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Abstract-On the basis of promising experimental studies, the nitroimidazoles misonidazole (MISO) 
and benznidazole (BENZO) are under clinical investigation as chemosensitizers in combination with 
the chloroethylnitrosourea CCNU. We have shown previously that MIS0 and BENZ0 can alter the 
pharmacokinetics of CCNU leading to an improved therapeutic index in mice. Here we demonstrate 
using optical difference spectroscopy that MIS0 and BENZ0 are able to bind to cytochrome P-450 of 
mouse liver microsomes in uitru. Binding was type II in nature, indicating co-ordination of the free 
imidazole nitrogen with the heme moiety of cytochrome P-450. This results in an inhibition of CCNU 
hydroxylation by the hemoprotein. The kinetics of inhibition were of a mixed competitive-non- 
competitive type. At a CCNU concentration of 0.05 mM the concentrations causing 50% inhibition (I~,,) 

were 5.8 and 0.37 mM for MIS0 and BENZ0 respectively. At doses producing a similar improvement 
in therapeutic index in mice (2.5 mmoles/kg MIS0 and 0.3 mmoles/kg BENZO) the plasma and tissue 
concentrations achieved would inhibit CCNU hydroxylation by 30%. For BENZO, but not MISO, 
similar inhibition would also occur at concentrations which can be achieved safely in man. 

The 2-nitroimidajole misonidajole (MISO]I), well 
known as a radiosensitizer of hypoxic cells [I, 21, is 
also able to potentiate the toxicity of certain con- 
ventional chemotherapeutic agents against both 
hypoxic cells in vitro and experimental turnours in 
viuo [3-51. This effect, referred to as “chemo- 
sensitization”, has been observed most frequently 
with the bifunctional nitrogen mustards cyclo- 
phosphamide and melphalan and with the chloro- 
ethylnitrosourea CCNU. An essential feature of 
nitroimidazole chemosensitization, as far as clinical 
development is concerned, is that toxicity to tumour 
is increased much more than that towards critical 
normal tissues, resulting in a clear improvement of 
therapeutic index. Because of the dose-limiting 
neurotoxicity of MISO, analogues with greater 
potency have been sought, one of which is the more 
lipophilic analogue benznidazole (BENZO) [6]. 
Lower doses of BENZ0 in mice give a similar thera- 
peutic gain to higher doses of MIS0 [7,8]. Several 
clinical trials are now in progress or planned, includ- 
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ing MIS0 or BENZ0 combined with CCNU for the 
treatment of recurrent glioma [9, lo]. 

The mechanism of chemosensitization by nitro- 
imidazoles is still not fully understood. Evidence has 
been obtained for two widely different modes of 
action The first type includes such effects as thiol 
depletion and altered DNA damage or repair, oper- 
ates at the level of the biochemistry of hypoxic 
tumour cells, and probably requires nitroreductive 
bioactivation of the sensitizer [5,11]. The second 
type involves modification of the pharmacokinetics 
of the cytotoxic agent by the sensitizer f5]. These 
alternative mechanisms are not mutually exclusive 
and both are likely to be important, though their 
relative contributions may vary depending on the 
circumstances. For the combination of a single, rela- 
tively high dose of MIS0 with CCNU in mice, we 
have shown that the pharmacokinetic mechanism 
predominates, and that enhancement of tumour 
response and therapeutic gain can both be obtained 
by purely pharmacokinetic means [12,13]. This 
results from a delayed plasma clearance of CCNU, 
leading to an elevated peak concentration in tumour 
but not normal tissues. In addition, under different 
experimental conditions, reduced peak CCNU con- 
centrations by MIS0 can give rise to chemo- 
protection [14]. We have also shown that ability to 
modify CCNU pharmacokinetics and chemosen- 
sitization activity are both functions of the hydro- 
phobic character of the nitroimidazole molecule, 
lipophilic analogues such as BENZ0 being par- 
ticularly effective [6,15]. 

In a recent clinical study we have demonstrated 
significant changes in the plasma pharmacokinetics 
of CCNU by BENZ0 in man, including the appear- 
ance of parent drug and a reduction in the con- 
centration of hydroxylated metabolites [9]. Metab- 
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olism of CCNU to hydroxylated products represents 
an important in vivo elimination pathway [12,16- 
181. This reaction is catalysed by cytochrome P-450 
in rodent liver microsomes [17, 19-231. The 
hydroxylated metabolites have been shown to pos- 
sess chemical and biological properties which differ 
between themselves as well as compared to the 
parent drug [22]. Effects on CCNU metabolism by 
liver microsomal cytochrome P-450 were suspected 
as at least one cause of the pharmacokinetic modi- 
fications, and evidence for inhibition of cytochrome 
P-450-mediated metabolism of other drugs in mice 
has been obtained in our laboratory [24]. In the 
present paper we provide direct evidence that at 
pharmacological concentrations MIS0 and BENZ0 
are able to bind to the cytochrome P-450 of mouse 
liver microsomes and thereby inhibit the hydroxy- 
lation of CCNU by this hemoprotein. 

MATERIALS AND METHODS 

Drugs. For in vitro work, MIS0 (Roche Products 
Ltd, Welwyn Garden City, Herts, U.K.), imidazole 
(Sigma Chemical Company, Poole, Dorset) and SKF 
525A (Smith Kline & French Laboratories Ltd, 
Welwyn Garden City, Herts, U.K.) were dissolved 
in 0.1 M potassium phosphate buffer, pH 7.4, while 
BENZ0 (Roche) and CCNU (US National Cancer 
Institute) were dissolved in dimethyl sulphoxide. The 
volume of solvent did not exceed 0.5% of the incu- 
bation volume and had no effect on CCNU hydroxy- 
lation or microsomal difference spectra. For induc- 
tion of mouse liver microsomal cytochrome P-450, 
sodium phenobarbitone (PB, Evans Medical Ltd, 
Liverpool, Merseyside, U.K.) was dissolved in Dul- 
becco “A” phosphate-buffered saline, pH 7.4, and 
injected i.p. in 0.01 ml/g body weight. Mice received 
a single dose of 80 mg/kg on the first day, followed by 
single doses of 100 mg/kg on each of five consecutive 
days, the last being 24 hr before sacrifice. 

Mice. Four- to five-week-old male C3H/He mice 
(OLAC, Bicester, U.K.) weighing about 20 g were 
used. They were allowed laboratory chow and water 
ad lib but food was withdrawn 24 hr before use. 
Mice were killed by cervical dislocation and the liver 
excised. The gall bladder was discarded and the liver 
washed with ice-cold 0.15 M KCl. 

Preparation of microsomes. Microsomes were pre- 
pared and stored based on standard methods [25,26]. 
Briefly, pooled, washed livers from several mice 
were chopped finely and homogenized in 4~01. of 
cold 0.25 M sucrose using a Potter S homogenizer 
(B. Brann Melsungen AG, F.R.G.) fitted with a 
glass vessel and Teflon pestle (400r.p.m. with 4 
passes). The homogenate was centrifuged at 10,000 g 
for 20 min at 4”. The supernatant was decanted and 
centrifuged at 100,000 g for 60 min at 4”. The micro- 
somal pellet was then washed by rehomogenization 
in 0.15 M KC1 and recentrifugation as above. For 
spectral studies, the washed pellet was frozen rapidly 
and stored at -70”; for metabolic studies, micro- 
somes were stored at -70” as a suspension in 0.15 M 
KC1 with no measurable loss of activity. Protein 
and cytochrome P-450 content were measured by 
standard techniques [27,28]. 

Microsomal metabolism. Incubation conditions for 

hydroxylation of CCNU by liver microsomal cyto- 
chrome P-450 were very similar to those used pre- 
viously [19, 201. The incubation mixture (2.5 ml) con- 
tained the following: 0.1 M potassium phosphate 
buffer, pH 7.4; 3.3 mM NADP: 8.3 mM glucose- 
6-phosphate; 0.4 Units/ml yeast glucose-6-phos- 
phate dehydrogenase; 0.77-3.1 mg/ml microsomal 
protein; and 0.01-0.03 mM CCNU. All the bio- 
chemical reagents were obtained from Sigma. Modi- 
fiers were added before other chemicals. Incubations 
were carried out at 37” in 25 ml Erlenmeyer flasks 
with vigorous shaking to ensure full oxygenation. 
Mixtures were preincubated at 37” for 3 min before 
the reaction was started by the final addition of 
CCNU. 

Sample preparation and HPLC. At various times 
after the start of the reaction, 100 ~1 aliquots of the 
mixture were removed and placed immediately in 
glass tubes containing 1 ml cold diethyl ether. Stan- 
dards were processed at the same time. CCNU and 
its hydroxylated metabolites were extracted into the 
organic phase by vigorous shaking, with a recovery of 
>95%. Aliquots (750 ~1) of the ether were removed, 
and processed and analysed by reversed-phase 
HPLC as described previously [12, 181. 

Enzyme kinetics. Kinetic parameters (K,,, and 
V,,,) were determined from double-reciprocal 
Lineweaver-Burk plots [29] by linear regression 
analysis using the GLIM statistical programs of the 
Royal Statistical Society of London. Inhibitor con- 
stants, Ki and K,‘, were determined from direct linear 
plots of l/v against [i] (modified from ref. 30) and 
[s]/v against [i] respectively [31]. 

Cytochrome P-450 optical difference spectroscopy. 
The binding of test substances to PB-induced micro- 
somal cytochrome P-450 was monitored by optical 
difference spectroscopy as described by Jefcoate [32] 
and incorporating the split cell modification for the 
nitroimidazoles. Briefly, microsomes were diluted to 
approximately 2 mg protein/ml in 0.05 M potassium 
phosphate buffer ( pH 7.4) and spectra were recorded 
between 360 and 480 nm using a Cary 219 twin-beam 
scanning spectrophotometer with automatic baseline 
subtraction capability. 

RESULTS 

Hydroxylation of CCNU by mouse liver microsomes 

The hydroxylation of CCNU is catalysed by cyto- 
chrome P-450 in rodent liver microsomes [17. 19- 
23]. Our work was carried out with microsomes from 
the livers of untreated male C3H/He mice, since 
these were used for our previous in vivo studies [ 12- 
15]. The characteristics of the reaction were similar 
to those observed for other rodent microsomal pre- 
parations, and a brief summary is given below. 

We confirmed the finding [22] that mouse liver 
microsomes metabolise CCNU to form five of the 
possible six isomeric monohydroxylated derivatives; 
in our system the proportions were typically cis-4- 
hydroxy CCNU, 64%: trans-4,15%; cis-3,9%: trans- 
3, 12%; and tram-?., trace. Progress curves for the 
formation of the metabolites were linear up to 8 min 
but significantly non-linear thereafter. Initial velocity 
was determined from the linear region. six time 
points normally being used. Less than 20% of the 
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CCNU substrate was converted to products during 
the 8 min incubation period. Previous studies with a 
very similar assay system have shown the chemical 
half-life of CCNU and its monohydroxylated metab- 
olites to be 51 min [17]; thus the maximum loss of 
nitrosoureas could not exceed 10% in 8 min. Other 
studies, also with a similar system, have shown that 
the rate of the competing denitrosation pathway 
was <5% of the hydroxylation reaction [21]. No 
correction was made for these losses. No hydroxy- 
lation was seen in the absence of microsomes or with 
boiled microsomes. The individual components of 
the NADPH generating system were required for 
activity, and their concentrations were shown to be 
not rate-limiting. The rate of formation of metab- 
olites was proportional to microsomal protein in the 
range 0.77-3.1 mg/ml assay mixture. 

The production of hydroxylated metabolites fol- 
lowed Michaelis-Menten kinetics and double- 
reciprocal plots were linear (Fig. l), although some 
substrate inhibition was seen above 0.3 mM CCNU 
(not shown). Values of K, and V,,,,, for the formation 
of 3 most abundant metabolites are given in Table 
1. The K,,, values were generally similar while con- 
siderable differences were seen in V,,,,,. The sum of 
the individual V,,, values was close to a previous 
estimate for non-induced rat liver microsomes [21], 
as well as to rates of hydroxylation by the latter at 
0.6 mM CCNU substrate concentration [19,20]. The 
K,,, is much lower than an earlier value for non- 
induced rat liver microsomes [21], but very close to 
the spectral binding constant (KS) for PB-induced rat 
liver microsomes [ 191. 

Effects of MIS0 and BENZ0 on CCNU hydroxy- 
lation by mouse liver microsomes 

Having established the characteristics of the reac- 
tion for microsomes from our mice, we studied the 
effect of MIS0 and BENZ0 on CCNU hydroxy- 
lation by cytochrome P-450. For the first series of 
experiments the CCNU substrate concentration was 
fixed at 0.05 mM (11 pg/ml), a value similar to both 
the K, (Table 1) and the peak concentration in 
mouse plasma [12], while the nitroimidazole con- 
centration was varied over a wide range. Both MIS0 
and BENZ0 were shown to inhibit the reaction in 
a concentration-dependent manner (Fig. 2). (For 
MISO, preliminary experiments showed that the 
extent of inhibition was independent of the hydroxyl- 
ated product measured, and the principal c&4- 
hydroxy metabolite was chosen for quantitation. The 
different HPLC conditions required to resolve 
BENZ0 from the hydroxylated nitrosoureas did not 
allow resolution of individual metabolites from each 
other, and the formation of total hydroxylated prod- 
ucts was therefore used.) The concentrations of 
MIS0 and BENZ0 causing 50% inhibition (I~~) 

were 5.8 mM and 0.37 mM respectively: thus 
BENZ0 was a 15-fold more potent inhibitor of 
CCNU hydroxylation. 

In the next series the CCNU substrate was varied 
in the presence or absence of the nitroimidazoles, 
and Fig. 1 shows some typical double-reciprocal 
plots. Experiments were also carried out in which 

* 1-(2-nitroimidazolyl)-3-allyloxypropan-2-01. 

both substrate and inhibitor concentrations were 
varied. The results were compatible with mixed com- 
petitive-non-competitive inhibition. Using direct 
linear plots [31], the inhibition constants Ki (com- 
petitive component) and Ki’ (non-competitive com- 
ponent) were found to be 6.2mM and 15.8mM 
respectively for MISO, compared to 0.044 and 
0.174 mM respectively for BENZO. Both constants 
were about lOO-fold lower for BENZ0 than for 
MISO, again reflecting the greater inhibitory potency 
of BENZO. It can also be seen that for both com- 
pounds Ki is much lower than Ki’, indicating that the 
competitive component is predominant. 

Drug-cytochrome P-450 binding characteristics 

Since the nitroimidazoles were found to elicit fairly 
weak optical difference spectra for cytochrome P- 
450 in liver microsomes from untreated C3H/He 
male mice, PB-induced microsomes were used in 
subsequent studies to give a stronger signal. 
However, the spectra obtained from the two types of 
microsomes were demonstrated to be quantitatively 
identical. The intrinsic absorption of the nitro- 
imidazole ligands necessitated the use of split cells 
[32] to record acceptable spectra. Figure 3 shows 
the difference spectra resulting from the addition 
of either MIS0 or BENZ0 to PB-induced mouse 
microsomes. Evidence of binding to cytochrome P- 
450 was obtained in each case. Both compounds gave 
spectra with a broad trough at -390 nm, a peak at 
425 mn, and a zero-crossing (isosbestic) point at 41O- 
415 nm. These are characteristic of type II difference 
spectra [32-341. It is noteworthy that BENZ0 gave 
a significant difference spectrum at a concentration 
as low as 0.1 mM, whereas for MIS0 a difference 
spectrum could not be demonstrated below 1 mM. 
This suggests that BENZ0 is a more potent ligand 
than MISO. 

K, values were not obtained for MIS0 or BENZ0 
because of relatively low affinity and limited solu- 
bility respectively. However, with the close analogue 
Ro 07-1902,* which has intermediate inhibitory 
potency between MIS0 and BENZ0 but is more 
soluble than the latter, a K, value of 5.4mM was 
obtained. 

Several positive controls were included. As found 
previously (34,35), the parent heterocycle imidazole 
gave a typical type II difference spectrum (peak 
430nm; trough 395nm; isosbestic point 420nm). 
The classical microsomal enzyme inhibitor SKF 525A 
and the substrate CCNU both gave the expected 
type I binding spectra [19,34,35]. 

DISCUSSION 

MIS0 and BENZ0 are currently undergoing clini- 
cal trial in man as chemosensitizers with CCNU 
[9,10,36]. These trials are based on extensive exper- 
imental studies in mice which show that each is able 
to enhance the response of solid tumours to CCNU, 
whereas the response of critical normal tissues are 
relatively unaffected, resulting in clear therapeutic 
gain [f&8,37-39]. We have previously shown that 
with single high doses of MIS0 in mice the above 
effects can be explained by changes in CCNU phar- 
macokinetics [12,13]. MIS0 delayed the systemic 
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Fig. 1. Double-reciprocal plots of the effects of MIS0 and BENZ0 on the in vitro hydroxylation of 
CCNU by liver microsomes from untreated male C3H/He mice. Reaction mixtures (2.5 ml) contained: 
0.1 M potassium phosphate buffer, pH 7.4; 3.3 mM NADP; 8.3 mM glucose-o-phosphate; 0.4 Units/ml 
yeast ~u~ose-~phosphate dehydrogenase; l-2 mgfml microsomal protein; 0.01-0.3 mM CCNU; and 
MISO, BENZ0 or nitroimidazole vehicle alone. (A) Effect of 4.4 mM MIS0 on the formation kinetics 
of the major cis-4 hydroxy metabolite. (B) Effect of 0.05 mM BENZ0 on the formation kinetics of total 
hydroxylated metabolites. Closed circles, without modifier; open circles, with modifier. Results shown 

are for typical experiments. 

(plasma) clearance. of CCNU leading to elevated 
peak CCNU concentrations in tumour but not nor- 
mal tissues. BENZ0 was more active than MIS0 in 
reducing CCNU clearance in mice [15]. Moreover in 
human studies BENZ0 was shown to cause the 
appearance of parent CCNU in the plasma after oral 
administration, whereas only hydroxylated metab- 
olites were seen without BENZ0 [9, 181. These 
results suggested that the nitroimidazole chemo- 
sensitizers were reducing CCNU clearance by inhi- 

biting its rate of hydroxylation. In this study we 
sought to establish that MIS0 and BENZ0 do 
indeed inhibit CCNU metabolism by hepatic micro- 
somal cytochrome P-450. 

The optical difference spectra data showed that, 
as with other nitrogen containing heterocyclic com- 
pounds [40], MIS0 and BENZ0 act as ligands of 
cytochrome P-450 yielding typical type II binding 
spectra. This type of spectrum is thought to be indica- 
tive of the formation of nitrogenous ligands with the 
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Table 1. Values of K, and V,,, for the formation in oitro of monohydroxylated 
metabolites of CCNU by liver microsomes from untreated male C3H/He mice 

1353 

V mar 

(nmol . mitt-’ . mg protein-‘) 

C&~-OH CCNU 0.026 1.92 
(0.0;KWi032) (1.70-2.22) 

(runs-4-OH CCNU 0.470 
(0.017-0.043) (0.371-0.668) 

rrans-3-OH CCNU 0.043 0.083 
(0.029-0.058) (0.067-0.108) 

Values were computed from a typical experiment using the GLIM program. Repeat 
experiments gave similar results. 95% confidence limits are shown in parentheses. For 
reaction conditions see legend to Fig. 1. 

Nltroimldazolo concantratlon (mM) 

Fig. 2. Effect of MIS0 (open symbols) and BENZ0 (closed symbols) on the in uirro hydroxylation of 
CCNU by liver microsomes for untreated male C3H/He mice. Reaction mixtures (2.5 ml) contained: 
0.1 M potassium phosphate buffer, pH 7.4; 3.3 mM NADP; 8.3 mM glucose-6-phosphate dehydrogenase; 
l-2 mg/ml microsomal protein; 0.05 mM CCNU, and 0.6-20 mM MISO, 0.025-2 mM BENZ0 or 
nitroimidazole vehicle alone. Results are pooled for several independent experiments, indicated by 

different symbols. Control rates were typically 2 nmol min-’ mg protein-‘. 

heme-iron of the cytochrome P-450 molecule [32- 
341. In the case of MIS0 and BENZ0 binding would 
be through the single free imidazole nitrogen. 
BENZ0 appeared to be a more potent ligand than 
MISO: this probably results, at least in part, from 
the greater hydrophobic character of BENZO, a 
property which increases the binding affinity of other 
classes of substituted imidazoles [40]. 

Although MIS0 and BENZ0 both bind to cyto- 
chrome P-450 as characteristic type II ligands, both 
can also act as substrates, MIS0 for 0-demethylation 
[41] and BENZ0 for nitroreduction [42]. Thus there 
may be a hidden type I binding component, as has 
been demonstrated for the lipophilic l-geranyl- 
imidazole [43]. The kinetics of inhibition of CCNU 
hydroxylation by MIS0 and BENZ0 are therefore 
likely to be quite complex. 

As might be predicted from the binding experi- 
ments BENZ0 proved to be a more potent inhibitor 
than MISO. Following the model of Wilkinson et al. 
[44] it is tempting to speculate that the molecular 
mechanism of inhibition involves two components: 
(1) co-ordination of the imidazole nitrogen to the 
heme-iron of cytochrome P-450, thereby interfering 
with the binding of molecular oxygen; (2) attachment 
of the hydrophobic side-chain to the substrate bind- 

ing site, thus reducing the accessibility of CCNU. 
With 150 values of 0.37 and 5.8 mM respectively, 

BENZ0 and MIS0 cannot be regarded as highly 
potent inhibitors of cytochrome P-450. This was to 
be predicted from previous structure-activity 
relationships which showed 2-substituted imidazoles 
to exhibit weaker binding and inhibitory activity 
compared to mono-l and mono-4(5)-substituted 
derivatives [44,45]. These studies identified the 
requirement for at least one sterically unhindered 
imidazole nitrogen. MIS0 and BENZ0 are sub- 
optimal ligands and inhibitors because of substitution 
at N-l together with steric hindrance at N-3 from the 
nitro group in the 2-position. 

Nevertheless it is important to emphasize that 
MIS0 and BENZ0 both are able markedly to inhibit 
hydroxylation of CCNU at concentrations similar to 
those found in the plasma and liver of mice given 
doses producing effective chemosensitization. For 
example, at 2.5 mmoles/kg the MIS0 concentration 
achieved (2.5 mM [46]) would inhibit CCNU 
hydroxylation by 32% (see Fig. 2). At the lower but 
equally effective BENZ0 dose of 0.3 mmoles/kg the 
achieved concentration (0.12 mM [47]) would inhibit 
to an identical extent. Both these regimens yield a 
similarly improved therapeutic index. On the other 
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Fig. 3. Optical difference spectra for the in vitro interaction of liver microsomes from PB-induced male 
C3H/He mice with (A) 2.5 mM MIS0 or (B) 0.1 mM BENZO. The cytochrome P-450 concentration 
was 9.82 nmol/ml in 0.05 M potassium phosphate buffer, pH 7.4. Results shown are for typical 
experiments. Spectra are of type II [32-341. The steep rise at low wavelengths is caused by a reduction 

in energy due to the intrinsic absorption of the nitroimidazoIe ligands. 

hand, with a higher dose BENZ0 regimen which 
results in a reduced therapeutic gain 1481 the achieved 
concentration of 0.38mM would inhibit CCNU 
hydroxylation by as much as 52%. We propose, 
therefore, that optimal enhancement of CCNU 
response through the pharmacokinetic mechanism 
requires nitroim~dazol~ concentrations which inhibit 
CCNU metabolism by approximately 30%. 

In the Cambridge Phase I study of BENZ0 plus 
CCNU, oral doses of 8-40 mg/kg BENZ0 produced 
plasma BENZ0 concentrations of 0.0~.24 mM [9]. 
Extrapolating from the in uitro mouse data, these 
would be expected to inhibit CCNU metabolism by 

20-43%. Thus concentrations of BENZ0 achieved 
in man are sufficient to inhibit CCNU metabolism to 
an extent which results in an improved therapeutic 
index in mice. In contrast, with the normal maximum 
oral dose of 3 g/m2 MISO, the human plasma con- 
centration of 0.5 mM [49] would produce less than 
10% inhibition. 

In summary, direct evidence has been obtained 
that the nitroimidazole chemosensitizers, MIS0 and 
BENZU, are able to bind to cytochrome P-450 of 
mouse liver microsomes, leading to an inhibition of 
CCNU hydroxyiation. The kinetics of inhibition have 
been partially characterised, and an estimate made 
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of the extent of inhibition required to produce a 
therapeutic gain in mice through altered phar- 
macokinetics. It is envisaged that these findings will 
facilitate the interpretation of current clinical inves- 
tigations of nitroimidazole-CCNU combinations. In 
addition, we hope that further structure-activity 
relationship studies for inhibition of CCNU hydroxy 
lation by nitroimidazoles will provide guidelines for 
the optimization or elimination of this property in 
the design of future sensitizers. 
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