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Abstract

This thesis focuses on different aspects of photobiology. The first chapters address
the photophysical and photochemical characterization of two pharmaceutical products,
fenofibric acid and ketoprofen, both containing the benzophenone chromophore. These
studies have been performed with the aim of better understanding the photostability of these
drugs. These compounds are shown to undergo efficient photodecarboxylation in basic
solutions, with concomitant formation of carbanions. Time-resolved studies lead us to
propose a singlet mediated reaction in the case of ketoprofen, whereas the photoreactivity of
fenofibric acid results from the triplet state of this compound; further, dramatic solvent
dependence is encountered in the photochemical reactions of the latter drug and its
photoproducts.

In the case of ketoprofen photodegradation, the photogenerated benzylic carbanion
can be monitored, and lifetime measurements at different temperatures and in different
solvents have been performed to determine its dynamic parameters. The decay of this
carbanion, resulting from protonation by water, is found to occur within a few hundred
nanoseconds; and the protonation rate is shown to be dependent on the solvent and the
degree of substitution of the carbanion center.

The case of a-diketones as potential photosensitizers is also addressed with the
example study of a di-thienyl «-diketone; i.e., 2,2’-thenil. Direct spectroscopic evidence is
given for the formation of a molecular oxygen-triplet adduct (Bartlett-Schenck intermediate),
a previously described, though never isolated, reactive oxygen species about which little is
known. The formation and yield of this intermediate are discussed in terms of the energy of
its triplet precursors.

The subsequent chapters in this thesis deal with two other biologically relevant

problems where photochemistry and photophysics are employed as a tool in order to better
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S S Abstract
understand the systems under study. Thus the properties of the adrenaline derived radical
are evaluated, as a case study for the catecholamine group in general. Absolute rate constants
for rerr-butoxyl radical scavenging and triplet benzophenone quenching are reported, and a
reactivity comparison is established with other intermediates involved in the reaction of
melanin formation via catecholamines.

A second aspect involves the development of a novel technique to assess DNA-
damage, based on fluorescence of dye-DNA complexes. The rigidity imposed by the DNA
base pairs on intercalating chromophores is exploited. Its retardation effect on the relaxation
of a photoexcited DNA-stain probe is employed to determine the amounts of DNA existing
as double and single stranded form; which is ultimately an expression of the damage the DNA

has suffered.
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Figure 3-3: Normalized phosphorescence spectra of (A): FA in (O) water, saturated solution, An: 310 nm. (O)
2:1 ethylene glycol:water, A 314 nm. (@) 4:1 methanol:ethanol, A, 305 nm. Also shown is
the spectrum of FB in methylcyclohexane (A) A 288 nm. (C): 4-MBP in ([0) water, saturated
solution, Awc 300 nm. (O) 2:1 ethylene glycol:water, A 320 nm. (@) 4:1 methanol:ethanol,
Acc 303 nm. (A) methylcyclohexane, A 294 nm. [n all cases the ground state absorption was
ca 0.8 £ 0.1 at the excitation wavelength, except saturated FA solution in water (OD = 0.23 at
Axc). A few points are shown to assist in the visualization. Plots (B) and (D) show the decay
traces for the triplet state phosphorescence of FA and 4-MBP respectively, in the previous glasses.
The excitation wavelength was the same as that employed in registering the phosphorescence
spectra, and the intensity was recorded at 450 nm in all cases.... . .71

Figure 3-4: Transient absorption spectra of 3.5 x 10° M FA in 0.01 M pH 7.4 phosphate buffer solution.
Laser 308 nm, N; bubbled. Time windows: (O) 0.04 us; (@) 0.40 ps; (OJ) 1.28 us; (A) 4.04 us
after the laser pulse. Inset: kinetic profile at 340 nMm.....coveveveveemnnnreecrneeenn. . 73

Figure 3-5: Transient absorption spectra of 3.5 x 10° M FA in 0.01 M pH 7.4 phosphate buffer solution.
Laser 308 nm, N: bubbled. Time windows: (O) 8 us; (@) 139 us; (O) 1740 us after the laser
pulse. Also shown is an enlarged section of the 8 us time window (O). .73

Figure 3-6: (0O) Solvated electron absorption spectrum obtained from the difference between: (@) the spectrum
of 3.5 x 10° M FA in 0.01 M pH 7.4 phosphate buffer, laser 308 nm, N2 bubbled; and (O) the
spectrum of a solution under the same conditions, but equilibrated with N:O. The observed time
windows are those regxstered 0.16 us after the laser pulse. The spectra were normahzed to the
same value at 380 nm prior to subtraction. Inset: transient absorption spectra of 3.5 x 10° M FA
in 0.01 M pH 7.4 phosphate buffer solution. Laser 308 nm, N»O bubbled. Time windows: (OJ) 8
us; (@) 344 us after the laser pulse 74

Figure 3-7: Power dependence of 3.5 x 10° M FA in 0.01 M pH 7.4 phosphate buffer solution. Laser 308 nm,
N bubbled. The full dose corresponds to ca. 20 ml/pulse. Taken at: (@) 340 nm, 3.5 us after
the laser pulse; ((0) 460 nm, immediately after the laser pulse; (A) 720 nm, immediately after the
laser pulse, and corrected for triplet contribution. 76

Figure 3-8: (A) Transient absorption spectra of 8.9 x 10* M FA in 0.1 M pH 7.4 phosphate buffer solution. 1I-
Naphthalenemethanol 2 x 107 M was used as quencher. Laser 355 nm, N bubbled. Time
windows: (O) 29 ns; (@) 200 ns; (CJ) 680 ns after the laser pulse. (B) Kinetic traces obtained at
(@) 480 nm and (1) 420 nm (a few points are shown to assist in the visualization)................... 77

Figure 3-9: Nomalized transient absorption spectra of (A) FA 0.035 mM under N; amnosphere in different
acetonitrile:water mixtures with TMAOH 8 mM; (O) water, 160 ns after the laser pulse, N:O, pH
7.4, (@) 4:6 acetonitrile:-water, 32 ns after the laser pulse, N2, (O) 8:2 acetonitrile:water, 32 ns
after the laser pulse, N, (A) 93:7 acetonitrile:-water 32 ns after the laser puise, N.. (B) FB 0.035
mM under N; atmosphere in different acetonitrile:water mixtures with NaOH 10 mM; (O) 2:8
acetonitrile:water, 320 ns after the laser pulse, (A) pure acetonitrile 640 ns after the laser pulse,
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(no NaOH). (C) 4-Chloro-4’isopropoxybenzophenone 0.042 mM under N: atmosphere in different
acetonitrile:-water mixwres (O) 2:8 acetonitrile:water, 240 ns after the laser pulse, (A) pure
acetonitrile 240 ns after the laser pulse. (D) 4-MBP (O) water, saturated solution, 640 ns after the
laser pulse, N:O atmosphere, (&) 0.123 mM, pure acetonitrile 640 ns after the laser pulse, Na.
Laser wavelength 308 nIM.......o et ceenesecscnecmrecnnenessmresenssressossessrssrssnnons 79

Figure 3-10: Observed rate constant of decay of the triplet state of fenofibrate measured at 700 nm in the
presence of different amounts of 1,4-cyclohexadiene. (@) FB 0.06 mM, 93:7 acetonitrile:water, Na
bubbled. (A) Saturated solution of FB in 2:8 acetonitrile:water, N: bubbled, laser 308 nm.......81

Figure 3-11: Arrhenius plot for the decay of the triplet state of FA anion. (@) Determined in 93:7
acetonitrile:water, under N: atmosphere; FA 0.08 mM, TMAOH 3.4 mM. (A) Determined in
buffer pH 7.4 0.1 M, under N-O atmosphere; FA 0.07 mM. Laser 308 nm.......cccceuereeeeeunenns 82

Figure 3-12: (A) Concentration of FA following different irradiation times with a 254 nm 8 W Hg lamp under
Na. atmosphere, TMAOH 0.08 M, in: (l) water, ([J) acetonitrile:water 93:7, (@) also shown is
the evolution of ketoprofen concentration (employed as standard) in water. (B) Product formation
over time, following FA irradiation: (A) photoproduct 1, water, (@) photoproduct 2, water, (A)
photoproduct I, acetonitrile:water 93:7, (O) photoproduct 2, acetonitrile:water 93:7. The
concentrations were measured by HPLC.

Figure 3-13: Energy level diagram for the lowest triplet state (T:) of FA in water and acetonitrile, the second
lowest triplet state (T:) of FA in water, and the higher triplet state level giving rise to the T;-Ta
absorption band; where A is probably in the 5-15 kJ/mol range and B (based on the spectral shift

for T-T absorption) is likely to be somewhat higher. .......cccovvrreenvennnnnne. 90
Figure 4-1: Molar absorptivity of ketoprofen in phosphate buffer 0.1 M pH 7.4. The absorpnon in the UV-A
region of the solar spectrum has been enlarged by a factor of 15......ccovvrrmeeirreeereceicrncenceceennnnes 98

Figure 4-2: Transient absorption spectra of KP 4.1 x 10~ M in methanol solution, NaOH 8.2 x 10° M. Laser
308 nm. N: bubbled. Time windows: (O) 56 ns; (@) 230 ns; ([J) 800 ns: (A) 1500 ns after the
T g 1L SR 101

Figure 4-3: Arrhenius plot for the decay of the KP transient. (0J) Determined in MeOH at 600 nm, N
bubbled. (O) Determined in H.O at 600 nm, N.O bubbled. (.) Determined in water:acetomtrﬂe
(measured at 635 nm), N bubbled. XWO 13, KP 49 x 10° M, TMAOH 2.5 x 107 M. Laser
308 MM cceeiiieieieieieeceeciieetteeeaneaeesteessassesesssaessaesnassbassaaasbaraanssonnrronreonrnnrrnnnrnnnnrnnn 102

Figure 4-4: (A) Transient absorption spectra of KP 3.0 x 10™ M in methanol solution, no NaOH. Laser 308
nm, N: bubbled. Time windows: (O) 28 ns; (@) 130 ns; (CJ) 750 ns after the laser pulse. (B)
Transient absorption time evolution monitored at 330 nm and 600 nM.......cccoeeniiniininniicncnnnns 103

Figure 4-5: Transient absorption spectra of KP 3.2 x 10™ M in water:acetonitrile solution, Xu 0.7, no NaOH.
Laser 308 nm. N: bubbled. Time windows: (O) 0.96 us; (@) 3.90 us; (0J) 9.44 us; (A) 15.6 us
after the IaSer PUISE........ e et eece et et ree e e caesroneseocesaam e ese s asssessneasenannsnans 104

Figure 4-6: Transient absorption spectra of KP 6.4 x 10™ M in water:acetonitrile solution, Xuaer 0.7, no NaOH,
I-methylnaphthalene 1.41 x 107 M was used as quencher. Laser 337 nm, N: bubbled. Time
windows: (O) 20 ns; (@) 92 ns; () 316 ns; (A) 704 ns after the laser pulse........ccceeeeeennnnnne 105

Figure 4-7: Dependence of the natural logarithm of the rate constant of decay of the KP transient (measured at
600 nm) with the molar fraction of water in water:acetonitrile mixtures. KP 2.85 x 10~ M,
TMAOH 8.02 x 10° M, (O) N: bubbled, (l) N.O bubbled to scavenge the electron. Laser 308
1) 1+ VU 106

Figure 4-8: Transient absorptlon spectra of KP 2.5 x 10~ M in water:acetonitrile solution, Xuue 0.13, TMAOH
7.0 x 10° M, Laser 308 am, N, bubbled. (A) In the absence of 1,3-cyclohexadiene. (B) I,3-
Cyclohexadiene 1.04 x 10 M used as quencher. Time windows: (O) 12 ns; (@) 45 ns; (O0) 133
ns; (A) 390 os after the laser pulse. 107
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Figure 4-9: Dependence of the observed decay rate constant for KP 2.5 x 10~ M, momtored at 520 nm with
different 1,3-cyclohexadiene concentrations. Xuaer 0.13, TMAOH 7.0 x 10”° M, Laser 308 nm.
Ny BUBDBIEA. ... e crneccenrrsercrosressosnsonsnnrsnnssrrosssensernssnnssensrnsnssnsnes 108

Figure 4-10: (A) Decay trace for KP 2.7 x 10* M, monitored at 510 nm, in water:acetonitrile solution (Xuaer
0.13). 308 nm laser, N: bubbled. (I) [TMAOH] 7.1 x 10”7 M; (2) no base; (3) Same as trace |
multiplied by 12 to facilitate visual comparison. (B) Same conditions as curve | but monitored in
a shorter time scale; note that the rapid decay of the carbanion is now detectable, even at 510 nm.111

Figure 4-11: Normalized transient absorption spectra obtained following 308 nm laser excitation of a KOH 0.1
M, 1% v:v MeOH aqueous solution (a few points are shown to assist in the visualization). (@)
species 1, 16 ns after the laser pulse; (0J) species 2, 48 ns after the laser pulse; (A) species 3, 48
ns after the laser pulse; (O) species 4, 64 ns after the laser pulse. Solutions were equilibrated
under N2O. Experimental points were acquired at a 10 nm interval. .- 116

Figure 4-12: Normalized transient absorption time evolution traces obtained following 308 nm laser excitation
of a KOH 0.1 M aqueous solution (a few points are shown to assist in the visualization). (@)
species 1; (0J) species 2; (A) species 3; (O) species 4. Solutions were equilibrated under N.O.117

Figure 4-13: Normalized transient absorption spectra obtained following 308 nm laser excitation of a KOH 0.1
M, 1% v:v MeOH, aqueous solution (a few points are shown to assist in the visualization). (@)
species 2 a, 16 ns after the laser pulse; (£J) species 3 a, 48 ns after the laser pulse; (A) species 3 b,
48 ns after the laser pulse; (O) species 3 c, 48 ns after the laser pulse. Solutions were equilibrated
under N2.O. Experimental points were acquired at a 10 nm interval.......cccoverveeevrmeeirmennennanne. 119

Figure 4-14: Normalized transient absorption time evolution traces obtained following 308 nm laser excitation
of a KOH 0.1 M aqueous solution (a few points are shown to assist in the visualization). (A): (@)
species 3; ([J) species 3 a; (A) species 3 b; (O) species 3 c. (B) (@) species 2; (J) species 2 a.
Solutions were equilibrated under NaO.......oenomeeeireirionicoecreinecereeeeonereeeeereeeseensenseneses 120

Figure 5-1: (A) Molar absorptivity of TL in acetonitrile (a few points are shown to assist m the visualization).
(B) Transient absorption spectra obtained following irradiation of TL 1.21 x 10~ M in acetonitrile,
under N» ammosphere. The time windows were obtained: (O) 0.8 us; (@) 5.4 us; (0) 15.7 us;
(A) 32.8 us after the 355 1aSer PUISE. ..cnvvrerriimieeceericirccreerrnrre s cnerrecreessreeencensensenserens 141

Figure 5-2: (A) Transient absorption spectra obtained following 355 nm excitation of TL 1.21 x 10° M in
acetonitrile, under O; atmosphere. The time windows were obtained: (O) 0.028 us; (@) 0.140 us;
(00) 0.275 us; (&) 0.591 us after the laser pulse. (B) Transient absorption spectra obtained
following 308 nm excitation of TL 1.6 x 10 142

Figure 5-3: Transient absorpnon time dependence monitored at 340 nm, followmg 355 nm laser irradiation of
TL 9.9 x 10”° M in acetonitrile, (A) under O- atmosphere, and (B) in an air equilibrated solution. 44

Figure 5-4: Arrhenius plot for the decay decay of the Bartlett-Schenck intermediate, determined (C1) at 360 nm,
following irradiation of 2.48 x 10* M TL in acetorutnle under O- atmosphere, laser 355 nm; and
(@) at 360 nm, following irradiation of 2.15 x 10° M TL in toluene, under O, atmosphere, laser
308 MM oo cenieecnoeenensteinectareesecnreonesosnstnreserammreossntssserossrasosssesosssrerosssrasnesanneesnrasnnrens 145

Figure 5-5: Change in ground state absorption following irradiation with 350 nm Hg lamps, of a solution of
TL 8 x 10 M in acetonitrile (A) under nitrogen, and (B) under oxygen. A few points are shown
to assist in the visualization. (A) Before irradiation; (0J) after 8 min of light exposure; (@) aﬁer
78 min of light exposure; (O) following 258 min of light exposure. .......ccoeeeereeemoiicamcacaaees

Figure 5-6: (A) and (B) Transient absorption spectra obtained following 337 nm excitation of di-terz-butyl
peroxide in a 4:6 viv diferr-butyl peroxide:acetonitrile solution containing 2-
thiophenecarboxaldehyde 0.56 M. The time windows were obtained: (O) 0.13 us; (@) 0.85 us;
(00) 2.56 us; and (A) 3.39 us after the laser pulse. (A) was obtained under N equilibrated
solutions; (B) was obtained with O: equilibrated solutions. (C) and (D) show the trarlstent
absorption spectra obtained following 308 nm excitation of 2,2’-thenoin 4.02 x 10®° M in
acetonitrile. In the case of (C), the solution was under N> atmosphere; the time windows were
obtained: (O) 3.2 us; (@) 22.4 us; (1) 96.8 us; and (A) 172.0 us after the laser pulse. In the
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case of (D), the solution was under O. atmosphere; the time windows were obtained: (O) 0.32 us;
(@) 2.48 us; (O0) 9.52 us; and (A) 17.10 us after the laser pulse. . 148

Figure 5-7: () Dependence of the observed decay rate constant (monitored at 720 nm) with different 1,4-
cyclohexadiene concentrations following 355 nm excitation of 9.5 x 10° M TL in acetonitrile,
under N atmosphere. (@) Also shown is the dependence of the dccay rate constant of TOT tnplet,
monitored at 600 nm, with different 1,4-cyclohexadiene concentrations. A solution 1 x 10™ M of
TOT in acetonitrile, under N» atmosphere was employed. Laser 308 nm........ccccereereeeecenecnnnes 150

Figure 5-8: Transient absorption spectra obtained following irradiation of TL 8.0 x 10”° M in acetonitrile, under
N- atmosphere, in the presence of I,4-cyclohexadiene 0.05 M. Under these conditions the triplet
undergoes hydrogen abstraction and only the ketyl radical is detectable. The time windows were
obtained: (O) 20 us; (@) 72 us; () 304 us; (A) 872 us after the 355 laser pulse. ................ 150

Figure 5-9: (A) Transient absorbption spectra obtained following irradiation of 5.7 x 10® M benzil in
acetonitrile, under O- atmosphere, laser 308 nm. The time windows observed were recorded (O)
0.032 us; (@) 0.136 us; (0J) 0.576 us; and (A) 1.730 us after the laser pulse. (B) Transient
absorption spectra obtained following irradiation of 0.17 M diacetyl in acetonitrile, under O
atmosphere, laser 308 nm. The time windows were recorded (O) 0.032 us:; (@) 0.128 us; (O)
0.376 us; and (A ) 1.660 ps after the laser pulse......coooeeeiiieiimiiiiiiiiireererrecee e eneoneens 151

Figure 6-1: Transient absorption spectra of 2.9 x 10” M adrenaline under N atmosphere, in 38:60:2 di-terr-
butyl peroxide:acetonitrile:acetic acid. Laser wavelength 337 nm. Time windows: (O) 0.56 us;
(@) 4.72 ps; and (03) 17.00 us after the laser pulSe.....cc.veeeeeeeeeereeeeencoreeeerreeeeeeeerecnscereseesees 169

Figure 6-2: Observed growth rate constant for the formation of the adrenaline semiquinone radical measured at
370 nm, in the presence of different amounts of adrenaline, in 38:60:2 di-terr-butyi
peroxide:acetonitrile:acetic acid. The inset shows the time dependence of the absorption at 370 nm
for an adrenaline concentration of 1.09 x 10° M. Laser wavelength 337 nm, N bubbled......... 170

Figure 6-3: (A) Transient absorption spectra of 3.0 x 10° M adrenaline under N atmosphere, in 38:60:2 di-
tertbutyl peroxide:acetonitrile:acetic acid. Laser wavelength 337 nm. Time windows: (O) 23 us:
(@) 113 ps; (O0) 449 us; and (A) 812 us after the laser pulse. (B) Time evolution for the
absorption at 370 and 400 nm, obtained with a laser pulse energy of 2.66 mJ/puise................ 172

Figure 6-4: (A) Time evolution for the transient absor?non at 500 nm following excitation of benzoghenone in
the presence of (@) adrenaline 5.9 x 10~ M, and (0J) H—cyclohexadxene 205 x 10 M. (B)
Transient absorpuon spectra obtained 0.9 us after the laser pulse, in the presence of (A) adrenaline
5.9 x 10° M, and (0) 1,4-cyclohexadiene 2.05 x 102 M. Also shown is the difference between
both traces, which were normalized at 500 nm (). Experiments were performed under N:
atmosphere, in 98:2 acetonitrile:acetic acid v:v. The Laser wavelength employed was 355 nm.. 175

Figure 7-1: Structure of the dyes under study. [n the case of PicoGreen and SYBR Gold, X is either S or O.
Many different substituents can be found on the conjugated rings (R'). The counterion Z° is

chloride, iodide, perchlorate, and or various sulfonates.20-30 . . 190

Figure 7-2: Normalized absorption spectra for dyes in (@) 0.01 M Tris buffer, (l) with ssDNA and (&) with
dsDNA. Normalized corrected fluorescence spectra for dyes in (O) 0.01 M Tris buffer, (O0) with
ssDNA and (A) with dsDNA. (A) Hoechst 33258, (B) Hoechst 33342, (C) DAPI, (D) PIH, (E)
EtBr, (F) PicoGreen, (G) SYBR Gold (the fluorescence of the free dye has been smoothed), (H)
SYBR Green [ (the fluorescence of the free dye has been smoothed), (I) YOYO-1. The
concentrations employed are those stated in Table 7-1. A few points are shown to assist in the
visualization. 192

Figure 7-3: Normalized fluorescence decay profiles for the dyes in 0.01 M Tris buffer (a few points are shown
to assist in the visualization), (l) with ssDNA and (&) with dsDNA. (A) Hoechst 33258, (B)
Hoechst 33342, (C) DAPIL, (D) PIH, (E) EtBr, (F) PicoGreen, %3 (G) SYBR Gold, (H) SYBR
Green I, (I) YOYO-1. In Figure 7-3-A the picosecond laser profile is observed (A). Figures 7-3-
A, -B, -C, -D and -E also show the decay traces for the free dye in Tris buffer (O). ..cvueee..nee. 195
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Figure 7-4: Normalized fluorescence decay profiles for saturated solutions of the free dyes at different pH values
(a few points are shown to assist in the visualization). (A) Hoechst 33258, (B) Hoechst 33342,
(C) DAPIL. Also shown for comparison are the decay traces for the dyes complexed (l) with
SSDNA and (A) With dSDNA.......ooueee oot eceenceeceeee e cr e e s e ca e e sn e nn e 197

Figure 7-5: Normalized time-gated fluorescence spectra for: (A) Hoechst 33258-dsDNA, (B) Hoechst 33258-
ssDNA, (C) Hoechst 33342-dsDNA, (D) Hoechst 33342-ssDNA, (E) DAPI-dsDNA, (F) DAPI-
ssDNA. (A) Corresponds to 0-1.2 ns time windows; (A) corresponds to 1.8-18 ns respectively.
(G) PicoGreen, (H) SYBR Gold, (I) SYBR Green [, (J) YOYO-1. A few points are shown to
assist in the visualization. (&) dye-dsDNA, 0-1.2 ns, (A) dye-dsDNA, 1.8-18 ns, (l) dye-
ssDNA, 0-1.2 ns, (1J) dye-ssDNA, 1.8-18 ns. The solution conentrations are those stated in Table
ot eeeeeeneceeeteceneeeeecereseneereeasecesessenrneesnanesasnenenrenensn s e nraran e ranrrasranannnnatarnrano 201

Figure 7-6: Circular Dichroism spectra performed on PicoGreen-DNA complexes (a few points are shown to
assist in the visualization). (A) PicoGreen-dsDNA complexes; (A) 0.020 mM PicoGreen, 0.200
mM dsDNA (1:10), (() 0.020 mM PicoGreen, 0.020 mM dsDNA (1:1), (B) PicoGreen-ssDNA
complexes; (() 0.020 mM PicoGreen, 0.200 mM ssDNA (1:10), (() 0.020 mM PicoGreen, 0.020
mM ssDNA (1:1). In (C) the CD exciton spectra obtained according to Equation 7-2 are shown
for (() dye-dsDNA (1:1), and (() dye-ssDNA (1:1) complexes. ............... ceereee 202

Figure 7-7: High dye loadings. (A) Normalized decay for Hoechst 33258-ssDNA and -dsDNA complexes at
different dye:DNA ratios. (A) 0.02 mM Hoechst 33258, 0.20 mM dsDNA (1:10), (A) 0.02 mM
Hoechst 33258, 0.040 mM dsDNA (1:2), (l) 0.02 mM Hoechst 33258, 0.20 mM ssDNA (1:10),
(0) 0.02 mM Hoechst 33258, 0.040 mM ssDNA (1:2). (B) Normalized decay for PicoGreen-
ssDNA and -dsDNA complexes at different dye:DNA ratios. (&) 0.010 mM PicoGreen, 0.10 mM
dsDNA (1:10), (A) 0.010 mM PicoGreen, 0.010 mM dsDNA (i:1), (l) 0.010 mM PicoGreen,
0.10 mM ssDNA (1:10), (0) 0.010 mM PicoGreen, 0.010 mM ssDNA (l:1). A few points are
shown to assist in the visualization. 204

Figure 8-1: Diagram representing the ground-state and singlet-excited state of PicoGreen. Following excitation
of the trans form to the excited rrans-singlet state, twisting along the methine bridge converts the
molecule into the excited perpendicular singlet state wherefrom it decays nonradiatively, following

internal conversion, to the perpendicular ground state. 19,20 Upon intercalation in DNA, this
internal rotation is restricted, and the excitation energy is mostly dissipated following emission.229

Figure 8-2: Schematic representation of dye-dsDNA and dye-ssDNA complexes; z is the direction of the helix
axis. The planes represent the DNA bases. .....coeuoemiemmienoeireieeceieeeeeeeeeeeeeeeenannee 231

Figure 8-3: Normalized fluorescence decay profiles measured on static 2 ml quartz cells in air equilibrated
solutions of DNA in TRIS buffer pH 7.4 following 355 nm laser excitation; ST DNA base-pair
concentration 150 uM, PG 11 pM, for 100% dsDNA; 80% dsDNA; 60% dsDNA; 40% dsDNA;
20% dsDNA; and dsDNA alone. Insert: semilog plot and fit for dSDNA (single exponential) and
sSDNA (double exponential). ......ccuueeeeemommeiomioanoeeiocisttmratsseasieesnsasertssasssersstnmsnesasnanas 232

Figure 8-4: (A) Normalized fluorescence decay profiles measured on static 2 ml quartz cells in air equilibrated
solutions of DNA in TRIS buffer pH 7.4 following 355 nm laser excitation; ST DNA base-pair
concentration 150 pM, PG 11 uM, for various percentages of dsDNA, showing the fit of the data
to the one-parameter function of Equation 8-2. (B) Linear plot of the recovered dsDNA fraction as
a function of the actual fraction in the sample for (A) CT DNA and for (V) ST DNA............ 234

Figure 8-5: Fluorescence decay of PicoGreen (5 uM) complexed to (l) ssDNA (50 uM in base pairs), and (A)
dsDNA (50 uM in base pairs), in agarose gel 0.75% w:w in PBS. Overlaid are the smoothed
traces corresponding to PicoGreen-ssDNA and PicoGreen-dsDNA complex in PBS, respectively,
extracted from Figure 8-4. A few points are shown to assist in the visualization. ........cccco...... 235

Figure 8-6: (A) Normalized (@) absorption and (O) fluorescence spectra of Gelbond®; the latter was measured
with a 350 nm excitation wavelength. Also shown are the normalized (l) absorption and (OJ)
fluorescence spectra of PicoGreen in phosphate buffer, pH 7.4. (B) Fluorescence spectra of
PicoGreen-dsDNA complexes supported on agm'ose-Gerond' PicoGreen 5 uM, dsDNA 50 uM
in base pairs. ((J) Supported in a 200 pl agarose, 1 x | cm” surface gel. (@) Supported in a 500
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ul agarose, 1 x | cm” surface gel. The inset in Figure 8-6-B shows (@) the fluorescence decay of
Gelbond®; also shown for comparison are the decay traces of (M) PicoGreen-ssDNA and (4A)
PicoGreen-dsDNA complexes, from Figure 8-4. The points shown are intended to assist in the
visualization. heeeteessessessessssssesbstt s sttt st e s s earnresb e sesstntranaannnreranrnnas 236

Figure 8-7: Amount of ssDNA produced following different unwinding times employing unwinding buffers of

Figure 8-8:

Figure 8-9:

() 0.1 M, (@) 0.05 M, () 0.01 M, (O)0.005 M. The samples consisted of a 100 ! agarose
gel containing CT DNA 90 uM in base pairs (i.e., 9 nmoles of CT DNA base pairs per gel). After
unwinding and neutralization, 150 pul of PicoGreen 5.8 uM were added (i.e., 0.87 nmoles of
PicoGreen per gel)......eeecrveeererevrereeerereeecrernrenenes 238

Amount of ssDNA produced from CT DNA samples following dif'erent unwinding times
employing an unwinding buffer 0.06 M in HO-. DNA gels received (() 0, (() 5, and (() 10 Gy v
radiation. The samples consisted of a 100 ul agarose gel containing CT DNA 90 puM (ie., 9
nmoles of CT DNA base pairs per gel). After unwinding and neutralization, 150 pl of PicoGreen
5.8 uM were added (ie., 0.87 nmoles of PicoGreen per gel)......cccevrerriiiimirnnieniiciniineincnenne 239

(A), (C), and (E), Fluorescence decay traces obtained for PicoGreen-DNA complexes from DNA
samples extracted from sheep white blood cells. Figures (B), (D), and (F) show the amounts of
ssDNA produced following the unwinding, calculated from Equations 8-2 and 8-3 and the
respective decay traces. The samples were subject to different doses of y radiation and unwinding
conditions. (A) and (B) [HO7] 0.01 M, 20 min; (C) and (D) [HO] 0.05 M, 5 min; (E) and (F)
[HO7] 0.05 M, 10 min. The samples consisted of a 150 pl agarose gel containing 1 x 10° white
blood cells (i.e., each gel had 6 pug of DNA, approximately 9.5 nmoles of base pairs. After
unwinding and neutralization, 150 pl of PicoGreen 5.8 uM were added (i.e., 0.87 nmoles of
PICOGIEEM PET ZI).. . et cce st tstssess s e s s e s s e reraresnssernerssanos 240

Figure 8-10: (A) Fluorescence decay traces obtained for PicoGreen-DNA complexes from DNA samples

extracted from sheep white blood cells; only one trace (smoothed) is 241

Figure 8-11: Percent of ssDNA produced following different doses of y radiation (0, 25, 50 and 100 Gy, as

shown on the plot) and unwinding with: (1) [HO?] 0.05 M, 10 min, (2) [HO7] 0.05 M, 5 min, (3)
[HO] 0.01 M, 20 min (4) No unwinding. The samples consisted of a 150 pl agarose gel
containing 1 x 10° white blood cells (i.e., each gel had 6 ug of DNA, approximately 9.5 nmoles
of base pairs). After unwinding and neutralization, 150 ul of PicoGreen 5.8 uM were added (i.e.,

0.87 nmoles of PicoGreen per gel). 245

Figure 8-12: Protocol employed in the isolation of DNA from white blood cells, and its subsequent staining
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Photosensitization: Understanding, Preventing and Quantifying the Damage

1.1 Introduction: Solar Radiation and Human Skin
An analysis of the solar radiation spectrum reaching the surface of the earth, shown in

Figure 1-1, reveals that ultraviolet light, characterized for its short wavelength and high
energy, is able to pass trough the different layers of the atmosphere. Thus, wavelengths of
the UV-B (290-320 nm) and UV-A (320-400 nm) region of the spectrum, imperceptible to
the human eye, are an inherent part of our everyday life. In the case of UV-B, however, the
protecting effect of the ozone layer results in a decreased flux of photons impinging on the

earth, as compared to the outer layers of the atmosphere.

2.4

o~

£

£ 161

3

s

§ 08|
0 L L
200 300 400 500 600

Wavelength/hm

Figure 1-1: Variation of the intensity of solar radiation with wavelength. (1) Solar radiation
outside the atmosphere. (2) Intensity of light absorbed by ozone. (3) Solar

radiation at the sea level.l2

Pigmentation, as well as hair and limited exposure time to sun are strategies that living
organisms have developed to protect themselves from this incident radiation.2 As a result of
pigmentation, the penetration through the skin by the different wavelengths of solar radiation
is a function of their frequency; the lower it is (ie., red light), the larger its transmittance

through the body tissue. In the case of UV-B frequencies, they are absorbed in the first
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layers of the skin, composed by the dead cells of the stratum corneum; however wavelengths

in the UV-A region are able to reach the blood irrigation system, as can be seen in Figure 1-2.
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Figure 1-2: Penetration of human skin by ultraviolet Iight.3

Whereas most of the natural components of our organism are transparent to UV-A
and longer wavelengths, precluding any interaction between light and chemical substances, a
different situation arises upon consumption of food with preservatives or dyes, or upon
ingestion of pharmaceutical products.* These xenobiotic species transported through the
blood system will eventually reach superficial areas in the body, where they will readily
absorb the incident radiation.* An ample range of possibilities, involving photophysical and
photochemical reactions will then be open for these molecules, reactions for which the
organism has not evolved to protect itself. It is this type of interactions, xenobiotic-incident
sunlight, that can be very detrimental for the different tissues (vide infra).

Phototoxic and photoallergic responses will be the result of the interactions
mentioned above. Phototoxicity will be determined by direct damage to the tissue induced by
a photo-generated chemical agent.> Photoallergies are the response to a chemical modification
of a substrate into an allergen (which as its name indicates, will promote the formation of a
specific antibody to its new structure). Upon subsequent sun exposure, an inflammatory

antibody-antigen reaction will be elicited.!-5.6
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1.2 State Energy Diagrams: An Ample Range of Possibilities for a
Chromophore

Two elements are necessary for a photoprocess to occur; one is light and the other is
a chemical substrate capable of absorbing it. Following the interaction of the electromagnetic
radiation and the substrate, resulting in its photoexcitation, the substrate will dissipate the
excess energy and repopulate the ground state. Many different chemical and physical events
are prone to take place at this instance. Figure 1-3 shows all the different physical
transitions that may occur between the different electronic states of a substrate, in what is
called a Jablonski diagram.” Radiative transitions are represented as straight arrows, whereas

nonradiative transitions are shown as wiggly ones.
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Figure 1-3: Jablonski energy diagram. Following absorption to an excited singlet state (S.), the
excess energy will be dissipated in the form of heat by vibrational relaxations (VR),
and the lowest singlet excited state (S;) will be populated. These processes of
interconversion among states of same multiplicity by VR are commonly known as
internal conversion (IC). S; will either decay by fluorescence or by internal
conversion to the ground state. Alternatively, it will undergo intersystem crossing
(ISC) and populate an excited triplet state (commonly T:, aithough higher energy
triplet states (T.) may also be populated). Note that intersystem crossing involves

an interconversion between states of different multiplicity, ie., singlet to triplet or

4
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triplet to singlet. If the triplet state is higher in energy than T,, it will undergo fast
IC to populate the lowest triplet state, where from decay to the ground state

following phosphorescence or ISC will occur.”

[nterconversion among different electronic states is very fast. The observed chemical
reactivity of an excited state is usually the result of competition between a relatively slow
decay to a state of lower energy, compared to a relatively fast rate constant for chemical
reactions. [t is the competition between photophysical and photochemical events, which
determine if a given excited state will undergo chemical reactions, or deactivate either
radiatively, or by heat dissipation. The lowest excited singlet and triplet states are
bottlenecks in the downward way towards ground state. [n particular, the lower triplet state,
having a forbidden transition back to the ground state,8 can be a very long-lived species.
Photoinduced chemical reactions, with a few exceptions, will therefore occur from S; or T, as

schematically illustrated in Figure 1-4.

Products
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Figure 1-4: Modified Jablonski diagram, showing the many possibilities of deactivation for an
excited state. Photophysical (gray arrows) and photochemical (black arrows)
processes are illustrated. Rate constants for each process are aiso shown, thus k.
and k, are rearrangement and quenching rate constants respectively; kr and kp, are
fluorescence and phosphorescence rate constants respectively; and kic and Kisc are
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the rate constants for internal conversion and intersystem crossing. The probability
of a chemical reaction from S, will be given by the ratio of chemical rate constants
(kS:+k S:1x[Q]) over chemical and physical (kstkic+kiscST) rate constants. In the
same way, the probability of chemical reaction from T, is given by the relative
values of (k. T +k,T:x[Q]) over {(Ken+kiscTS)+(k.T,+k,T:x[Q])].

In order to predict the chemical reactivity of a newly populated electronic level, it is
desirable not only to know its relative energy with respect to the ground state, but also it is
important to establish its electronic configuration (i.e., which set of molecular orbitals is most

probably involved in the transition). A good example is given by formaldehyde, as shown in

Figure 1-5.
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Figure 1-5: Ground state electronic configuration of formaldehyde (n’). Also shown is the

change in configuration to an n,nt* excited state following light al)s;orption.8

Thus, upon irradiation, the lowest energy transition involves the promotion of an
electron from the n nonbonding orbital of oxygen, to the m* antibonding orbital. The
configurataion of S; and that of T, is therefore denoted as n,n*.8 We note that this
configuration results in a very electrophilic oxygen atom for both S, and T,, with an alkoxyl
radical character (vide infra). This type of configuration is very common in the lowest triplet

and singlet excited states of carbonyl containing compounds, like benzophenone.
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1.3 Photosensitization, Type I and Type II Reactions

The previous sections are intended to explain that sunlight will be able to promote
any of the xenobiotic agents into one of its many electronic levels while in a biologically
relevant system. Following this excitation the potential danger of transporting exogenous
chromophores in the blood stream will suddenly (i.e., in few picoseconds) be transformed in
a real toxic problem.

Once formed, an excited state, commonly named sensitizer in the field of
photobiology, can transfer its energy to an acceptor, promoting the latter to a new excited
state which otherwise may not be formed, given the low molar absorptivity of the acceptor
molecule along the frequencies of solar radiation. The sensitizer can also react directly with
other substrates,? and in the specific case that excitation occurs in the presence of oxygen the
previous reaction is defined as a Type [. Under oxygen atmosphere the sensitizer will also
interact directly with oxygen, either by energy transfer to form singlet oxygen, or by electron
transfer; these are commonly known as Type II reactions.!® These different reaction

pathways are illustrated in Scheme 1-1.

Oxygenated products Sensitizer Oxygenated Products
(o) hv Substrate
Radicals or Typel [Sensitizer]* Type ll 10,

radical ions = p -
Substrate or 2
solvent
Sensgx + 0"

Scheme 1-1: Type I and type II photosensitized reactions. 10

Photosensitized reactions are detrimental for important components of the cell. One

such reaction is hydrogen abstraction by an excited chromophore (type [ process). Schemes
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1-2 and 1-3 show the consequences of hydrogen atom abstraction from a lipid and from
deoxyribose sugar (which constitutes the DNA backbone), respectively. These types of
photoprocesses are commonly encountered in studies of pharmaceutical products under short

wavelength (ie.,, UV-A) irradiation conditions, and constitute a diagnostic for the

phototoxicity of the former.!1-13
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Scheme 1-2: Photooxidation of a B unsaturated phospholipid.!+
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Scheme 1-3: Sequence of reactions following hydrogen abstraction from 2-deoxyribose.lS
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In the first case the result is the hydroperoxidation of a fatty acid, independently of
the attacking reagent i.e., singlet oxygen (type II) or excited chromophore and/or radical (type
[). This type of reaction will most probably change the properties of the biological structure
of which the lipid forms part; usually a cellular membrane. In the case of Scheme 1-3 the
damage results in DNA cleavage, with potential mutagenic implications.!6

Many species are responsible for the previously shown types of damage, they all
belong to the category of reactive oxygen species (ROS) (vide infra).!” Although their
formation is sensitized by the action of a chromophore, it is the former species (i.e., the
ROS) that is mostly responsible for the biological damage. Note however that in the case of
carbonyl compounds, their triplet state configuration has an alkoxyl-like radical structure,
which reflects in their chemical behavior (see Scheme 1-4). Thus excited ketones do not only
sensitize the formation of ROS; but also it is common to observe hydrogen abstraction
reactivity, as well as carbon-carbon bond cleavage in position ¢ to the carbonyl group for this
type of chromophores.”8 Note that in the case of hydrogen abstraction, the ketone has to be

located in the close proximity of the target.

1, =X

R R R

3.

Scheme 1-4: Representation of the biradical character of a triplet ketone.

The previous observations acquire an even more dramatic perspective when it is
realized that many of the pharmaceutical products employed as non-steroidal anti-
inflammatory agents (NSAIDs), as well as other drugs intended for different treatments, are
related to benzophenone, a diaryl ketone that has received ample attention in the literature as
the “prototype” of an alkoxyl-like triplet state.”.8 Thus, we can mention ketoprofen,
fenofibric acid, tolmetin, tiaprofenic acid and suprofen as a few examples of a large list of

compounds where a similar structure to that of benzophenone is found.
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1.4 Reactive Oxygen Species

As it was previously mentioned many of the reactive oxygen species commonly
encountered in oxidative stress can actually arise as a result of a sensitized reaction by a

chromophore like benzophenone or a similar compound. Table 1-1 presents a list of these
species.!7

Table 1-1: Reactive oxygen species.!”

Species Name Remarks

O." superoxide radical anion  One electron reduction state formed on quenching of radical anions.

HO:.® hydroperoxyl radical Protonated form of superoxide.

H.0- hydrogen peroxide Formed following hydroperoxide dismutation, or hydroxyl radical
encounter.

HO® hydroxyl radical Formed by Fenton reaction, upon consumption of hydrogen
peroxide.

RO* alkoxyl radical Formed by Fenton reaction, upon consumption of

alkylhydroperoxide.
ROO* alkylperoxyl radical Formed following oxygen addition to a carbon centered radical.

ROOH alkythydroperoxide Formed following hydrogen abstraction by the alkylperoxyl radical.
or after singlet oxygen attack.

Ay O: singlet oxygen Formed following energy transfer by a sensitizer.

[RR’COY triplet carbonyl Formed by direct excitation with light, or after energy transfer from
a suitable donor.

Our organism is prepared to cope with the action of most of the species mentioned in
Table 1-1, ever since they are natural intermediates of the metabolism. Thus enzymatic
mechanisms exist for superoxide consumption (by means of superoxide dismutase), hydrogen
peroxide elimination (by catalase), or alkylhydroperoxide dismutation (Cytochrome P-
450).17 These enzymatic mechanisms are also assisted in their preventive action by

antioxidants and scavengers (vide infra), as a whole their role is to consume the ROS.

10
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We can not anticipate to which extent if any, the photosensitized production of ROS
outgrows that resulting from normal metabolism. However, local accumulation of sensitizers
might result in a specific action as observed from the number of reports existing on adverse

effects following ingestion of pharmaceutical products and sun exposure.!!.12

11
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1.5 Sunscreens and Antioxidants, Towards Prevention

Evolution has provided complex living organisms with solutions to confront
environmental risks, thus the pigmentation existing in mammals and plants prevents their
deterioration by direct excitation of their genetic material, i.e., DNA, by UV-B light.!® This
pigmentation is absent in viruses or bacterias which render them vulnerable to high frequency
radiation. One of those pigments protecting mammals is melanin, a polymer constituted by
dihydroxyindole units, as shown in Figure 1-6. The brown color of this pigment is mainly

due to the quinoid chromophores resulting from the oxidation of the dihydroxy groups.

Figure 1-6: Structure of eumelanine.!?

Melanin structure has a radical scavenger potential due to its phenol groups. Many
studies have therefore been addressed to determine its capability as an antioxidant.19-2!

An antioxidant is a molecule capable of scavenging ROS, while simultaneously
rendering an innocuous radical which will not react with other biological substrates. Phenols
have proved to be an excellent source of natural defense against ROS. Their mechanism of

action is given by a series of consecutive steps represented in Scheme 1-5.

12
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R +05 . ROO 1
ROO+AOH ___, ROOH+AO’ 2
ROO'+ AO . ROOOA 3

Scheme 1-5: Phenol inhibited peroxidation of unsaturated fatty acids.22:23

The first step and the chain event that results from this oxidation have already been
exemplified in Scheme 1-2 with a generic B-unsaturated fatty acid. Step 2 involves the
hydrogen abstraction by the alkylperoxyl radical from the phenol. Energetic considerations,
as well as availability of the hydrogen from the phenoxy group will determine the feasibility
of this reaction.2425 The final step involves the formation of nonradical products, a reaction
that has been proven to be extremely fast for vitamin E.22

The combination of steps 2 and 3 thus eliminates two reactive oxygen species,
rendering an innocuous compound.

The combined passive (as a sunscreen) and active (as a ROS scavenger) role of
melanin shows that it is a very protective substrate. It is interesting in this sense to evaluate

its role against excited carbonyl compounds.

13
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1.6 Assessing the Damage

Photosensitization reactions have been studied in vitro with various biomolecules.
Thus results on lipid peroxidation, protein crosslinking and DNA strand cleavage are
frequently encountered in drug studies, as revealed in two recent reviews on the topic.!1.12

Lipid peroxidation is monitored with UV spectrometry, which evidences the
appearance of conjugated dienic hydroperoxides at 233 nm, upon oxidation of B unsaturated
fatty acids (see also Scheme 1-2).5-26

Drug-protein adduct formation is usually determined by the retention of the
photosensitizer absorption properties in the protein eluent following gel permeation
chromatography (GPC) of an irradiated mixture containing a given drug and the protein.2”
Alternatively, a radiolabelled pharmaceutical product may be employed, and the radioactivity
is measured in the different eluents following GPC.28

In the case of DNA photosensitization studies, a simple assay relies in the use of
supercoiled DNA from bacteria, which upon strand scission results in a relaxed structure
with a different migration pattern following gel electrophoresis.2%-3!

Studies of photosensitized cell lysis are commonly performed with erythrocytes and
they are followed with absorption spectroscopy at 650 nm. The optical density at this
wavelength (due to scattering by the erythrocytes) is proportional to the number of intact
cells. Upon hemolysis the solution turns microscopically homogeneous and the scattering
reduces in a linear manner with the amount of cells destroyed.32.33

The study of the nuclear DNA-damage in a cell is, on the other hand, much more
involved than the previous experimental procedures. The methodology most commonly
employed is the Comet Assay technique.’ The complication of this technique relies in part
on the necessity of isolating the nuclear material from the rest of the cell components;
however the major factor lies in the measurement of the actual experimental parameter, given
by the ratio in distance migration, following gel electrophoresis, for damaged vs. intact
DNA _35-38
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Care should be taken when analyzing DNA-damage that both no RNA is left as a
contaminant in the solution to be analyzed, and that all damaged sites in DNA have resulted
in a strand scission. Thus, whereas hydrogen abstraction from the sugar backbone of DNA
ultimately results in a strand cleavage,!¢ as shown in Scheme 1-4, oxidation resulting in
nucleotide chemical modification will most certainly leave intact the polymer structure of
DNA.39

In order to express this damage in terms of a strand scission, a second chemical step
has to be employed. This step relies in the nature of the glycosidic bond between the base
and the sugar. Following oxidation, electron density is removed from the nucleotide rendering
it a better leaving group. Upon alkali treatment (usually performed with piperidine), the
weakened glycosidic bonds connecting oxidized bases to deoxyribose are readily hydrolyzed,
whereas the non-modified bases are left intact. The hydrolysis of the base is followed
immediately by phosphate elimination at the resulting abasic site, as observed in Scheme 1-
6.3% It should be noted however, that not all oxidized bases are actually hydrolized, in which
case repair enzymes can also be employed to produce strand scissions at the damaged sites.39

The alkaline conditions necessary to convert all the oxidized sites into strand
scissions in DNA, also result in a complete hydrolysis of RNA phosphodiester linkages due
to the participation of the 2-hydroxy! group in ribose (and which is absent in 2-deoxyribose)

as shown in Scheme 1-7.39
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Scheme 1-6: Deglycosylation and strand scission under alkaline conditions following oxidation

of a DNA base.3?

The previous discussion is intended to show how delicate and sensitive the DNA-
damage assessment is for an in vivo oxidized sample. This oxidation might be in particular
the result of a photosensitized damage. While the other techniques provide us with a picture
of the phototoxic potential of a given pharmaceutical product, the result on DNA-damage
will be by far the most valuable one, given the implications on the long range that DNA-
damage has on living organisms. These lesions, if unrepaired, will ultimately determine

mutagenesis, cancer, aging and cell death.

Scheme 1-7: Hydrolysis of RNA under alkaline conditions.3?
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1.7 Summary

This section has been intended to acquaint the reader with one of the problematic
areas of photobiology, that of photosensitization. All the parameters that converge towards
the end result of photosensitization have been analyzed; thus the sun as the source of
radiation, the live tissue components as a source of sun-screening and as a media of reaction,
and the active role that a xenobiotic chromophore might play, have been presented. Defense
mechanisms that evolution has provided were briefly discussed.

A final part has also introduced the biological markers employed in estimating the
potential photosensitizing behavior a given product has. This section has also briefly
discussed the currently available methodologies employed in establishing the damage this
markers suffer.

The following chapters in this thesis will address the photophysical and
photochemical characterization of two pharmaceutical products, fenofibric acid and
ketoprofen, both related to benzophenone. This analysis will also be performed with an «-
diketone, precursor of a triplet state-oxygen adduct, a reactive oxygen species which has
never before been monitored.

An analysis of antioxidants will also be performed keeping a close view on melanin
precursors, and employing benzophenone triplet state as a reactive oxygen species.

The development of a novel technique to assess DNA-damage (a project performed
with the collaboration of A. L. Vinette) will be presented, intended not only to be employed
in quantitative evaluations of the photosensitizing potential on DNA-damage by certain
pharmaceutical products, but also in the more general field of diagnostic of human exposure

to radiation.
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2.1 Introduction

This chapter deals with photophysical time-resolved techniques applied to the
mechanistic study of drug photodegradation. Most of the techniques here (phosphorescence
being the exception) rely on the excitation of the sample by means of lasers emitting
wavelengths from the UV-A to UV-B regions. The availability of short pulses (up to
femtosecond time duration) makes lasers an excellent tool to study the mechanism of
photodegradation of compounds. The scope of this chapter is to show which techniques are
available in our group, and the information that can be extracted from them. Exampiles related
to the problem of drug photochemistry will be shown whenever possible.

A section is also presented, intended to keep any researcher, new in the laser
techniques field, from falling into common, though nontrivial, mistakes. Thus, in “Notes
from the Bench” some hints are given as to what to do to get the best out of the
measurements.

This chapter thus intends to summarize Prof. Scaiano’s as well as previous group
members’ teachings. It also intends to keep the spirit that techniques are a necessary tool to

learn more about the particular systems of interest under study.
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2.2 Time-resolved Absorption Techniques

In this section different time-resolved absorption techniques are discussed, where the
transient species are monitored over time by registering their electronic transitions. These
techniques allow us studying both the disappearance of the originally formed transients, as
well as the formation of new species.

Following a short light pulse, the excited state formed is interrogated by light beams
from the UV-visible. The experimental magnitude measured is a change in absorbance (40D)
reflecting changes in transmitted light from the probe beam, before (/ .-4), and after (/) laser

excitation (see Equation 2-1 and Figure 2-1).

Equation 2-1 AOD:,., =—log ( _Igr_ )

=0

2.2.1 Nanosecond Laser Flash Photolysis

Most of the time-resolved data currently available on the photodegradation of drugs
have been obtained with nanosecond laser flash photolysis (N-LFP). First developed in the
late 1960s,! this technique allows the observation of the absorption (or emission) of

transients generated following excitation by short laser pulses (ca. 5 ns).

2.2.1.1 Experimental Setup

Figure 2-1 shows the main components of the nanosecond laser flash photolysis
setup.

The concept of the instrument is the same as the original one, first employed by
Lindqvist,! ie, it is a spectrophotometer capable of acquiring data at a high sampling rate.
Significant changes have been made however in terms of size, price and operation capability

of the instrument over three decades.
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Figure 2-1: Schematic diagram of a nanosecond laser system.2

We have recently developed a “minisystem”™ where in addition to an improvement in
time resolution and manipulation of the software, we have extensively reduced the space

requirements.

2.2.1.2 Types of Measurement

2.2.1.2.1 Transient Spectroscopy

The use of Xenon lamps as monitoring beams permits the acquisition of transient
spectra from ca. 250 nm, and throughout the visible spectrum, and up to 800 nm. The
spectra are usually recorded on a point by point basis, where the time of data capture is
preset before the acquisition, and the wavelength is changed over the course of the
experiment. The resultant spectrum obtained is called a difference spectrum (AOD), and
results from the difference in the molar absorptivity (at the probed wavelength) of the ground
state (&) and the transient (&) formed following excitation. This is best described by

Equations 2-1 to 2-6.

Equation 2-2: OD\ =g = Egs X1 X Cos Abs.att=0

Equation 2-3: ODi-i =€y X1 X(Cges—Cr)+&rXl XCr Abs.att=t
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where OD,-¢ and OD,-, are the absorbances before and after excitation respectively; Cg; is the
ground state concentration before excitation, Cr is the transient concentration produced
following excitation, and / is the cell optical path. Combining Equations 2-2 and 2-3 we

obtain the change in absorbance after laser excitation (see Equation 2-4).

Equation 2-4: AOD:-. =(er—€¢) X1 XCr

from Lambert and Beer’s law we know that the transmitted intensity of the probe beam

before and after the laser excitation is given by Equations 2-5 and 2-6.

Equation 2-5: Lo = I pg X 10{-2X! xCu)
Equation 2-6: Lree = [ pg X 10l-ext XCu(er—eq)xt xCr)
from Equation 2-4, 2-5 and 2-6: AOD,., = —log (h)
=0

which is the same expression as Equation 2-1, where /pg is the probe beam intensity incident
in the sample (see Figure 2-1), /- is the transmitted light (from the probe beam and into the
detector) before excitation, and /-, is that following laser excitation.

Experimentally, the magnitudes employed are those observed in Figure 2-2 and
Equation 2-7.

. signal,_,
Equation 2-7: AOD;.,=-log|] ———=

[r=0
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Figure 2-2: Plot of the PMT output versus time for a period starting 0.6 seconds before and
ending 0.6 seconds after the laser pulse.

The difference spectrum obtained is characteristic of the transient in those
wavelengths where the ground state is transparent (i.e., &, = 0), however, this is not the case
at those wavelengths where the ground state absorbs, where the observed spectrum is
precursor-dependant. Further, if &, > &1, a negative signal is obtained; if &, < &r, the
observed signal is positive, and if both molar absorptivities are equal, no signal is observed,
i.e., AOD =0.

As an example, in Figure 2-3 we observe the triplet-triplet (T-T) absorption band of
fenofibric acid measured in water and acetonitrile, together with the ground state absorption
spectra for the molecule in the same solvents. Note that the T-T absorption shows a
negative band where the ground state absorbs (i.e., &, > &rat these wavelengths). Further,
the 40 nm red shift in the maximum of the T-T absorption band is a reflection of the
bathochromic shift observed in the ground state absorption (ca. 15 nm), upon an increase in

solvent polarity.

26



Time-resolved Laser Techniqu@s

AOD

-0.5 1 L L 1

200 250 300 350 400 450
Wavelength/nm

Figure 2-3: Normalized ground state absorption spectra of fenofibric acid in (O) acetonitrile
and (OJ) water (a few points are shown to assist in the visualization). Also shown is

the normalized T-T absorption band in (@) acetonitrile 640 ns after the laser pulse,
N:; and (M) water, 160 ns after the laser puise, N;O, pH 7.4.3

Transients can be assigned based on their spectra following N-LFP. When a given
species is suspected upon direct excitation of the substrate under study, the nature of the
species can further be confirmed by observing the absorption spectrum of an in situ
“synthesized” homologue; that is, by finding an alternate source of the same intermediate.
Two approaches can be employed; one relies in choosing an appropriate precursor which,
following excitation by the laser, will react with the ground state of the substrate of interest,
to give the suspected transient. Alternatively, the excited state of the substrate can be
chemically quenched by ground state species to produce the suspected transient in high
yields. Table 2-1 presents some common precursors, and the transients they produce
following reaction with the ground state substrate. Also shown are common quenchers of
excited substrates. In the case of energy transfer systems, the precursor is referred to as a

sensitizer.

Table 2-1: Precursors most commonly employed in the study of pharmaceutical products, as
well as the product of their reaction.”
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Chromophore Ground state quencher Reaction Product observed Ref.
SO; 4-6
substrate electron transfer 1 ¢ oxidized
chloranil triplet 7
chloranil 8
substrate electron transfer 1 e oxidized
MeV*™ 9
substrate triethylamine, aniline electron transfer 1 e reduced 10,11
tert-butoxyl radical substrate hydrogen abstraction radicals 12-14
triplet sensitizers substrate energy transfer triplet state 15-18

“ “Substrate” can be a ground or excited state.

2.2.1.2.2 Kinetics

The ability to monitor a transient over time makes laser flash photolysis (LFP) an
excellent technique for the study of the mechanism of reactions by following the kinetics of
the transients formed following laser excitation. With N-LFP we are limited to transients
whose lifetimes are at least two times longer than the duration of the laser pulse, ie., 15 ns.
The digitizer determines the limit for the longest measurable lifetime, and values up to 100 ms
are currently observable with our mini LFP system.

We can approach the discussion of a given problem with examples, now that we have
established the time window where the technique can be employed,
Figure 2-4 shows common situations encountered in mechanistic studies. These traces are
analyzed with the kinetic equations described in Table 2-2, or an appropriate combination of
them. A detailed description of the derivation of these equations can be found in any kinetics
textbook (see for example the work by F. Wilkinson!®) only the method to follow the

transient species, i.e., registering its absorption over time, is particular to N-LFP.

Table 2-2: Mathematical expressions for the observed evolution of the transient absorption with

ame.
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Kinetic equation Mathematical expression

first order decay AOD,.. = AOD,qX el kest)

first order growth AOD,.;, = AOD;—w—AOD,_,. X el~koxt)

el
second order decay AOD,., =| ———+—Ex1
AOD;-0 € TX[
L T L :
second order growth AOD,-, = [————] —[ + kexp Xt
AOD: -~ AOD_.. erxl

A0D

where / represents the cell optical path length, £ the transient molar absorptivity,
k. is the experimental rate constant and ¢—»c is the time for a growth to reach its

plateau.
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