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ABSTRACT

Aromatic amines, such as o-phenylenediamine (OPD), have
been used extensively in commercial hair dyes and in the
synthesis of agricultural pesticides. Air oxidation of OPD
results in the formation of 2,3-diaminophenazine (DAP).
Although the mutagenic toxicity of DAP has been shown in
both prokaryotic and eukaryotic systems, its phototoxicity
remains largely unexplored. This study focuses on the pH-
dependent photophysical properties of DAP and demonstrates
its ability to photoinduce DNA damage to pUC19 plasmid
in vitro. The photocytotoxicity of DAP toward human skin
fibroblasts was also measured. DAP exhibits weak intercalative
binding to double-stranded DNA with a binding constant K,, =
3.5 x10° M~ . Furthermore, upon irradiation with visible light,
DAP is able to nick plasmid DNA in the presence of oxygen. The
concentration of DAP that resulted in 50 % cell death was 172 =
9 pM in the dark and 13 = 1 pM after irradiation of the DAP-
treated cell cultures with visible light (400—-700 nm, 30 min, 5 J/
cm?). The 13-fold increase in toxicity upon exposure to visible
light shows the need for further study of the photocytotoxicity
of contaminants such as DAP.

INTRODUCTION

Phenylenediamines, such as o-phenylenediamine (OPD), are the
most common and widely used aromatic amines for the formulation
of commercial hair dyes and synthesis of agricultural fungicides (1—
4). In addition, OPD is one of the most effective chromogenic
substrates for a variety of enzyme-linked immunosorbent assays
(ELISA) used in the study of enzyme kinetics (5—7). The use of OPD
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in the ELISA assays permits the use of spectrofluorometric
detection, which results in a significant increase in sensitivity (5-7).

Two toxic byproducts formed upon routine handling of OPD are
2,3-diaminophenazine (DAP) and 2-amino-3-hydroxyphenazine
(AHP) (1-13). DAP is considered to be the major mutagenic
contaminant generated from the oxidation of OPD (Fig. 1), which
can be carried out by oxygen in air and is accelerated by exposure to
light (1-15). AHP results from a chemical transformation of DAP in
aqueous media (12,13). Both DAP and AHP are well-recognized
toxic environmental contaminants and industrial occupational
hazards (1,2,4,12,13). The mutagenic effects and the genotoxicity
of DAP and AHP have been reported in both prokaryotic and
eukaryotic systems (12—14), and it has been shown that DAP
induces chromosomal DNA damage in bacteria, human blood
lymphocytes and mice (1,2,12-15).

The photophysical properties of DAP remain largely unexplored,
although the molecule is known to be highly emissive (5-7,16-22).
Most investigations of DAP fluorescence have typically focused on
its use in the development of new analytical applications and
detection techniques (5-7,16-22); however, the potential biological
impact of its excited-state photochemistry remains unknown.
Because genotoxicity tests to date have focused on the ground-
state reactivity (1-4,12—15) and were, therefore, carried out in the
absence of irradiation, the photobiological effects and the photo-
toxicity of DAP are not well understood. Because of the potential
human exposure to DAP generated from the oxidation of OPD in
topically applied hair dyes, it is important to further examine the
excited-state properties and reactivity of DAP toward biomolecules.
In this study, we explore the photophysical and photochemical
properties of DAP, as well as its ability to sensitize light-induced
DNA cleavage in plasmid, and cellular damage in human skin
fibroblasts.

MATERIALS AND METHODS

Materials and chemicals. FeCl;, OPD, HCl, D,O, ethylenediaminetetra-
acetic acid (EDTA) and formamide were purchased from Aldrich (St.
Louis, MO). Ethidium bromide (EtBr), NaCl, calf thymus DNA (CT DNA),
dialysis membrane (>100000 Da), Tris—acetate EDTA (TAE) buffer,
Na,HPO,4, NaH,POy,, agrose, N-lauroyl sarcosine, micro-Lowry reagent kit
690-A and Folin—Ciocalteau phenol reagent were purchased from Sigma
(St. Louis, MO). Sonicated herring sperm DNA purchased from Promega
(Madison, WI). pUC19 plasmid and gel loading solution were purchased
from New England Biolabs (Beverly, MA). Dulbecco modified Eagle
media, fetal bovine serum, phosphate-buffered saline (PBS), gentamicin,
glucose, L-glutamine were purchased from Invitrogen Corp (Carlsbad, CA).

Synthesis. DAP was synthesized from FeCl; and OPD according to
a reported method (23). FeClz (0.7120 g) was dissolved in 20 mL of H,O
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Figure 1. Structure of (a) OPD, (b) phenazine, (c) DAP, (d) acridine ring
and (e) proflavin.
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and was poured into a stirring solution containing OPD (0.2160 g) and 20
mL of HCI in 0.6 mL H,O at room temperature. The red precipitate was
filtered and washed repeatedly with diethylether and methanol. Proton
nuclear magnetic resonance (IH NMR) (400 MHz, D,0): 6 = 8.0 (m, 2H);
7.7 (m, 2H); 6.9 (s, 2H); 6.2 (s, 4H). The "H NMR spectrum of the product
in D,O was consistent with that reported previously for DAP (23).

Absorption, fluorescence and irradiation source. Absorption measure-
ments were performed using a Hewlett Packard diode array spectrometer
(HP8453) with HP8453Win System software installed on an HP Vectra XM
5/120 desktop computer (Loveland, CO). Emission spectra for the pH
titrations were collected using a SPEX FluoroMax-2 spectrometer (Edison,
NJ) equipped with a 150 W Xenon source, a red-sensitive 928P
photomultiplier tube and DataMax-Std software on a Pentium microproces-
sor. The emission experiments in the presence of DNA (pH = 7.5 with Aey. =
430 nm and A, = 590 nm) were carried out using a MFX fluorimeter (Dynex
Technology, Chantilly, VA) using Revelation software on a Micron PC. The
source of visible radiation (400-700 nm) for DNA photocleavage and
photocytotoxicity was a photoreactor (Luzchem, Ontario, Canada) com-
posed of twelve 8 W GE watt-miser bulbs (Luzchem). The light intensity was
measured using a radiometer (International Light Inc., Newburyport, MA).

Equilibrium dialysis. CT DNA was purchased from Sigma and purified
using a standard literature procedure (24). First, the same volume of
formamide denaturing buffer (20 mM Tris—HCI, pH 8.0, 0.8 M NaCl, 80%
vol/vol formamide) was added to the CT DNA solution (1 mg/mL) and left
for 12 h at 15°C, which results in the denaturation of any proteins bound to
CT DNA. After the incubation, the solution was dialyzed using >100 000 Da
dialysis membrane (Sigma) for 45 min against 1 L of a buffer containing 20
mM phosphate buffer (pH = 8.0), 0.1 M NaCl and 10 mM EDTA; the buffer
was replaced and the dialysis repeated three times in 4 h intervals. The CT
DNA was then dialyzed twice against 10 mM phosphate buffer (pH 8.0), 10
mM NaCl, 0.5 mM EDTA for 8-10 h. The dialysis membrane was prepared
according to standard methods (24). The 10-20 cm long pieces of tubing
were boiled for 10 min in ~500 mL of 2% (wt/vol) sodium bicarbonate and 1
mM EDTA (pH = 8.0),were then rinsed thoroughly with deionized H,O and
were then boiled for 10 min in 1 mM EDTA and allowed to cool. The tubes
were stored at 4°C submerged in 1 mM EDTA and were rinsed thoroughly
with deionized H,O before use.

In the binding constant determination using dialysis, the total con-
centration of DAP (C,) present in the dialysate solution was determined
spectrophotometrically using an extinction coefficient, €, of 13000 cm
M at 440 nm. The exctinction coefficent was measured using Beer’s Law.
CT DNA (100 pM) was placed in a dialysis membrane and was dialyzed
against 1.0 L of 10 pM DAP in circulating buffer (6 mM Na,HPO,, 3 mM
NaH,PO,, 1 mM EDTA and 125 mM NaCl, pH = 7.0) for 48 h. The free
DAP concentration (Cy) was determined from an aliquot of the dialysate
solution after the 48 h equilibration period. The amount of DAP bound to
the CT DNA, Cy, was determined from the mass balance equation given by
Cb = Cl - Cf (25727)

Spectrophotometric titration. The binding constant of DAP to CT DNA
was determined by absorption titration at room temperature using 10
individual freshly prepared solutions with a constant concentration of DAP
(25 uM) and CT DNA concentrations that ranged from 0 to 125 pM (5 mM
NaCl, 10 mM phosphate buffer, pH 7.5). The binding constant, Ky, was
determined from the absorption changes during the DNA titration and was
calculated using the equation (g, — &,)/(, — &) = (1/Kp) X (1/[DNA]) + 1,
where ¢€,, & and &, are the molar extinction coefficients for the apparent
absorption of the complex at a given DNA concentration, for the complex
free in solution and for the complex fully bound to DNA, respectively. The
value of g, was determined from the titration where further addition of
DNA did not result in changes to the spectrum. The binding constant for
each molecule was determined by plotting (e, — €,)/(€, — €¢) vs 1/[DNA],
and Kj, was obtained as the reciprocal value of the slope (28,29).

Viscosity measurements. The viscosity experiments were performed using
a Cannon-Manning semi-micro size 75 viscometer (State College, PA)
immersed in a thermostated water bath maintained at 25°C (£0.1). Solutions
(1 mL 25 mM phosphate buffer, pH = 7.2) containing 2.5 mM (base pairs)
sonicated herring sperm DNA purchased from Promega and used without
further purification. Titrations were conducted by the successive addition of
either EtBr or DAP directly into the viscometer without removing the DNA
solution, and the solutions were bubbled with nitrogen after each addition to
ensure mixing (30-32). The data points were plotted as (n/no)'/3 Vs
[Compound]/[DNA bp], where 1 and n represent the viscosity of the DNA
solution in the absence and presence of a given compound, respectively, both
relative to the viscosity of the buffer at the same temperature (30-33). Both |
and ng were calculated from the observed flow times, 7, relative to the flow
time for the buffer, #, (98.5 £ 0.5 s). The flow time of DNA alone was
measured to be 140.2 = 0.5 s at 25°C.

DNA photocleavage. The DNA photocleavage experiments were carried
out on a 20 pL total sample volume in 0.5 mL transparent eppendorf
microtubes containing 120 pM pUC19 plasmid and 30 puM of DAP in 10
mM phosphate buffer, 5 mM NaCl, pH = 7.5. All samples were irradiated
for 30 min after 30 min of incubation following addition of DAP. After
irradiation, the samples were loaded into the gel following the addition of
4 pL of DNA gel loading solution to each reaction mixture. In determining
the pH dependence of photocleavage, the pH of each reaction mixture was
varied using phosphate buffer before adding DAP and irradiation. All the
photolysis experiments were conducted in air at room temperature. The
electrophoresis was carried out using 2% agarose gel stained with 0.5 mg/L
EtBr in 1X TAE running buffer at 90 V for 1.5 h and the gels were imaged
on a GelDoc 2000 transilluminator (Bio-Rad, Hercules, CA). The extent of
photocleavage was calculated from the ratio of nicked (circular) to
supercoiled double-stranded DNA (ds-DNA) determined from the in-
tegration of image intensity available in the QuantityOne Analysis System
software (Bio-Rad). In these measurements, no correction was made for the
difference in EtBr emission from the different forms of DNA.

Cytotoxicity and photocytotoxicity assays. Human skin fibroblasts
(Hs-27) were obtained from the American Type Culture Collection, cell
line CRL-1634 (Manassas, VA). The cells were cultured in Dulbecco
modified Eagle media, containing 10% fetal bovine serum, 50 pg/mL
gentamicin, 4.5 mg/mL glucose and 4 mM L-glutamine. The cell cultures
were incubated in a humidified atmosphere containing 5% CO, at 37°C.

For assessing the cytotoxicity and photocytotoxicity of DAP, >80%
confluent monolayers of Hs-27 in 60 mm culture dishes were used. The
monolayers were first washed twice with PBS to ensure that the culture
dishes were free of any culture medium. Fresh PBS (3 mL) containing
various concentrations of DAP was then added to cover the fibroblasts. The
cells were irradiated through the PBS buffer, which does not absorb light in
the visible region, immediately without an incubation period. The spectral
output of the visible light was ~2.8 X 10~ W/cm?, and all samples were
irradiated no longer than 30 min (~5 J/cm?) at room temperature. After
irradiation, the cells were removed from the dishes by trypsinization,
reseeded into 24-well culture dishes and incubated for 48 h. N-lauroyl
sarcosine (200 pL, 40 mM) was then added to each well and the cells were
allowed to lyse for at least 30 min. Quantitative determination of the protein
content in each well was undertaken using Peterson modification of the
micro-Lowry method. The lysate was treated with 200 pL. Lowry reagent
for 30 min and then with 100 pL Folin—Ciocalteau phenol reagent for 30
min. A portion (200 pL) of the contents of each well was transferred to
a 96-well plate for absorbance determination using a 96-well MRX plate
reader (Dynatech Laboratory, DynPort, VA). The absorbance measured at
630 nm is proportional to the total protein content and the number of cells
in each well.



RESULTS AND DISCUSSION
Photophysical properties in solution

The absorption spectrum of DAP in H,O is characterized by
a maximum at 420 nm (¢ = 13000 M~ ! cmﬁl), and excitation in the
visible region (400—450 nm) results in emission with a maximum at
583 nm. Pronounced changes in the electronic absorption and
emission spectra of DAP as a function of pH are observed and are
shown in Fig. 2. The absorption maximum of DAP shifts from 450
to 417 nm as the pH is varied from 4.0 to 8.0 (Fig. 2a). Weak
emission is observed at pH = 3.0 with a maximum at 575 nm, and
a 13-fold increase in intensity is observed as the pH is raised to 9.0
with a shift in the maximum to 585 nm (Fig. 2b). The pH-dependent
changes we observe in the absorption and the emission intensities
result from two protonation steps at pH = 5 and pH = 6.6, agreeing
with the previously published pk, value of 5.1 (34). The changes in
absorption and emission as a function of solution pH are in-
dicative of the existence of ground-state species with different
degrees of protonation, which possess different luminescence pro-
perties (35-44).

The pH and solvent dependence of the emission of various
heterocyclic aromatic dyes, such as acridine, phenazine, proflavin
(3,6-diaminoacridine) and their derivatives (Fig. 1) have been
investigated previously (35,36,40). The redshift of the absorption
maximum of DAP shown in Fig. 2a as the solution pH is decreased
is similar to that observed in proflavin. This pH-dependent redshift
was attributed to the protonation of proflavin’s ring nitrogen with
a pk, = 9.5 (35,36). The protonation of the amino nitrogen in
proflavin with pk, values of 0.2 does not result in significant
spectral changes (35,40). The protonation of the nitrogen in the
aromatic ring of phenazine and acridine with pk, values of 1.21 and
5.4, respectively, has also been reported to result in significant
spectral changes both in the absorption and emission maxima
(39,42,43). Because amination increases the basicity of the
aromatic nitrogen in acridine, the amino substituents in DAP
result in a shift in the pk, value from 1.21 in phenazine to 5.1 for
DAP. The magnitude of this shift is similar to that observed for
protonation of the aromatic nitrogen between acridine (pk, = 5.4)
and proflavin (pk, = 9.5). Therefore, it is likely that the observed
spectral shifts and intensity changes in DAP are because of
protonation of the nitrogens in the aromatic ring.

Previous study on the photophysical properties of phenazine,
whose structure is shown in Fig. 1, reveals that it is a weak
fluorophore, but it is strongly phosphorescent (41-44). The lowest
energy singlet exited state, S;, of D, phenazine is B, (n®). It
has been noted that there is a significant overlap of phenazine’s
'B;, (nm*) state with its B, (mn*) state, which is the lowest
energy triplet excited state of the molecule, T,. Because of this
mixing of the 'B,, and >Bj, states, the intersystem crossing rate
from S; to T; is much faster than the radiative decay from S; to the
ground state, Sy (41,42). However, incorporation of substituents
such as amino groups, on the aromatic rings of phenazine, results
in lowering of the nn* S energy relative to nn* Ty, thus increasing
the fluorescence quantum yield and shifting the emission and
absorption maxima to lower energies (42,43). These results are
consistent with the strong fluorescence observed for DAP.

DNA binding

The binding constant of DAP to ds-DNA was determined using both
equilibrium dialysis and spectrophotometric titrations. To avoid
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Figure 2. Room temperature (a) electronic absorption and (b) emission
(Aexc = 440 nm) spectra of DAP at different pH values.

polymerization because of exposure to low levels of ultraviolet—
visible light (45—47), 10 individual solutions were freshly prepared
with a constant concentration of DAP (25 pM) and ds-DNA
concentrations that ranged from 0 to 125 pM. The absorption
spectrum of 25 uM DAP showed a notable 20 = 1% hypochromicity
as ds-DNA concentration was increased to 125 pM, along with
a small redshift of the absorption maximum (~3 nm). A binding
constant Ky, = 2.5 X 10° M was obtained using the changes in DAP
absorption at 420 nm as a function of ds-DNA concentration at
pH = 7.0 by methods reported previously (28,29,48-50). A slight
decrease in Ky, (2.1 X 10> M ') was observed when the spec-
trophotometric experiments were conducted at pH = 4.0, which is
likely within the experimental error of the measurement.

The DNA binding constant for DAP, K, obtained from the
equilibrium dialysis experiment was calculated from K, = C,/
[CHSiota — Cp)], where Cy, and C; are the concentrations of DAP
bound to the DNA and free in solution after the dialysis, re-
spectively, and S, represents the total nucleic acid concentration
(25-27,48-51). The total DAP and nucleic acid concentrations
were 10 and 100 pM, respectively, which resulted in K, = 3.5 X
10* M~'. This value is in excellent agreement with that obtained
from the spectrophotometric method. This low binding constant for
DAP with ds-DNA is indicative of a weak interaction, although the
extended m-system of DAP makes the molecule a good candidate
for strong binding through intercalation. Common DNA interca-
lators such as EtBr, proflavin and daunomycin exhibit DNA
binding constants ~10° M~', which are ~100-fold greater than
that of DAP (51-53).

As shown in Fig. 3a, after addition of ds-DNA to solutions
containing 50 pM DAP (50 mM NaCl, 10 mM phosphorus buffer,
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Figure 3. a: Relative emission of 50 pM DAP (hexe = 430 nm, Ao, = 590
nm) in 50 mM NaCl, 10 mM phosphorus buffer, pH = 7.5, as a function of
added CT DNA (5% error in reproducibility). b: Change in the relative
viscosity of 2.5 mM sonicated herring sperm DNA solution with increasing
concentration of EtBr (m), DAP (@) and Hoechst 33258 (A). A low-salt
buffer (25 mM sodium phosphate, pH 7.2) was used.

pH = 7.5), an emission enhancement is observed. Luminescence
enhancement is often observed with emissive intercalators.
Enhanced luminescence can result from m-stacking interaction
with the DNA bases and protection of the intercalator from
aqueous environment. The emission enhancement of DAP upon
binding to DNA is consistent with intercalation (54-59). Although,
a competitive binding study with EtBr can be undertaken to
confirm intercalation (52,53,60,61), the large difference in binding
constant between DAP and EtBr (~5 X 10° M~ 1) precludes the use
of this technique for this particular system (51,52). However, the
observed emission enhancement of DAP upon DNA binding is
consistent with protection of the molecule from the surrounding
water, which is typical of molecules that intercalate between the
bases (54,55,58,59). It has been reported that DAP has a more
intense fluorescence in nonpolar solvents, such as acetone and
diethyl ether, than in water, a difference attributed to its use of
water as a source of protons (6,34,42-44).

Changes in relative viscosity provide a reliable method for the
assignment of DNA binding modes by intercalators and groove
binders (56,57). The changes in the relative viscosity of solutions
containing 2.5 mM herring sperm DNA upon addition of increasing
concentrations of DAP are shown in Fig. 3b and parallel those
observed for the intercalator EtBr. In contrast, addition of the minor

(a) 1 2 3 4 5
Form IT —
Form III -

Form I

Figure 4. EtBr-stained agarose gel (2%) showing the photocleavage of 120
uM pUC19 plasmid by 30 pM DAP after 30 min incubation and 30 min of
irradiation in 10 mM phosphate buffer, pH = 7.5. a: Lane 1, plasmid only,
dark; Lane 2, plasmid only, irradiated; Lane 3, plasmid + DAP, dark; Lane
4, plasmid + DAP, irradiated; Lane 5, plasmid 4 EcoR1 restriction enzyme.
b: Lane 1, plasmid only, dark; Lane 2, plasmid only, irradiated; Lanes 3-7,
plasmid + DAP photolyzed with visible light for 30 min with Lane 3,
pH = 4.0; Lane 4, pH = 5.0; Lane 5, pH = 6.0; Lane 6, pH = 7.0 and
Lane 7, pH = 8.0.

groove binder Hoechst 33258 does not result in significant changes
in the relative viscosity (56,57), which is typical for minor groove
and electrostatic binders that do not intercalate between the DNA
bases (29,31-33,54-57,60,61). The viscosity data taken together
with the hypochromic shift and luminescence enhancement upon
addition of DNA are in accord with an intercalative binding mode
for DAP. The slope from the EtBr data (~0.91) in Fig. 3b is very
close to that predicted for an ideal intercalator, 1.0 (58). In contrast,
the slope observed for DAP is ~0.57, which can be explained by its
low binding constant to DNA. It is also possible that DAP has other
binding modes to ds-DNA in addition to intercalation, such as
hydrogen bonding through the two amino groups. A slope
significantly lower than 1.0 in the viscosity changes as a function
of additive concentration has been related previously to multiple
binding modes, one of which is intercalation (30,59).

DNA photocleavage

The image of the EtBr-stained gel in Fig. 4a shows the DNA
photocleavage of 120 pM pUC19 plasmid by DAP. The control
lanes show that irradiation of the plasmid (pUC19) alone with
visible light for 5 J/cm? does not result in DNA damage (Lanes 1 and
2). In addition to the supercoiled plasmid (Form I), a small amount
of circular (nicked, Form II) is also found in the control lanes.



Linearization of the pUC19 supercoiled plasmid with the EcoR1
restriction enzyme results in the exclusive formation of cut, linear
(Form III) ds-DNA, as shown in Lane 5 (Fig. 4a). As shown in Fig.
4a, the addition of 30 pM DAP to 120 pM pUC19 plasmid does not
result in cleavage in the dark (Lane 3); however, irradiation of the
mixture for 5 J/em? with visible light (A = 400-700 nm, 30 min)
results in the formation of nicked ds-DNA (Lane 4, Form II).

Because the protonation and deprotonation states of the DAP
have been shown to have a profound effect on the excited-state
properties, the efficiency of DNA cleavage upon irradiation was
measured as a function of pH (Fig. 4b). As shown in Fig. 4b, in the
pH range from 3.0 to 8.0, irradiation of 120 uM pUC19 plasmid in
the presence of 30 pM DAP with visible light results in the
formation of ~28% nicked plasmid at pH 8. A marked decrease in
nicked DNA is evident with the decrease of the pH from 8.0 to 4.0
(Fig. 4b). The results are consistent with greater DNA photo-
cleavage sensitized by DAP in its deprotonated state, where greater
reactivity is observed at pH values of 7 and 8, and a marked
decrease in cleavage is evident with the decrease of the solution pH
from 6 to 4. It is important to note that because of the weak
interaction between DAP and ds-DNA, a 30 min incubation before
irradiation is needed for any DNA photocleavage to occur.

DAP exhibits DNA photophysical and photobiological charac-
teristics similar to many fluorescent DNA dyes regardless of its
weak binding constant with ds-DNA. It has been demonstrated that
many photoactive DNA dyes are able to intercalate between
nucleobases and nick plasmid DNA in the presence of molecular
oxygen and visible light (62-65). The search for molecules with
desirable photophysical properties, which can function as efficient
artificial photonucleases and biomolecular probes, has resulted in
the discovery of a large number of DNA intercalators that can
cleave ds-DNA via photochemical pathways (66—72). Even though
DAP has proven to possess interesting photosensitizing character-
istics upon irradiation with visible light, it is important to determine
whether it has any functional role in biological systems.

Photocytotoxicity

Irradiation of human skin fibroblasts (Hs-27) exposed to 5-25 uM
DAP with 400-700 nm light for 30 min (5§ J/cmz) results in the
death of 25-83% of the cells, respectively, as shown in Fig. 5. In
contrast, >95% cell survival was observed in solutions containing
similar DAP concentrations that were not irradiated with visible
light (Fig. 5). Without irradiation, the survival rate of Hs-27 at
concentrations of DAP up to 125 uM was ~65%.

There is a striking difference in potency between the photo-
cytotoxicity and cytotoxicity of DAP toward Hs-27 cells. The
concentration of DAP, which results in 50% cell death, the lethal
concentration 50 (LCsg), for cultures in the dark and exposed to
visible light was found to be 172 and 13 puM, respectively. These
results clearly show that in addition to the toxicity reported
previously for DAP in the dark; the dye is a potent photosensitizer
whose cytotoxicity increases by a factor of 13 upon exposure to
visible light. Therefore, cells simultaneously exposed to DAP and
visible light, the major component of natural sunlight, may be
subject to significant cellular damage.

CONCLUSIONS

The ground-state absorption and excited-state emission of DAP are
pH dependent. The molecule fluoresces strongly in its deprotonated
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Figure 5. Toxicity tests of DAP. Human skin fibroblasts were incubated in
the dark (cytotoxicity, #) or irradiated (photocytotoxicity, O) with various
concentrations of DAP for 30 min. Cell cultures were irradiated with visible
light (400700 nm) with the light intensity of 5 J/cm®. Interpolation of the
data points was used to determine the concentration of DAP required to
achieve 50% cell death, LCso. Each point represents the mean of four
determinations and *5% error.

form (pH = 8), and the emission intensity decreases by an order of
magnitude at pH = 3. Enhancement of the emission and the
increase in viscosity upon binding of DAP to ds-DNA establishes
that this molecule intercalates between the bases in DNA with a
binding constant of 3.5 X 10> M~'. However, the changes in
relative viscosity point at multiple binding modes, one of which is
intercalation. Furthermore, DAP is able to produce single-strand
nicks in plasmid DNA upon irradiation with visible light. The
cytotoxicity of DAP toward human skin fibroblasts (Hs-27) was
evaluated both in the dark and upon exposure of the cell cultures
with various concentrations of DAP to visible light. It was observed
that DAP increases the sensitivity of human skin fibroblasts toward
visible light by a factor of 13, resulting in LCs( values of 172 and 13
uM in the dark and upon irradiation, respectively. The excited-state
intermediates responsible for the photocytotoxicity of DAP remain
unknown; however, preliminary experiments show that sodium
azide, a known scavenger of singlet oxygen, results in the complete
inhibition of the DNA photocleavage by DAP (supplementary
material). It is well known that intercalator aromatic amines usually
cleave DNA through the generation of reactive oxygen species
(67,70-73). The potential presence of DAP as a contaminant in
consumer products and with subsequent topical human exposure on
sun-exposed skin requires further investigation of its harmful
effects and photodamage to human cells.
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