailed chemical kinetic
model was developed to describe tbe key photochemical re-
actions ofPAHs within leaf tissue and the surrounding aqueous
medium. The mode] showed that photosensitization and pho-

18 tomodification additively contribute to toxicity. The results of

two series of experiments on the phOtoinduced toxicity of 16
1 PAHs to L. gibba were used to solve for two complex constants

~t~: ~f in the model. The first series, which determined the toxicity
~t state of the intact PAHs, was used to address that component of
tirectly toxicity due to photosensitization reactions (photosensitization
I ttiplet constant [PSC] for each PAM). The second series, which de-
f i~~ termined the toxicity of the PARs after photomoditication. was
~ 2 . used to address that component of toxicity due to the photo-

modified PARs (photomodification constant [PMq for each
PAH). Overall, the model explains toxicity on the basis of both

mod- photosensitization reactions initiated by the intact chemicals
and direct toxicity of the photomodification products. This

suff!- QSAR model was tested for predictive and practical value with
dering an empirical application in the companion paper [29).

previ- MATERJALS AND METHODS
s were
IJ. In Plant growth and toxicity asse!;sment

ad the Prior to chemical treatment. L. gibba L. 0-3 was cultured
m sin- axenically on half-strength Hutner's medium under 60 I'-moV
:1 used m2/s of continuous photosynthetically active radiation (400-
lid not 700 nm) (PAR) generated with cool-white fluorescent lamps
nodels [7). The irradiation source for plant growth during chemical
:ion in treatment was simulated solar radiation (SSR). This light
I. Pho- source and its spectral output are described in detail elsewhere
olysis) [7,15.20]. The light was filtered through the polystyrene petri
:omod- dish top (Phoenix Biomedical. Baxter-Canlab. Mississauga,
intact ON, Canada) covering the plants. The polystyrene absorbed

mpub- all of the UV-C and 50% of the UV-B. The spectra) output of
Ilodifi- the SSR source after filtration through polystyrene had a PAR:
s must UV-A: UV-B ratio of 100:10:1 based on photon fluence rates.
!Ioads which approximates the relative levels of these three spectral
.t pho- regions in sunlight [9,15,20]. For all experiments the fluence
lighest rate was 100 IJ,moVm2Js as measured by a spectroradiomerer
19 that (Oriel. Stratford. CT. USA) and is the integrated fluence rate
struc- from 290 to 700 nm. This fluence rate is low compared to

I intact natural sunlight (-2,000 fJ.moUm2Js), so this study will tend
to underestimate the contribution of light to toxicity in the

ollows natural environment.
Is and Toxicity of intact and photomodified PAHs was assessed
deter- as plant growth as determined by monitoring leaf production

.on oc- (leaf count) at 2-d intervals over an B-d period [7.28J. In the
1. In a companion paper leaf count is shown to be as accurate a mea-
strated sure of toxicity as tissue fresh weight and chJorosis [29]. The. PAHs number of leaves at t .., 0 was 10 and after 8 d the controls

wever. had 140 :t 10 leaves. Toxicity was determined as diminished
juto a leaf production, represented by the metric Y:: In(N,lNc)' where
of pa- N, is the number of leaves in the sample treated with a given
in tox- PAH at each time point and He is the number of leaves in the
idered, control at the same time point. The va]ue Y was calculated for
d pho- each 2-d interval in the 8-d test. Note, when there was a toxic

. ,'.'
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Fig. 2.

effect Y was a negative number and it increased in magnitude
with time. Linear regression of this data was used to solve for
two complex constants for each PAH, which were needed to
generate a PSC and a PMC for each PAH.

Application of intact PAHs to L. gibba

Plants were placed in S-cm petri dishes on 10 ml of fresh

half-strength Hutner's medium containing a given PAH. The
structure of the 16 PAHs tested, names, and three-letter ab-
breviation are given in Figure 2. Table 1 contains several phys-
icochemical parameters for each PAH. High purity (~99%)

Table 1. Physicochemical parameters of polycyclic aromatic
hydrocarbons (PAHs) used in modeling. lC]o is the initial
concentration of PAH. t'l"! is the half-life of the PAH in simulated
solar radiation (SSR). k.\ is the pseudo-first-order rate constant for
photomodificatioll. R is the fraction of the original amount of intact
PAH remaining after 48 h. J is the absorbance of SSR by the PAH.

Cj) is the triplet-state quantum yield

PAHO [CIo (f.1M) till (h) km (h-l) R J Cj)

ANT 10.60 2 0.347 0.060 36.9 0.60
BAA 8.33 5 0.139 0.150 58.7 0.80
BBA 8.33 27 0.026 0.575 37.0 0.65
BBF 8.70 70 0.010 0.794 46.5 0.50
BOP 6.90 tOO 0.007 0.849 126.2 0.60
BAP 7.56 52 0.013 0.739 200.3 OAO
BEP 7.56 75 0.009 0.808 78.8 0.70
CHR 8.33 56 0.012 0.754 34.8 0.67
COR 6.29 100 0.007 0.851 102.0 0.80
DAA 6.95 16 0.043 0.421 144.2 0.50
OAP 6.41 40 0.017 0.679 309.5 0.50
FLA 9.35 40 0.017 0.679 84.4 0.60
FLE 11.49 19 0.036 0.472 3.0 0.31
PHE 10.60 14 0.050 0.382 8.9 0.80
PYR 9.43 46 0.015 0.711 72.7 0.27
TRI 8.40 65 O.QII 0.782 8.9 0.95

. Names of [he PAHs are givcn in Figure 2.
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PAHs were purchased from Sigma (St. Louis, MO, USA).
Aldrich (Milwaukee, WI, USA), or Accustandard (New Haven,
CT, USA). Purity was confirmed by high-performance liquid
chromatography (HPLC) and the chemicals were used as pur-
chased. The PAHs were dissolved in dimethylsulfoxide
(DMSO) to 2 glL and delivered to the plant growth medium
by dilution to a final concentration of 2 mg/L. The plant growth
medium was not stirred during the toxicity test, making move-
ment of the chemicals through the medium diffusion con-
trolled. Because PAHs have low solubility in water [30], de-
livery with DMSO was necessary to achieve a concentration
of 2 mglL. Polycyclic aromatic hydrocarbons at 2 mg/L have
been shown to be in the log-linear phase of the toxicity dose-
response curves for L. gibba [7,14]. High PAH concentrations
were used because the modeling process required the presence
of a large excess of chemical to avoid changes in concentration
during a toxicity test. A DMSO concentration of 0.1 % (v/v)
does not affect L gibba growth [7,28]; control plants were
grown in the presence of 0.1 % DMSO. Other delivery solvents
have been tested in previous studies [7.28J, where similar lev-
els of PAH toxicity have been found. Furthennore, DMSO
does not dramatically alter the rate or extent of PAH uptake
[31]. The accuracy of PAH delivery to the medium was con-
finned by UV absorbance spectroscopy and HPLC ana1ysis as
previously described [21). Once the medium containing plants
is placed in SSR, however, photomodification and uptake of
the chemicals become concurrent processes, making it im-
practical to monitor PAH concentrations during a toxicity ex-
periment [7].

Photomodification of PARs and application of
photomodified PARs

To measure the rate ofPAH photomodification, growth me-
dium containing 2 mglL PAH was incubated in SSR (100
IJ.moUm~/s). At various time points the aqueous phase was
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Table 2. Diminishetl Jeaf production, Y, caused by the Intact polycyclic aromatic hydrocarbons (PAHs) in simu!at<::d solar radiation (SSR) as a
function of time. Tbe number of leaves in the control (NJ and treated (N,) samples were counted on the day indicated. Y was calculated as In(N,!
NJ. The data are averages of nine repeats :t the standard deviation. The number of leaves at l = 0 WaJ; 10 and the number of leaves in the

control at l = 192 h (8 d) was 140

-,

PAW 48 96 144 192

-V.Y4."'-V.V.7 -I..:>U""V.V':> -1.'JI:>:::;V.U't -".;)I:::;U.U't
BAA -0.09 ~ O.OS -0.21 :!; 0.06 -0.42 :!; 0.07 -0.44 ~ 0.09
BBA 0.01 ~ 0.02 -0.06 :t 0.06 -0.11 :t 0.08 -0.22 :t 0.09
BBF -0.06 :t 0.03 -0.28 :t 0.05 -0.48 :t 0.07 -0.65 :t 0.09
BOP -0.03 :t 0.02 -0.15 :t 0.03 -0.14 :t 0.04 -0.19 :t 0.07
BAP -0.04 :t 0.02 -0.16 :t 0.05 -0.34 :t O.~ -0.41 :t 0.04
BEP -0.03 :t 0.02 -0.17 j; 0.04 -0.37 :t 0.06 -0.51 :t 0.10
CHR -0.04 ~ 0.03 -0.11 :t 0.02 -0.23 ~ 0.03 -0.32 :t 0.04
COR -0.04 :!: 0.03 -0.06 :t 0.05 -0.09 :!: 0.09 -0.18 :!: 0.12
DAA -0.06 :: 0.03 -0.08 :!: 0.03 -0.15 :t 0.05 -0.23 :t 0.05
DAP -0.04 ~ 0.03 -0.16 :t 0.04 -0.34 ~ 0.05 -0.41 :t 0.10
FLA -0.16:!: 0.0' -0.47 :!: 0.09 -0.81 ~ 0.13 -1.02 :t 0.14
FLE -0.04 :t 0.02 -0.19 :t 0.04 -0.30 :!: 0.04 -0.41 :!: 0.06
PHE -0.07 :: 0.07 -0.20 :!: 0.07 -0.36 :!: 0.08 -0.42 :!; 0.08
PYR -0.13 :!: 0.04 -0.35 :t 0.07 -0.55 :!: 0.11 -0.67 :!: 0.12
TRI -0.03 :t 0.08 -0.10 :!: 0.02 -0.28 :t 0.07 -0.36 :!: 0.08

" Names of the PAlls are given in Figure 2.

extracted with chloroform and analyzed by UV/visible spec-
troscopy. The amount of the intact PAH remaining was de-
termined by following loss of an absorbance band specific to
the parent PAH £1). The results from the spectroscopic analyses
were confirmed by HPLC [21J.

To generate photomodified PARs for use in the second
series of toxicity tests, me intact PARs were delivered to
growth medium to a final concentration of 8 mg/L using
DMSO, and photomodified in UV -B (6 j1.m01lm2/s) until less
than 10% of the parent PAH remained. The incubation time
ranged from I to 7 d depending on the PAH. The extent of
photomodification was assayed as above. Ultraviolet-B radi-
Btion was used instead of SSR to provide a higher ftuence rate
of actinic photons. and accelerate the photomodification pro-
cess. Complex mixtures of photoproducts are formed from
each PAR. in some cases more than 30 products [21,25,27.32).
Use of complex pbotomodification mixtures was crucial be-
cause similar mixtures will form when the intact PARs are
applied to the plants in the presence of light. The kinetic model
presented here is based on chemical changes to intact PAHs
in the presence of SSR.

To apply the photomodified PAHs to the plants, the growth
medium containing the photomodified PARs wa~ diluted by a
factor of four with fresh medium to give a 2 mgIL solution,
based on the amount of intact PAR prior to photomodification.
For the control plants. a 0.1 % solution of DMSO in growth
medium. which had been preincubated in UV-B for the same
period as the coITesponding PAH-containing medium. was di-
luted four fold with fresh growth medium and incubated with
the plants. The control plants grew at the same rate in UV -treat-
ed DMSO-medium and fresh medium free of DMSO [7}.

Computer modeling and statistics

An IBM-compatib1e personal computer (486 processor) was
used for computer modeling and calcu]ations. The program
for calculating the integra] of overlap between the absorption
spectra of the PAHs and the irradiation spectrum of SSR was
written in BASIC. Linear regressions through the diminished
leaf production data (Y) were used to solve for two complex
constants in the model presented below. The linear regressions

"'.."'::.~::.'" ,.:,;::.' /,(, ':{t::.:::,:,:-:{/)).~,/\,,:::t':':~:::';:::'::";:r::;,<h')./'.~::::« <:::. ,~::.', i:'!":;,,~',:, ;,.,

~~
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of the growth suppression data for the intact and photomodified
PARs as a function of time were performed using the MOLH
module of SYSTAT (SYSTAT. Version 5.05 for Windows. Ev-
an&ton, IL, USA). The quality of fit of the regressions (r) and
the significance of the regressions (I') were determined with
SYSTAT.

RESULTS AND DISCUSSION

Primary toxicity data

The rates of PAH pbotomodification as well as the data fOT
growth of the plants in the presence of intact and photomod-
Hied PARs were required to numerkally solve for the PSC
and PMC that are described in the model below. The half-
lives and exponential decay constants for the photomodifica-
tion of the PARs in SSR are presented in Table 1. It has been
previously demonstrated that in SSR, photomodification of
PAIls is essentially the only modifying reaction impacting on
PARs in aqueous solution. and that the reaction proceeds with
exponential decay kinetics [7,14,21). For all 16 PARs, the half-
lives for photomodification are slOG h, fast enough fOT the
photomodification products to have an impact in the 2-rl static
rellcwal period of the toxicity test. It should be noted that the
half-lives should be shorter (and toxicity potentially greater)
in natUral environments where the fluence rate of sunlight
(2,000 f.LmoUm:l/s) is far greater than that of the SSR source
(100 f.Lmollm2/s) used here.

Toxicity tests with L gibba were performed wjth the 16
PARs. Diminished leaf production, y, was wed to quantitate
toxicity, and in the companion paper (291. Y was found to be
as an effective measure as plant fresh weight or chlorosis. In
intact form. the least toxic PARs were COR and BOP wjtb a
Yof -0.180 and -0.190, respectively, on day 8. Anthracene
was the most toxic (almost no plant growth) with a Y of - 2.51
on day 8 (Table 2). To determine the contribution of the pho-
tomodified PAHs to photoinduced toxicity, the 16 PAHs were
tested after extensive photomodification (Table 3). Impacts of
the photomodified PAHs ranged from no new leaf production
for ANT and BAA (Y == -2.52) to a Yof -0.41 for DAA.
the least toxic photomodified PAH.
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Table 3. Diminished leaf production, Y, caused by the photomodified polycyclic aromatic hydrocarbons (PAHs) in simulaLed solar radiation (SSR)
as a function of timc. Experiments were performed and data are presented as described in Table 2

-0.73 :t 0.00 -1.42 :t 0.00 -1.90 :t 0.00 -2.53 :t 0.00
-0.73:t 0.00 -1.42:t 0.00 -1.90:t 0.00 -2.53:t 0.00
-0.70 :t 0.10 -1.39 :t 0.20 -1.87 :t 0.27 -2.50 :t 0.36
-0.18 :t 0.06 -0.49 :t 0.10 -0.83 :t 0.16 -1.15 :t 0.19
-0.14 :t 0.03 -0.34 :t 0.09 -0.39 :t 0.09 -0.51 :t 0.12
-0.71 :t 0.10 -1040 :t 0.21 -1.88 :t 0.28 -2.51 :t 0.37
-0.26 :t 0.10 -0.79 :t 0.19 -0.97 :t 0.32 -,1.45 :t 0.45
-0.50 :t 0.06 -0.63 :t 0.16 -0.99 :t 0.30 -. 1.29 :t 0.35
-0.25 :t 0.04 -0.39 :t 0.09 -0.59 :t 0.07 -0.88 :t 0.17
--0.06:t 0.02 -0.30:!: 0.12 -0.29 :t 0.05 -.0041 :!: 0.08
-0.16:!: 0.07 -0.51 :!:: 0.24 -0.86 :!: 0.41 -1.09 :t 0040
-0.70:!:0.14 -l.lO:!:0.36 -1.3I:!:OA3 --1.73:!:O.47
-0.16 :!: 0.03 -0047 :!: 0.14 -0.39 :!: 0.06 -0.54 :!: 0.11
-0.17 :!: 0.04 -0.37 :!:: 0.12 -0.36 :!:: 0.10 -'0.52 :!: 0.10
-0.16 :!:: 0.04 -0.31 :!:: 0.06 -0.51 :!: 0.10 --0.75 :!:: 0.12
-0.21 :!: 0.05 -0048 :t 0.12 -0.70:!: 0.20 -0.95 :!: 0.18

ANT
BAA
BBA
BBF
BGP
BAP
BEP
CHR
COR
DAA
DAP
FLA
FLE
PRE
PYR
TRI

.. Names of the PAHs are given in Figure 2.

Strikingly, relative to the intact chemicals. the toxicity of
13 of the 16 compounds increased dramatically following pho-
tomodification. The exceptions were ANT. BBA. and PYR,
which only showed slight increases in toxicity following pho-
tomodification. In the case of ANT, photomodification is so
rapid (tl/2 = 2 h; Table I) that it is assumed that the observed
toxicity of the intact PAH was due mostly to the photomo-
dification products formed during the course of the toxicity
experiment. For BBA and PYR (tl/2 = 28 h and 46 h, respec-
tively; Table I), it is suspected that the mixtures of photo-
modification products have toxic strengths similar to the parent
PAHs.

General scheme for modeling the photoinduced toxicity of
PAHs

To model the toxicity ofPAHs we considered the dynamics
of PAHs in the presence of leaf tissue and SSR. Lemna gibba
rapidly takes up contaminants from the aqueous phase through
the underside of the leaves, and not via the rizoid (or root)
[28,31]. Thus, one can consider the interactions of the PAHs
with the leaf tissue as a two-compartment system (Fig. 3); the
aqueous medium represents one compartment, and the inside
of the leaf the other. As well, two chemical species occur, the
intact PAH, designated "C," and the mixture of photomodi-
fication products of the PAH, designated "P." For purposes
of modeling, all the photoproducts of a particular PAR are
regarded as one entity. Both intact and photomodified PAHs
occur in the aqueous phase and in the leaf tissue, with all
chemical species reaching a steady-state in the two phases.
Processes and chemical species occurring in the aqueous phase
are denoted with the subscript" N' and those occurring in the
1eaves are denoted with the subscript "L."

In the aqueous media, two types of reactions occur that can
result in photomodification of PAHs; type II and type I pho-
tosensitization reactions. During a type II photosensitization,
after absorption of a photon, ground-state PAH (CA) goes to
the excited triplet-state eCA) via intersystem crossing from the
excited singlet-state (Fig. 1). The experimental system is open
to the air and the plants are oxygenic, so the main quencher
of 3CA in an cases will be ground triplet-state oxygen (302),
This is because the concentrations of 3CA are relatively low in

Time (h)

the aqueous medium, whereas 302 concentrations are high in
the aqueous solution (0.25 mM [33]). Accordingly, the rate of
reaction of 3C with 302 should be close tl) the diffusion limit,
so that the reaction is essentially diffusion controlled with an
average interval of less than 10-6 s between collisions [33].
Because PAR excited triplet states are relatively long lived
(10-6 to 10-3 s), the majority of the excited triplet-state PARs
should be quenched by oxygen [22] generating singlet-state
oxygen (102) (Figs. 1 and 3). In a concerted type II photosen-
sitization reaction, highly reactive 102 can then react with a
CA molecule to form PAH oxidation products in the aqueous
medium (P A) (Fig. 3) [19]. Although both C and P A are ca-
pable of penetrating into the leaves of the plants, the short life
times of 102' 3C , and excited state P A (3P A) preclude mea-
surable uptake by the tissue in the excited state (see below);
only ground state CA and PA are available to enter the leaf
tissue.

In type I photosensitization reactions, as in type II reactions,
after absorbance of a photon. CA goes to 3CA via intersystem
crossing from the excited singlet state. However, the 3CA reacts
not with 302 but with another PAH or solvent (water, in the
case of aqueous medium) to generate the PAH free radical or
solvent free radical. The PAR free radical can then either react
with ground state molecular oxygen, 302' resulting in an ox-
idized PAH, or it can be quenched by reaction with water (Fig.
3). Once again, CA and PA are capable of penetrating the leaf,
whereas the excited species and free radicals are too short
lived to achieve significant entry.

Once inside the leaf, for purposes of modeling, we postulate
that growth inhibition is the result of the interactions of intact
PARs (CL) and photomodified PAns (PL) with a hypothetical
group of biomolecules, designated G. These molecules are
putatively required for normal growth of the plants. potential
examples of G molecules in L. gibba are the pbotosystem (PSI
and PSII). ribosomes, DNA, and RNA. If such macromolecules
are damaged, primary productivity and growth will be inhib-
ited.

A number of routes for reactions of intact and photomo-
dified PAns with G exist. The CL will absorb photons that
penetrate into the leaves, resulting in excited triplet-state PARs
eeL) (Fig. 3). In a type II photosensitization reaction, JCL will
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Fig. 3. Reaction scheme for the phototoxicilY of polycyclic aromatic hydrocarbons (PAHs) in leaf lissue. C denoles the inlact PAH and P the
mixture of pholomodification products. The subscripts A and L denote the aqueous media and leaf tissue. respectively. G. Go". and O' denote
the intact. oxidized. and radical forms, respectively. of hypothetical biomolecules required for normal growth of plantS. Q, and Q2 are endogenous
quencbers of excited Slates of indicatP.d molecules. Half a(TOWS denote reversible reactions and full arrows denNe irreversible reactions. O2 is
ground triplet-state oxygen, '02 is exciled singlet-slate oxygen. and hv is a photon of energy.

react with -'O~ generating JO~. If 102 is formed in the leaf in
close proJUmity to G, G can be oxidized by the 102, This type
II photosensitization pathway can lead direct1y to inactivation
of G fI9). Alternatively, the energy in 3CL and 102 can be:
dissipated by two other routes: quenchers (Q. and Q0 and
phosphorescence (Fig. 3). The quenchers are endogenous plant
molecules that deactivate 3CL or 102 by energy transfer, which
transforms them back to CL or -'Oz, respectively. Carotenoids
and ascorbate are examples of compounds that protect plants
by scavenging active oxygen species [19,34]. Phosphorescence
results from a spontaneous retUrn of 3CL to CL with the release
of a photon.

Type I photosensitization is another route that intact PAHs
can use to oxidize G. In this instance, a free radical species,
Go, is generated from direct reaction of 3CL with G (Fig. 3).
Th<:se free radical species (or ion radicals) are readily oxidized
by ground state molecular oxygen (302) or other biomo1ecules,
rendering G inactive [19]. It should be noted that in both type
II and type 1 photosensitization reactions, 3CL is returned un-
altered to the ground state.

The 3CL can react directly with 3()2 resulting in PAR oxi-
dation products (PL) (Fig. 3). The PL molecules formed intra-
cellularly, or formed extracellularly and taken up by the plant,
can react directly with G. This direct attack would be a process
that does not require light [7,141. Ground state CL molecules
can also react directly with G (Le., without photon activation).
c._' n --- '-- -' " '-.. T n -'--'_u-. -""-U'O-.-' - --- -- -~--e>-- -J 0:71'- ~ ~- ~ t"~~._~-~-
sitization reactions initiated by excited state PI. molecules (Fig.
oJ J L' J.

The reactions shown in Figure 3 describe the potential
mechanisms of action of PARs in plant cells in tbe presence
of actinic radiation. However. defining the dynamics of a con-
taminant in a cell in this way is general in nature and can be
applied to any mechanism of toxicity. In other cases, reactions
describing the dynamics of the chemical in tbe absence oflight
but with other modifying factors might be relevant.

~

Simplified scheme for modeling photoinduced toxicity of
PARs

IDe general scneme tor phOtoinduCed toxicity described
above (Pig. 3) is too complex for detailed mathematical anal-
ysis. To simplify the scheme (Fig. 4), a few assumptions can
be made. As stated above, the main quencher for ~CA in the
aqueous solution is molecular oxygen. A major route for the
interaction between 3CA and 302 is the generation of singlet-
state oxygen, '02 [19,35], which can react with the PAH that

Fig. 4. Simplified reaction scheme for the photOtoxicity of polycyclic
aromatic hydrocarbons (PAHs) in leaf ti ~ue. The reactions are de-
scribed in the detail in the text. C. Po G> Gox> Go, O2. '°2> Q.> and Q2
are as described in Figure 3. ~, k-J" k.,. km, kc. and k.c represent rate
constants for the depicted reactions. If> is the quantum yield for excited
triplet-state formation. J is the integral of the overlap between the
absorbance spectrum of a PAH and irradiation spectrum of the sim-
ulated solar radiation source. Half arrows denote reversible reactions
and full arrows dcnole irrever!;jble reactiorJS.

:: :.::~':; :~ ,,';'::,/i<,,;;:::',,:.":~"~.i~:\::~~rL :/': :::~,,'(:' ': : :/,i;,::;;:;:,:',/;,'-,:::;:;',;>~~ ~,i~: ':,::':", "

" "
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formed it to create P" by a type II photosensitization reaction.
The P A can also be formed by type I (radical-mediated) pbo-
tosensitization reactions. However, th~ steps of both photo-
modification processes can be combined into an overall rate
far the photomadification of PARs in solution described by
an exponential decay constant, km (Table 1). Furthermore, as
discussed above, there is not sufficient time for diffusion of
'02, 3C", and 3p A from the growth medium into the leaves.
Therefor~, the only reaction in aqueous solution that must be
considered is the light-dependent modification of PAHs (Fig.
4).

Intact PARs and their photoproducts diffuse from the aque-
ous solution into the leaves until a steady state is reached. The
rate of uptake of PARs and their photoproducts into the plants
has been demonstrated to be much faster than the rate of PAR
photomodification [31]. Further, a steady state is established
for the PAHs in the two compartments within 24 h for both
intact and photomodified PARs [31]. During the PAH expo-
sures of L. g;bba reported here, the chemicals were applied at
2 mgIL, well in excess of their solubility limits [30]. As such,
there was a large reservoir of the PAH at the solid-aqueous
interface to replenish the pool of PAHs photomodified and/or
taken up by the plants. Therefore, we can assume that the
concentration of Cj\ was approximately constant throughout
each toxicity test.

Many chemical processes in the plant tissue can be assumed
to have a negligible contribution to toxicity. The leaf tissue
strongly attenuates UV radiation and PAR, whereas the growth
medium essentially does not absorb SSR. Because the plants
only cover a small portion of the surface of the growth medi um,
the fiuence rate of UV radiation will be much lower in the
leaves than in the medium. Thus, the fonnation of PL from CL
will be slow compared to the formation of P A from CA, It then
follows that the light-mediated conversion of CL to PL will be
small compared to the uptake of P,. that was formed in the
aqueous medium. We also assume that metabolic (enzymatic)
oxidation of PAHs, which is known to be slow in plants
[36,37], will contribute negligibly to the concentration of ox-
idized PAHs.

With respect to intact PAHs, damage to G can be caused
either by photosensitization reactions triggered by CL or by
direct attack of CL on G in processes that do not require light.
However, direct toxicity of intact PAHs in the absence of light
or other forms of activation has been demonstrated to be neg-
ligible [7,20]. Therefore, we will not consider the direct re-
actions of intact PAHs with G in this model. Accordingly, the
only route by which CL molecules can inhibit plant growth is
via photosensitization.

One can also assume that the phosphorescence lifetime (To.
triplet-state lifetime in the absence of any quenchers) of )CL
is not an imp0l1ant factor to the photoinduced toxicity ofPAHs.
Indeed, phosphorescence lifetimes of all PARs are relatively
long (10-6-10-) s) [22], whereas the average interval between
colJisions of 3C\, with O2 is less than 10-6 s (see above). As
such, phosphorescence in the presence of O2 will be negligible;
essentially all.JCL will be quenched by O2 or other endogenous
quenchers, Q\. SO TO, or the triplet-state lifetime, need not be
considered as an essential factor in the photoinduced toxicity
-I' OA u"~. . . ...v.

When considering photo modified PARs. two possible
routes of G deactivarion exist: photosensitized oxidation ini-
tiated by Pl via 102 or direct attack of PL on G. Previous studies
have demonstrated that although many photomodified PARs
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have enhanced activity in actinic radiation, they also have
significant bioactivity in the absence of actinic radiation (7.20 J.
Currently, experimental data do not exist that would allow
separation of the light-dependent and -independent compo-
nents of photomodified PAH toxicity. Therefore, the toxicity
of PL will be considered as a single group of reactions that
represent both light-independent processes and photosensitive
processes.

On the basis of the assumptions above, the general scheme
in Figure 3 can be. simplified (Fig. 4). We will consider only
the rate of photooxidation of PAHs in the growth medium, the
equilibrium of intact and photo oxidized PAHs between the
growth medium and leaf tissue, the photosensitized oxidation
of G caused by the intact PAHs, the quenching of 3CL, and
finally the photochemical and nonphotochemical damage to G
initiated by PL,

Proportionality of leaf production to the concentration
ofG

Leaf production as a function of time in the presence of
each of the 16 PAHs was used to model toxicity. Because the
growth of L. gibba proceeds exponentially when nutrients and
the surface of the growth medium are not limiting [28], the
growth rate as measured by leaf production is proportional to
the number of leaves (N) present at any given time. Therefore

(I)

where k' is the rate constant fot" growth of the plants. Based
on our definition of G, one can assume that the growth rate is
also proportional to the concentration of [G). Therefore

dN
- = k"[G) (2)

dl

where k!' is the rate constant for growth based on the concen-
tration of G. By combining the two equations for dNJdt one
obtains

N ~ k[OJ (3)

where k = Klk'. Therefore, assuming all toxicity tests start
with the same number of leaves, at any given time during a
test the number of leaves present will be proportional to [0].

Reactions of G in t~ presence of a PAR

A chemical kinetic model describing G as a function of the
chemical reactions in Figure 4 can be derived. This kinetic
model can then be solved using empirical data for tbe number
of leaves (N) produced in a given length of time in the presence
of intact ond photomodified PAHs (Tables 2 and 3).

According to the scheme in Figure 4, G is consumed via
the foUowin~ four reactions:

PL + G ~ PLG (4)
tfi"102 + G ~ GOO (5)

kIll
3CL + G --+ Ct. + G' (6)

t(2J
G. + O. ~ Go, (7)

where kd. kir),kP), and kf) are the rate constants for their re-

spective reactions. Reaction 4 describes photochemical and
nonphotochemical consumption of G by PAR photoproducts.

Reaction 5 is a type II photosensitized oxidation of G where

the 102 was generated by reacHon with 3(;.. Reac£1ons 6 and
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7 describe a two-step type I photo oxidation of G initiated by
~Cl., The concentration of 302 is sufficiently high in plants to
assume that the rate-determining step in this type I photosen-
sitized oxidation is Reaction 6 rather than Reaction 7 (22].

The concentration of G can only increase exponentially
with plant growth according to

G ~ 2G (8)

where k. is a growth-dependent unimolecular rate constant for
production of G. Using Reactions 4 through 8. a differential
equation can be generated describing the rate at which [G]
changes

d~) Z k.[G) - (kd[Pd + kfll(JCd + klf)[lO2))[G) (9)

To solve this equation for [0) one must derive expressions for
[Pd. rCd. ['Cd. and POl)'

Derivation of IPJ and ICJ

To mathematically solve for the concentration of PL- the
rate of PAH photomodification in aqueous solution and the
rate of uptake of photomodified PAHs into the leaves must be
determjned. The rate of PAH photomodification is described
by a unimolecular reaction with first-order kinetics:

t..
CA -+ P A (10)

where km is the photomodification rate constant based on the
tIn for each PAH in S5R. The half-lives of the PARs in SSR
were determined empirically (Table 1). Because PAH pboto-
modification proceeds with exponential decay kinetics, this
indicates 8 quasi-unimolecular reaction dependent only on
PAR concentration under a constant fluence rate. Under tbe
experimental conditions employed, an excess of the PAR was
added to the growth medium. Therefore, the concentration of
the PAR and its photoproducts, {CA] ,plus {P "J, in the aqueous
phase should be approximately constant and much greater than
the amount of CL plus PL throughout the toxicity test. Given
that [C)o is the initial concentration of PAM delivered to the
growth medium, and that pseudo-fiest-order photodegradation
of PARs based on [C]o was observed. expressions describing
the amounts of C" and P A present at any given time are

[CA) "" [C]oe-k..,

[P,d =- [CJo(! - e-.t..')

The rate of PAH photomodification is slower than the rate
of uptake of both intact and photomodified PAHs by L. gibba
[31]. It then follows, based on equations 11 and 12, that the
concentrations of CL and PL can be described as

[Cd"'" Kc[C)oe-k",I

[Pd "'" Kp[CMl - e-t..,)
where Kc e kc/k-c and Kp ;: k,lk_p. Ke and Kp arc the equi-
librium constants (or bioconcentrauon factors) for partitioning
of C and P between the aqueous solution and the plants. The
assimilation rate constants are kc and kp. and the depuration
rate constants are k-c and k_p. Note, for the photomodified
PAHs, the rate limiting step in uptake is km (the rate of pho-
tomodification). Indeed, in (he empirical model in the com-
panion paper (29) we found that a parameter for the uptake
of the photomodified compounds was not required to predict
toxicity.

~
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Derivation of PCd

excited triplet-state PABst ~C1., are fonned by intersystem
crossing from the excited singlet-state (IC,). which. in turn,
is generated from a ground-slate molecule of ~ by the ab-
s°11'tion of a photon (hv)

Ct + bll I(AI..C),») I~...:!t '<;. (15)

where l().,) is the spectral photon fluence rate (i.e., spectral
density or output) of the SSR source used in the experiments
[7,15,20], E(A) is the extinction coefficient of C as a function
of wavelength, and 'P is the quantum yield of triplet-state gen-
eration. To use I(}"') and E().,) more conveniently they were
combined into a single value J (Table 1). where J is the integral
of overlap between the SSR output spectrum and the absor-
bance spectrum for each PAH:

f:: (16)J= J(~)£(~)d>"

One can then write an equation for the rate of PAH triplet-
state generation:

(17)

(6)

(18)3Cl. + 30a 4 CI. + 101 (18)

~~')
3CL + Q, -. ~ + Q, + heat (19)

where ki", k!:', and1c<q" are the rate constants for their respective
reactions. Reactions 6 and 18 lead to damage of G by type I
and type n photosensitized oxidations, respectively. In the case
of Reaction ]8. it is '01 that wil1 oxjdi~e O. Reaction ]9
represents quenching of 'CL by endogeneous molecules, de-
noted as Ql' such as carotenoids, which putatively protect the
plants from oxidative damage [19.34,38,39]. Combining Equa-
tions 6, 18. and] 9, the rate of 3CL consumption is

(]9)

(dPCd)dt coruwnp z kfn[3Cd[O) + kl.IJ(3Cd[O2J
(ll)

(12) (20)
~ K~"l "\,;!.Jl'ld \-

The differential equation for the rate of change in PCJ is

dpCa =(d£3Cd
)dt dt-

- (dPCd )dt mp

(13)

(14) (21)

The rates of 3CL formation and degradation are rapid (os to
IDS) and dependent on the concentrations of CL, G, Oz, and
Q., as well as on the ftuence rate of the SSR source. Because
the levels of CL. G. 020 Q" and SSR are constant for relatively
long time periods (minutes to hours), it can be assumed tbat
the steady state PCd is also approximately constant on the
long time scales of a toxicity test. Thus. dPCdldt can be as-
sumed to be very close to zero. Equation 21 can then be set
~ual to zero and algebraicaUy rearranged to solve for [JCd

giving

~~~~~
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3 - Ip[Cl.]J[ Cd - 1:11)[0] + k~I)[O2] + k~I>[Q,] (22)

To further simplify lhi::; equation, the frequency of reactions
between 3(;1. and G can be assumed to be small compared with
other routes of 3CL consumption. This is because we assume
that the concentration of any given G will be small relative to
[O;J and [Qd (quenchers such as carotenoids and ascorbate
occur in high concentrations in plants) [38.39]. Therefore

kll)[G] <: ~\I)[O2] + k~l)[QI) (23)

making kp>[G] a minor contributor to the: denominator in Equa-
tion 22. One can therefore rewrite Equation 22 as

cp[~]J[3Cd = kf/)[~] + k~I)[Qa

Derivation of {IO~

Within plant cens 102 is generated by energy transfer from
JCL to 302

k'"
)~ + ~ ~ CL + 102 (18)

where kN) is the rate constant for this reaction. '02 can be
consumed by reaction with G molecules or by reaction with
endogenous quenchers, Q2

kIP
102 + G -+ Gox (5)

102 + Qzj' O2 + Qz + heat (25)

where kI\Z) and k.:2} are the respective rate constants for the
reactions. Therefore, using Equations 5, 18, and 25 a differ-
ential equation describing the rate of change in the concen-
tration of 102 can be written

d[~2J = kfN~][O2] - kll'POz)[OJ - kf'PO2][<bJ

The same logic used to conclude that dPCdldt ... 0 can be
used to set d[IO:JIdt "" O. Because the lifetime of 102 compared
to other molecules in the differential equation is short, the
[102] will be at an approximate steady-state level on the time
scale of the toxicity test. Therefore, Equation 26 can be re-
arranged to algebraically solve for (lOJ

kht)[3Cd[Oz]POz) = kj?J[G] + k~21[QzJ

centration of quenchers of active O2 in plants is very high
[19,34,35,38,39]. Therefore, the interaction between 102 and
Qz is tbe primary route of 102 consumption, making k.?)[G] a
minor contributor to the denominator. Equation 27 can then
be simplified to

PO ) = kf/)PCd[02] (28)
2 k~2)[~]

Using Equation 24, it is possible to substitute for pcJ. and
rewrite Equation 28 as

I - khl){j)J[Cd[02][ O2) - k?[~](k~I)[02] + k~')(Qd) (29)

Derivation of rGi

At this point, [Cd (Eqn. 13), [Pt.) (Eqn. 14), PCd (Eqn.
24), and P02] (Eqn. 29) can be substituted into Equation 9 to
express the rate of change in (G) as a function of time
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d[OJ {T = [OJ k. - k~Kp[CJo(1 - e-kooI) - (kill + kfPklt)[O2J)k~2)(bJ
(22)

B =(kll) + kINfl)[Oz] ) . ( IpJK.[CJo

)kf[(bJ Icfl)[O2J + k~I)[QIJ
(32)

(24) Therefore. differential Equation 30 can be rewritten as

'" [GHkj - A - (B - A)e-~.,r} (33)

Under the experimental conditions employed. the PAM con-
taining growth medium was replaced by static renewal every
48 h. Therefore. Equation 33 can be integrated from t = 0 h
to to = 48 h and from [0]0 to [G] where the concentration of
G at the beginning of a toxicity experiment is [G]o

(IOJ dIG) = ft. {Jc. - A - (B - A)e-k..t} d1 (34)
J1Olo [0] Jo

Therefore, following integration, [0] is described by

[G] :; [G]o exp {kste - Ale - (B ;:" A} (1 - e-tw.}} (35)

A general expression for [OJ as a function of t can be obtained
by integrating over each of the four 48-h intervals in the 8-d
tests(26)

(36)

Rela1ionship of the number of leaves to {G]

expression for [0] in Equation 36 and EquationUsing the
3 for the number of leaves, N, as a function of [GJ, N = f[O],

(37)

For control experiments where no PAH was present, [CJo>
A, and B are all equal to zero. Therefore, in the absence of a
PAR, the quantity of leaves is described by the expression

Ne = k[GJoCXp{k.t} (38)

To characterize toxicity, diminished leaf production, Y, can
be used according to

Y = In(NINJ (39)

where. as defined earlier, Nt is the number of leaves in the
presence of a PAH andN. is the number of Leaves in the control.
Two key mathematical manipulations are performed by using
Y to represent toxicity: the exponent for Equations 37 and 38
describing the number of leaves is removed. because In(eX} =
x; and k[G]ot which cannot be solved at this juncture. is fac-
tored out of the equation. Equations 37. 38, and 39 can now
be combined to express toxicity as
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Y = -kdKp[C)OI

{(kjl) + kl.')k~2)[O2)) ( <pJK.,{C)O )- k42J[Q2) . k(.IJ[O21 + k~11[Qll

- k.sKp[CjO } -k I (1
a,le

This equation can be rearranged to isolate the portions of tbe
toxicity equation representing photomodjfication and photo-
sensitiution

{(Ie: I) k~'kINOz))( cpJK.,[C}o )}- 1 + kf'(Q2J . kh'J(Oz} + k~nrQd

To simplify Equation 42. the following notations are intro-
duced to define the three parts of the equation that are each a
series of PAH-dependent constants:

D :,; kdKp (43)

- ( II khllk/?)[O2] )( Kc )F - kl + k~~I[Q2J . kfll)[O2) + k~I)[QI] (44)

and

1R = -(1 - e-t,",,) (45)

kmtc

where D represents the uptake and reactivity of the photo-
modified PAHs, F represents uptake and photosenSitization
activity of the intact PARs, and R represents the fraction of
the original amount of intact PAH remaining at to' Thus. di-
minished leaf production can be rewritten as

Y = -[C](\t{D(l - R) + F'9JR}

= -{C]ot(PMC + PSC) (46)

where D{l - R) and F'9JR are the photomodincation (PMC)

and the photosensitization (PSC) constants. respectively, for
each PAH. This results in a final equation for the photoinduced
toxicity of PAHs that is a linear function dependent on an
algebraic sum of independent factors for the bioactivity of the
photomodified PAHs and the photosensitization activity of the
intact PAHs. Thus, in theory, the contributions of photosen-
sitization and photomodification to the toxicity of PARs are
distinct and additive.

and

SolUtion of PMC and PSC based on empirical data for
toxicity

Based on Equation 46. Y is a linear function of several
experimental parameters: rCo]. t, R. \p. J. D. and F. The values
for {Co]. R, 'p, and J have been determined (Table 1): R was
calculated from k"" J was calculated from the integral of the
overlap between the absorbance spectrum of each chemical
and the spectral output of the SSR source (Eqn. 16), and values

~~~~~
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Table 4. Empirical constants for toxicity of the photomodilied
polycyclic aromatic hydrocarbons (PAH8). Linear regression Ihrough
the empirical data for diminished leaf production. Y. caused by the
photomodifted PAHs was used 10 solve for Y = a + br. The constant
a is the verlicaJ intercept for the regression and b is the slope of the
regression. All the regressions had r2 > 0.95 and p < O.OS. except
DAA (~ = 0.811. p '" 0.090) and FLE (r2 = 0.70. P = 0.17). The
D was derived for each PAH according to Equation 48. The
photomodification constant (PMC) was callculated according to PMC
'" D( I - R). The data are presented along with their standard
deviations. b has units of h"; D and the PMC have units of h '/J.l.M

(41)- "-~")
ANT -0.18:t 0.14 -12.2 == 1.1 11.5:!: 1.0 IO.O:!: 1.0
BAA -0.18:t 0.14 -12.2:t 1.1 14.7:!: 1.3 12.5:t 1.1
BBA -0.15 :t 0.14 -12.2::t 1.1 14.7::t 1.3 6.2 :t 0.6
BBF 0.15 :t 0.03 -6.8 ~ 0.2 7.8 :!: 0.2 1.6 :t 0.\
BOP -0.06 ::!: 0.10 -2.4.:t 0.4 3.4 :t 0.6 0.5:t 0.1
SAP -0.16 :!: 0.14 -12.2:!: 1.1 16.2:t I.S 4.2 :!: 0.4
BEP 0.08 :!: 0.26 7.9 :t 2.0 1O.4::!: 2.6 2.0 :t 0.5
CRR -0.17:t 0.19 5.7 ;!: 1.4 6.8:t 1.7 1.7 :!: 0.4
COR 0.00 ;!: 0.\3 4.4:!: 1.0 6.9 :!: 1.6 1.0 :!: 0.2
DAA 0.00 .:t 0.22 2.2 :!: 1.7 3.2 :!: 2.5 1.8 :!: 1.4
DAP 0.14::!: 0.12 6.6 :t 0.9 10.2:!: 1.4 3.3:!: 0.5
FLA -0.39:!:O.15 6.8:!:J.I 7.3:!:1.2 2.3:!:0.4
FLE -O.12:!:0.27 2.2.:t2.1 1.9:!:1.7 1.0:!:0.9
PRE -0.10 :!: 0.15 2.1 :!: 1.1 2.0 ;!: 1.0 1.3 :!: 0.6
PYR 0.07 ::!: 0.07 4.1 :t 0.6 4.4 ;!: 0.6 1.3:!: 0.2
TRI 0.02 :!: 0.04 5.1 :!: 0.2 6.0 :!: 0.2 1.3 :!: O. J

. Names of the PAH, are given in Figur~ 2.

for cp were obtained from the lit(:rature [5,8,13,22.23,40].
Therefore, only D and F are unknowns for each PAR. D com-
bines two chemical-specific constants for charac~ri2.i.ng the
uptake and [Oxicity of the photomodification products pro-
duced from a given PAH. KI' and k.J (Eqn. 43). F (Eqn. 44) is
a complex combination of constants, distinct for each PAR.
describing the photoinduced toxicity of intact compounds via
type I and type II photosensitizatiol) reactions. With empirical
data for leaf production as a function of time for each chemical
in intact and photomodified form ( Tables 2 and 3), both D
and F can be solved independently for each PAH. This is
analogous to calculating rate constants or equilibrium con-
stants for chemical reactions based on data for production of
a product of that reaction. It is crucial to understand that these
constants represent a mathematical solution based on empirical
data, not a statistical proof that the model is correct. The latter
is presented in the companion paper (29).

To calculate D, 8JJd consequently the PMC ; D(1 - R),
the data for diminished leaf production, Y. by fully photo-
modified PARs were used (Table 3). The treatment of plants
with photomodified PAHs corresponds to R ; O. because there

are no intact PARs to be photomodified. Therefore, Equation
46 simplifies to

Y = -(C]ofD (47)

Linear regression as a function of rime, Y '"' a + br. can be
used to solve for D because the slope. b. is -(CloD. As such,
D for each PAH can be determined by the quotient of the slope
of the linoar regression for Y and the initial concentration of
the PAH:

bD ,., -- (48)
(C)o

Table 4 contains a. b, and D values for the 16 PAHs examined.
It should be noted that the linear regressions resulted in a (the

(42)

(44)

(45)

(48)
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Table 5. Empirical constants for toxicity of the intact polycyclic aromatic hydrocarbons (PAHs). Lincar regression through the empirical data
for diminished leaf production, Y, caused by the intact PAHs was used to solve for Y = c + ft. The constant c is the vertical intercept for the
regression andfis the slope of the regression. All fegressions had i2 > 0.95 and p < 0.05 except BGP (r = 0.79, p = O.ll) and COR (r1 =
0.88, p = 0.06). The F value was derived for each PAH according to Equation 49. The photosensitization constant (PSC) was calculated according

to PSC = F'f>JR. The data are presented along with their standard deviations. f has units of h-'; F and the PSC have units of hol/fLM

PAH"

-0.05 :t 0.16
0.03 :t 0.14
0.07 :t 0.06
0.13 :t 0.04

-0.01 ~ 0.09
0.09 :t 0.08
0.14 :!: 0.03
0.07 :t 0.04
0.02 :t 0.06
0.02 :t 0.03
0.09 :t 0.08
0.12 :t 0.11
0.07 :!: 0.04
0.04 :!: 0.08
0.03 :t 0.10
0.10 :!: 0.08

ANT
BAA
BBA
BBF
BGP
BAP
BEP
CHR
COR
DAA
DAP
FLA
FLE
PHE
PYR
TRI

. Names of the PAHs are given in Figure 2.

vertical intercept) having a value of approximately zero at t
= 0; the plot of Y against t nearly passed through the origin
for every PAH, even though the to point was not used in the
regressions. Indeed, the errors for a, based on the toxicity data.,
in many cases were larger than a. This is consistent with Equa-
tion 46 for Y, which does not contain a constant for the vertical
intercept. Using the values D (Table 4) and R (Table 1) the
PMC {=D(l - R)} for each PAH was calculated (Table 4).

Note, the Ds only range over about one order of magnitude,
implying the photomodified products from each PAH have
similar values for Kp and kd.

Having determined a. D for each PAH, it is possible to use
the experimental data for diminished leaf production of L.
gibba. Y = In(N,INc)' by the intact chemicals (Table 2) to
solve for the parameter F and the PSC (=Fr.pJR). Y is pro-
portional to the period of treatment, t (Eqn. 46), and can be
used for the linear regression, Y = c + ft. to determine F.
Once again the vertical intercept, c, approached zero for most
of the PAHs and the regression is essentially Y = ft. Combining
this abridged linear equation and Equation 46 results in the
following equation, which can be solved for F

- fF = [C]o - D(1 - R)

Riff

The values c, f, and F are presented in Table 5. Using known
values for [c]o, R, Ip, and J (Table 1), as well as D (Table 4)
and f (Table 5) the values for F and the PSC (= FqdR) was
calculated for all 16 PAHs (Table 5).

Graphic representa.tion of growth suppression
The experimentally determined PSCs and PMCs can be

summed according to Equation 46 and plotted against Y. The
plot of Y versus -t[CMPMC + PSC) yields a straight line
with the values fOT all the PAHs falling on this line at the four
time points (Fig. SA, fZ = 0.96, p < 0.001). A plot of Ylt
versus [CMPMC + PSC) can also be generated by averaging
the four Ylt values for each PAH (Fig. 58, fZ = 0.95, P <
0.001). This results in a single data point for each of the 16
PARs, allowing a clearer depiction of where each chemical
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Ix IO~ F X 106 PSC X 10'

-13.0::t 1.2
-2.6::t 0.5
-1.4::t 0.4
-4.1 ::t 0.3
-1.0 ::t 0.1
-2.7 ::t 0.6
-3.4 ::t 0.4
-2.0 ::t 0.3
-0.9 ::t 0.5
-1.2 :!: 0.4
--2.7 :!: 0.6
-6.1 :!: 0.8
-2.5 :!: 0.3
-2.5 :!: 0.1
-3.8 :!: 0.7
-2.4 :!: 0.6

1.4 :t 1.5

-9.4 :t 1.3

-4.5 :t 0.7

16.8 :t 1.2 3.1 :t 0.3

1.3 :t 0.7 0.9 :t 0.1

l.l :t 0.2 -0.7 :t 0.8

5.7 :t 0.7 2.5 :t 0.7

4.0 :t 0.6 0.7 :t 0.5

0.7 :t 0.4 DoS :t 0.8

-0.3 :t 0.1 -0.1 :t 0.2

0.9 :t 0.2 0.9 :t 0.5

12.1 :t 1.6 4.2 :t 0.9

268.9 :t 32.2 1.2 :t 0.5

41.5 :t 10.0 1.1 :t 0.6

19.7 :t 3.6 2.8 :t 0.8

24.1 :t 6.0 1.6:t 0.7

1O7.2:t 9.9
-133.1 :t 25.6
-32.9 :t 9.4

falls in the model. Both plots reveal that when the PSC and
the PMC are used in modeling photoindUl~ed toxicity ofPAHs.
an excellent relationship between toxicity and the physico-
chemical parameters can be generated.

CONCLUSIONS

This QSAR model illustrates theoretically how photosen-
sitization and photomodification processes can be brought to-
getherto describe the photoinduced toxicity ofPAHs. We dem-
onstrated that these two processes in photoinduced toxicity are
additive, and when used in a single QSAR, can reconcile pho-
toinduced toxicity data for 16 PAHs into a linear function.
This indicates that both processes must be considered when
evaluating the photo{oxicity of PAHs in the environment. To
prove that this model is valid, empirical values must be used
for the parameters described here to detennine if this model
can be used to predict toxicity (see companion paper [29]).

Comparison of the PSC and PMC for the chemicals dem-
onstrates that either constant can occupy a key role: for nine
PAHs the PMC is larger, for seven the PSC is higher. Inter-
estingly, the PMC for PHE is larger than the PSC. Recently.
PHE has been demonstrated to have little photosensitization
activity and the photoinduced toxicity ofPHE can be attributed
almost entirely to i~s majorphotomodifi<:ation product, phen-
anthrenquinone [21r Conversely, FLA has the highest PSC of
the chemicals tested and has been used by many investigators
as an example of a contaminant that behaves as a photosen-
sitizer [5.ll]. Indeed, a general trend exists among those chem-
icals that have a PSC greater than their PMC to be more toxic
relative to each other with increasing values of PSC (I.e., FLA
> BBF > . . . > BGP).

(49)

Anthracene has consistently been found to be the most pho-
totoxic PAH to plants. It is very toxic in photomodified form
and is the most rapidly photomodified of the PARs tested.
Interestingly, ANT has the second highest PMC value (Table
4). Moreover, the PSC of ANT is not significantly different
from zero. This suggests that intact ANT is not a strong pho-
tosensitizer, and perhaps only becomes toxic following pho-
tomodification. The PAH with the highest PMC is BAA. How-
ever, it has a negative PSC; neither constant should be negative.
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0.0 A

0
0

-0.5

-1.

-1.5

-2.0
r 8= 0.96 p < 0.001

-2.5
0.0 0.5 1.0 1.5 2.0 2.5

r"..~ .U~I'" -~ . - --.

>-

[CJot{D(1-R) + F<pJR}

0.000 B

-0.002

..().004

-0.008

-0.012 r 8:: 0.95 p < 0.001

0.000 0.002 0.004 0.006 0.012

-0.002

~

~ -, - r ,--- - . . I // I ,OJ Aq~;ti;~;;vi~~~~e~t~S;;~;~~~r. F~;~;~~d Bfoi~~i(~~iEiiec;; A;'
/ / plied Science. London. UK.

0.000 0.002 0.004 0.0C6 0.012 2. Eadie, 8J. 1984. Distribution of poJycyclic aromatic hydrocar-
bons In the great Jakes. In J.O. Nrillgu and M.S. Simmons. eds..

[CJo{D(1-R) + FcpJR} Advances in Environmental Science and Technology, Vol. 14-

Toxic Contaminants in the Great Lal(es. John Wiley & Sons. New
Fig. ~. Linear regression of the diminished leaf production (Y) data York. NY. USA, pp. 195-211.

against !be derived function for photoinduced toxicity. Equation 46 3. Yang. S.K., I>.W. McCourt, P.P. IRoner and R.V. Gelboin.
was mathematically solved as described In the text to give DO - R) 1976. Enzymatic conversion ofbenz(>(a)pyrene leading predom-
(PMC) and F~R (PSC) for each polycyclic aromatic hydrocarbon inantly to the diol-epoxide r-7.t-8-dihydroxy+9. IO-uxy-
(PAH) (Table 4 and 5). In panel A these data were combined as a 7,8.9.1 Q-tetrahydroxybenzo(a)pyrene through asingle enantlomer
product with [C1, and I and plotted against Y resuUing in foor data of r-7,l-8-dihydroxy-7, 8-dihydrobellzo(a)pyrene. Proc. Nal/.
points per PAH. In panel B. the Y was divided by t, and the four YI A cad. Sci. USA 73:2594-2598.
t values (or each PAH were averaged and plotted against the sum of 4. Oris, J.T. and J.P. Giesy. 1985. The photoinduced toxicity of
the PMC and PSC. Ecror bars are standard deviations (n - 4). anthracene to juvenile sun6sh (Leporni.r spp.). Aqual. ToxieD/. 6:

133-146.
S. Newsted, J.L. and J.P. Giesy. 1987. Predictive models for pho-

toinduced acute toxicity of polycycli(; aromatic hydrocarbons to
Note. solving for the PSC is dependent on the magnitude of Daphnia magna. Strauss (Cladoccra. Crustacea). Environ. Tox.
the PMC. If the PMC was overestimated, the PSC would be icol. Chern. 6:445-461.

d . cd d ld 1 . ti' al 'T'L:_' 6. Harvey, R.G.. C. Cortez. T. Sugiyama, Y. Ito, T.W. Sawyer
u~ erestimat an coo resu t in a nega :ve v uc. ~~ m- and J. DiGiovanni. 1988. Biologically active dihydrodiol me-

dIcates that the PMC of BAA was overestImated (as IS also tabolitc5 of polycyllc aromatic hydrocarbons structurally related
the case for BBA. whereas the PSCs for BAP and DAA are to the potent carcinogenic hydrocarbon 7.12-tlimethyl-
negative but not significantly different from zero). One pos- benz(a)anthracene. J. il!ed. Chern. 31:154-159.
sible explanation for the overestimation of the PMC is that 7. RIl8D&. ~--I>., D:G: DixOD and 8.M. ~ree~berg- 1993.1.m.pactS

... . of ultravIOlet radiation and pbotomoddic3t1on on the toxICity ofthe rate of photomod1fjcatto~. which was measured In the ab- polycyclic aromatic hydrocarbons to the higher plant Lemna gib.
sence of plants. was overestimated. In the presence of plants ba L. 0-3 (duckweed). Environ. Toxico/. Chern. 12:1067-1077.
the effective rates of photomodification could be depressed 8. Morgan, D.D., D. Warshawsky and T. Atkinson. 1977. The

[C]o{D(1-R) + FcpJR}

5.1'1. Krylovel a!.

due to uptake of the intact PARs into the plants where the
PARs will have slower rates of photomodification.

The log of the octanoVwatec partition coefficient (Kaw) is
often used as a predictor of toxicity as it describes potential
tissue burdens of a chemical. However, the log Kaws for PARs
do not predict their photoinduced toxicity [5]. This QSAR
modeling exercise demonstrates that understanding the mech-
anism of toxicity is just as important as the potential for uptake
of a chemical. Past QSAR models for photoinduced toxicity
of PARs have accurately described the photosensitization fac-
tor. For instance, in a recent model (II]. optimum values for
photosensitization were used to describe toxicity. Our study
should be viewed as complementing previous QSAR models
by incorporating photomodification. By considering both pho-
tosensitization and photomodificatil'n processes, one should
be able to predict the toxicity of PARs to numerous organisms
in environments exposed to light.

A key result of the modeling exercise presented here is that
the photosensitization and photomodification processes con-
tribute additive)y to toxicity. This is logical. because the intact
PARs and the photoproducts will exist in solution together
after a toxicity test begins. Alternatively, one may consider
that an intact PAH will exert itself via photosensitization until
it is photomodified, at which point the photoproducts will have
a toxic impact. This implies that the intact and pbotomodified
PARs do not act synergistically. Indeed. the predictive model
in the companion paper (29]. shows empirically that photo-
sensitization and photomodification contribute additively to
toxicity.
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