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Abstract

Psoralens are eponymous for PUVA (psoralen plus UV-A radiation) therapy, which inter alia can be used to treat various
skin diseases. Based on the same underlying mechanism of action, the synthetic psoralen amotosalen (AMO) is utilized
in the pathogen reduction technology of the INTERCEPT® Blood System to inactivate pathogens in plasma and platelet
components. The photophysical behavior of AMO in the absence of DNA is remarkably similar to that of the recently stud-
ied psoralen 4’-aminomethyl-4,5',8-trimethylpsoralen (AMT). By means of steady-state and time-resolved spectroscopy,
intercalation and photochemistry of AMO and synthetic DNA were studied. AMO intercalates with a higher affinity into
A,T-only DNA (Kp=8.9 x 107> M) than into G,C-only DNA (K, =6.9x 10~* M). AMO covalently photobinds to A,T-only
DNA with a reaction quantum yield of @3 =0.11. Like AMT, it does not photoreact following intercalation into G,C-only
DNA. Femto- and nanosecond transient absorption spectroscopy reveals the characteristic pattern of photobinding to A,T-
only DNA. For AMO and G,C-only DNA, signatures of a photoinduced electron transfer are recorded.
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1 Introduction

Furocoumarins, particularly psoralens, occur naturally in the
leaves, roots, and fruits of various plant species [1]. They
have a rich history of use, spanning centuries, in traditional
medicine in India, Egypt, and other oriental countries, pri-
marily for the treatment of depigmented skin conditions,
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Scheme 1. Structure of ®
amotosalen (AMO, left) H3N
and 4'-aminomethyl-4,5',8-

trimethylpsoralen (AMT, right).

Potentially photoreactive double o
bonds of AMO are highlighted
in orange (furan side) and blue
(pyrone side)

Amotosalen
(AMO)

such as vitiligo [2, 3]. Since the mid-1900s, psoralens have
found clinical application in PUVA (psoralen plus UV-A
radiation) therapy [4], which emerged as a potent treatment
for an array of dermatological disorders, encompassing
psoriasis [5], atopic dermatitis (neurodermatitis) [6], viti-
ligo [7], and cutaneous T-cell lymphoma [8]. In the field of
molecular biology, synthetic psoralens were established as
molecular probes to unravel RNA structure-function rela-
tionships [9-11], a methodology that was recently refined
by introducing psoralen analysis of RNA interactions and
structures (PARIS) [12] and its advanced iteration, PARIS2
[13]. This emphasized amotosalen’s (AMO), a psoralen
derivative, beneficial biochemical properties to investigate
transcriptome-wide RNA base-pair interactions in living
cells. Akin to PUVA therapy, the combination of AMO and
UV-A light was developed to reduce pathogens in potentially
contaminated blood products like platelets and plasma [14].
Moreover, AMO has recently been the focus of biochemical
research characterizing plasma of convalescent COVID-19
patients [15] and investigating bacterial export mechanisms
[16].

Mitigating the potential risk of contamination of blood
products by pathogens of various classes, e.g., bacteria,
viruses, and parasites, several technologies have been devel-
oped with the overarching goal of eliminating all pathogens
while maintaining the functional integrity of the blood
component. Historically, cell-free blood components, such
as human plasma, underwent pathogen reduction within
large plasma pools through the action of solvent/detergent
(S/D) materials or by the addition of methylene blue in sin-
gle plasma products within smaller blood pools [17, 18].
However, these two approaches have demonstrated limited
efficacy in combatting a broad spectrum of pathogens. The
S/D treatment primarily targets lipid-enveloped viruses
[17], while methylene blue proves to be ineffective against
certain intracellular viruses due to its inhibited permeabil-
ity through the plasma membrane [18]. Furthermore, their
extension to the decontamination of cell-containing blood
components is impractical, as it results in substantial dam-
age to platelets and erythrocytes. Consequently, improved
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pathogen reduction technologies (PRT) have been estab-
lished [19], including the MIRASOL® Pathogen Reduction
Technology System (comprising riboflavin and broadband
UV exposure from 280 to 400 nm) [20], the THERAFLEX®
UV Platelets System (without a photosensitizing agent and
exclusively narrowband UV-C light at 254 nm) [21], and the
INTERCEPT® Blood System (combining amotosalen and
UV-A exposure ranging from 320 to 400 nm) [14]. As the
photophysics of AMO (Scheme 1, left) is the topic of this
study, a few details on INTERCEPT® will be given here.

The INTERCEPT® Blood System, categorized as a Class
III medical device, has gained its CE mark for platelets in
2002 as well as for plasma in 2006 [14], and was approved in
2014 by the Food and Drug Administration (FDA) for both
blood components. Its practice extends across more than 30
countries [22]. The PRT consisting of the aforementioned
AMO and UV-A irradiation has demonstrated broad efficacy
for inactivating numerous enveloped as well as non-envel-
oped viruses and protozoan parasites [23], as well as bacteria
(Gram-negative, Gram-positive, spirochetes) [24], and leu-
kocytes [25]. However, the inactivation of some non-envel-
oped viruses (e.g., human parvovirus B19) [26] is limited
and bacterial spores (Bacillus cereus) [14] are not impacted
at all. These entities, while less prevalent than more sensi-
tive pathogens transmitted via blood components, may elude
the comprehensive reach of the INTERCEPT® Blood Sys-
tem for platelets and plasma. In addition, the application of
the AMO/UV-A technology in erythrocyte concentrates is
not practical due to the strong absorption of UV-A light by
hemoglobin.

The underlying molecular mechanisms of AMO’s photo-
biological activity (and other psoralens) involve two succes-
sive steps: in the absence of illumination, psoralens perme-
ate cellular and nuclear membranes, intercalating between
helical DNA (or RNA) base pairs. Upon subsequent pho-
toexcitation, irreversible nominal [2 + 2] cycloadditions
between the intercalated compound and adjacent thymine
(or uracil) bases may occur. Thereby, covalent bonds can be
formed either at the furan side via the C,=Cs, double bond
or at the pyrone side involving the C;=C, of the psoralen
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(see Scheme 1) [4, 27]. Furan monoadducts were shown to
be capable of absorbing an additional UV-A photon and to
bind to a second thymine (or uracil) base via the pyrone side,
resulting in the formation of interstrand cross-links (ICL).
Both monoadducts and cross-links may inhibit DNA replica-
tion and cellular proliferation [28].

AMO is closely related to 4'-aminomethyl-4,5',8-
trimethylpsoralen (AMT, Scheme 1, right), which was
used by our group as a model system to study the molecu-
lar mechanisms underlying the PUVA process [29-31]. By
means of time-resolved spectroscopy, we revealed a pho-
toinduced electron transfer (PET) [29, 30] competing with
the photoaddition as well as the mechanism of the photoad-
dition [31]. In the PET process, the photoexcited psoralen
is quenched by reductive electron transfer whereby the base
guanine acts as donor. Studies with synthetic, guanine-free
DNA (A,T-only DNA; see Sect. 2) showed that the photoad-
dition occurs on the microsecond time scale. It proceeds
via the local triplet state of the psoralen as well as a triplet
biradical in which the psoralen is bound to the thymine base
via a covalent bond [31].

Here, it is scrutinized whether and to which extent the
spectroscopic findings characterizing the AMT-DNA inter-
action can be transferred to AMO-DNA. Our spectroscopic
experiments show that AMT and AMO behave very simi-
larly in terms of photoinduced processes. However, unlike
AMT, AMO exhibits a significantly higher affinity for A,T-
only DNA than for G,C-only DNA.

2 Experimental section
2.1 Samples and general conditions

Amotosalen hydrochloride was purchased from MedChem-
Express (>98%). Coumarin 120 was supplied by Radiant
Laser Dyes. Pure water (Fisher Chemical, HPLC gradient
grade) and methanol (VWR Chemicals, HPLC gradient
grade, >99.8%) were used as solvents. The HPLC-puri-
fied and lyophilized DNA oligomers were purchased from
Sigma-Aldrich. A, T-only (5'-(TA),,—3") single strands were
employed to form double strands consisting of 40 base pairs.
G,C-only (5'-(GC),-3") single strands were employed to
form double strands consisting of 8 base pairs. Longer A, T-
strands were employed because of the lower propensity of
A,T-only DNA to form double strands [32]. Solutions of the
oligonucleotides were buffered with PBS (Sigma-Aldrich,
one tablet dissolved in 200 mL yielded 10 mM phosphate

buffer, 2.7 mM potassium chloride, 137 mM sodium chlo-
ride, pH 7.4 at 25 °C). Annealing of the oligonucleotide
strands in solution was performed 24 h before the meas-
urements. The solution was heated in a water bath up to
95 °C and cooled down to room temperature within several
hours. All DNA concentrations refer to base pairs (bp). This
is required due to the different strand lengths of A,T-only
and G,C-only DNA.

2.2 Steady-state spectroscopy

The UV/Vis absorption spectra were recorded with a two-
beam spectrometer from PerkinElmer (Lambda 19). Fused
silica cuvettes with path lengths of 0.1 cm or 1 cm from
Hellma were employed due to different sample concentra-
tions. The fluorescence spectra were recorded in right-angle
detection (FluoroMax-4, Horiba Scientific). The absorption
at the excitation wavelength was <0.05 at a path length of
1 cm to avoid inner filter effects. The spectra were corrected
for the spectral sensitivity of the instrument. Coumarin 120
in methanol (@4=0.51 [33]) was employed as a reference for
the determination of fluorescence quantum yields.

The intercalation affinity is quantified using the dissocia-
tion constant K, (cf. Eq. (1)):

_ [AMO] - [DNA] _ [AMO] - ([DNA], — [AMO];,,)
D~ TTAMO] B [AMO] '

int int

ey

Here, [AMOY];,, is the concentration of intercalated AMO,
[AMO] the concentration of free AMO, [DNA], the total
concentration of DNA base pairs and [DNA] the concentra-
tion of free DNA base pairs (not subject to intercalation). A
small Ky, indicates a high intercalation affinity. Due to the
hypochromic effect caused by the intercalation of psoralens
into DNA, the absorption of the mixture at the detection
wavelength, A .., is lower than the one of free AMO, Ay,...
Kp, values were determined spectroscopically from titra-
tion experiments [30, 34]. There, the total concentration of
AMO ([AMO]+[AMOYJ;,,) is kept constant while [DNA], is
gradually decreased. A detailed description of the protocol
can be found in Ref. [30].

The impact of the photoaddition on the steady-state
spectra was studied by illuminating the sample solution
with an LED emitting at 375 nm (NSPU510CS, Nichia).
The solutions were illuminated in 1 cm cuvettes with mag-
netic stirring. The light power P incident on the sample was
3.75 mW. Photon equivalents (PE) were computed based
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on the power P (respectively, the photon flux F, through the
sample in mol/s) and the illumination time #;; via Eq. (2):

F,- /(;i" <1 - 10_Aexc(til])>dtill P. /(;-H <1 - 10_Aexc(til])>dtill

a white light continuum generated in CaF, with a diameter
of 100 um at the sample location. The relative polarization

@
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Ny - namo

exc

Here, n,, refers to the number of absorbed photons and
namo 1S the number of AMO molecules in the cuvette vol-
ume. A, (?) is defined as the absorption of the sample at the
excitation wavelength /... & is the Planck constant, c the
speed of light, and N, the Avogadro number. A PE value
of one implies that, on average, each psoralen molecule has
absorbed one photon. The reciprocal of the calculated pho-
ton equivalents at exhaustive exposure should be approxi-
mately equal to the reaction quantum yield @g. This yield
was determined based on the assumption that the photoprod-
uct does not absorb at the excitation wavelength. Under these
circumstances, the concentration of the reactant c(t;;) as a
function of illumination time #;, is given by Eq. (3):

Fodr

Fo-d
1n<1 —107v “Eexe d-ly +10° OVR 'Eexc'd'[AMO]im>

... -d-1nl0

exc

c(ty) =
3
Here, €, is the absorption coefficient of the reactant
(AMO;,) at the excitation wavelength, V is the sample vol-
ume, d=1 cm the optical pathlength and [AMO];,, the initial
concentration of AMO,,, in the sample solution. The time-
dependent concentration c(t;;) was derived from the meas-
ured absorption as a function of illumination time A(#y,),
using Beer’s law. The reaction quantum yield @ was deter-
mined by fitting the experimental values using Eq. (3) as a
trial function. The result was cross-checked with a linearized
version of Eq. (3) applied to short illumination times.

2.3 Femtosecond transient absorption
spectroscopy

The femtosecond transient absorption (fsTA) setup has been
described elsewhere in more detail [35-37]. Here, only a
brief description and the relevant experimental parameters
are summarized. A 1 kHz Ti:Sa laser amplifier system
(Coherent Libra) served as pulse source. The output has
a wavelength of 800 nm and a pulse duration (full width
half maximum (FWHM)) of 100 fs. A portion of its output
was converted by a noncollinear OPA (TOPAS-white, Light
Conversion) to 660 nm and then frequency doubled in a
p-barium borate crystal to yield the pump wavelength of
330 nm. The pump pulse energy was adjusted to ~1 pJ and
the pump beam had a focal diameter of 160 um (FWHM) at
the sample location. The absorption change was probed with
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of the pump and probe beam was set to the magic angle. The
time resolution was ~ 180 fs. The spectra were recorded at
139 delay times. Between — 1 ps and 1 ps, they were evenly
spread on a linear and from 1 ps to ~3.3 ns on a logarith-
mic scale. For every delay time, 2000 spectra were recorded
and the data were averaged over 4 succeeding delay line
scans. The instrumental time-zero shift was determined via
the optical Kerr effect as a function of wavelength and was
corrected for. Signals of the pure solvent were recorded in
separate measurements and subtracted after proper scaling
to remove time-zero artifacts [38]. The solution was circu-
lated through a fused silica flow cell (custom made, Hellma
Analytics) with 1 mm path length. The sample volume was
large enough to render contributions of photoproduct formed
during an experiment negligible.

For each data set, 4 fSTA measurements were performed
consecutively on one day: one on AMO in water, one on
pure water, one on the AMO/DNA solution, and one on
a pure DNA solution. The pure DNA sample showed no
significant transient absorption signal under the chosen
excitation conditions and can, therefore, be treated as the
“solvent” in the correction procedure for the AMO/DNA
solution. As described in a previous study [29], a scaling
factor is required to remove the contribution of free AMO
molecules from the AMO/DNA signals. To make the signal
strengths directly comparable, the solvent-corrected data sets
with (AA(A, )™ ) and without DNA (AA(4, )™ ) first have
to be normalized to the number of excitation photons they
absorbed (cf. Eq. (4)):

1 = 10 Amix .

AAAD™ = AAL O™ — AA(4, D) .
1 —_ lo_Afree

corr meas meas

Efree [AMO]
Eint * [AMO]int + Efree [AMO] .

“

This is achieved by multiplying the data set without DNA
with (1 — 107w~} /(1 — 10™=). To determine the fraction
of excited, free AMO molecules relative to all excited ones,
the concentrations [AMO] and [AMO];,(as deduced from
the dissociation constant K) and absorption coefficients
Egree/ine Of free and intercalated AMO molecules in the mix-
ture have to be considered. The scaling factor for the subtrac-
tion of the data set without DNA from the one with DNA is
(E5ree [AMO]) / (£, [AMO];, + €5ee [AMO]).
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2.4 Nanosecond transient absorption spectroscopy

The nanosecond transient absorption (nsTA) data were
acquired with a laser flash photolysis spectrometer LP980
from Edinburgh Instruments in a right-angle geometry as
described in other studies [37, 39]. The third harmonic of
the output wavelength (355 nm) of a Nd:YAG laser (Spit-
light 600, fundamental of 1064 nm, InnoLas) with a repeti-
tion rate of 5 Hz and a pulse duration of 12 ns (FWHM)
was utilized for photoexcitation. The diameter of the pump
beam was ~8 mm. The average pulse energy amounted to
~2 m]. A pulsed xenon lamp (Osram XBO 150W/CR OFR)
generated the probe beam. The transmitted probe light was
detected by a photomultiplier (Hamamatsu, PMT-900) after
being dispersed by a grating monochromator. The signal
was digitized by an oscilloscope (MDO3022, Tektronix).
To obtain transient spectra, kinetic traces at different probe
wavelengths were recorded and averaged over 120 acquisi-
tions for AMO in absence of DNA and 16 acquisitions for
AMO intercalated into A,T-only DNA. The solution was
pumped through a fused silica flow cell (Hellma Analytics)
with a path length of 2 mm in pump and 10 mm in probe
direction. Due to the shorter lifetimes of AMO in water com-
pared to AMO intercalated into A, T-only DNA, a subtraction
process for the amount of free psoralen was not necessary.
The measurements were performed with aerated solutions
unless specified otherwise. Changes in lifetime as a function
of oxygen concentration were determined at a wavelength
of 360 nm. Here, sample solutions with the same concentra-
tion were either aerated, saturated with oxygen (99.999%,
Air Liquide) or deoxygenated with nitrogen (99.999%, Air
Liquide) (see SI, Fig. S2).

Fig.1 Comparison of the
absorption coefficient spectrum

2.5 Time-correlated single-photon counting

Time-correlated single-photon counting (TCSPC) was
performed on a FluoTime 300 from PicoQuant. A super-
continuum picosecond laser (SuperK Extreme equipped
with SuperK Extend-UV, NKT Photonics) tuned to 350 nm
served as excitation source. Emission was detected at
474 nm under magic angle conditions. The repetition rate
was set to 19.5 MHz. Sample solutions with an absorption
at the excitation wavelength below 0.1 were measured until a
peak value of 10,000 counts was achieved. The instrumental
response function (IRF) was measured with scattered light of
colloidal silica gel (Ludox HS-30, Sigma-Aldrich).

2.6 Data analysis

Wavelength-dependent time-resolved data were analyzed
globally using a multi-exponential trail function convoluted
with the IRF (cf. Eq. (5)):

n
1

AA(AL D) =TRF® ) AA(4)-¢ 7. (5)
i=1

The fit yields a decay-associated difference spectrum
(DADS) AA,(4) for each time constant 7;, TCSPC data sets
were fitted with a multi-exponential trial function convoluted
with the IRF (cf. Eq. (6)):

St)=TRF® ) A, - e w, (6)

i=1

Wavenumber / cm’’

(black, solid) and fluorescence F'E 35000 30000 25000 20000 5
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3 Results

3.1 Steady-state characteristics of AMO in absence
of DNA

The absorption spectrum of AMO dissolved in water fea-
tures an absorption band lowest in energy around 300 nm,
accompanied by a shoulder around 330 nm (molar absorp-
tion coefficient &35, =6.6 X 10* M~' cm™', Fig. 1). The
spectrum strongly resembles the one of AMT and other
psoralens [27, 28]. Quantum chemical computations on the
psoralen parent compound assign the shoulder to the Sy — S,
transition and the peak to the Sy — S, transition [40]. Both
transitions have mx" character [40]. To isolate the lowest
transition, a Gaussian fit was conducted on the absorption
signals as a function of wavenumber (cf. Fig. 1).

Cpna = low

0.6
05§
0.4

0.3

Absorption AMO / a.u.

0.2 I
I pure

| AT-DNA
i
A T : " :

300 320 340 360 380 400

Wavelength / nm

06 |
05f
=
0.4
7.
0.3/

0.2

Absorption AMO / a.u.

0.1

0.0 Ml e
300 320 340 360 380 400

Wavelength / nm

Fig. 2 Intercalation behavior of AMO into A,T-only DNA and G,C-
only DNA. (a) UV/Vis absorption spectra of AMO (60 uM) with
increasing concentration of A,T-only DNA (violet to green) in phos-
phate-buffered saline (PBS). The contribution of DNA to the absorp-
tion was subtracted. The spectrum of pure A,T-only DNA (4 mM) is
shown in brown. (b) Absorption at 340 nm versus the concentration
of A, T-only DNA [DNA], At A fit (red) yields the dissociation con-
stant K, =8.9x 107> M. The fit of the corresponding AMT measure-
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Upon excitation of an AMO solution at 330 nm, a fluo-
rescence spectrum peaking at 474 nm (Fig. 1) is recorded.
The 0-0 excitation energy E, can be derived from the
intersection of the absorption and fluorescence spectra
after proper plotting. For this purpose, the spectra were
first transferred to an energy axis and corrected for intrin-
sic frequency dependencies (transition dipole representa-
tion) [41]. This yields a 0-0 excitation energy E, of
3.15 eV for AMO. To quantify the efficiency of fluores-
cence emission, the fluorescence quantum yield @y was
determined (see Sect. 2). It amounts to @y =0.083, indi-
cating a slightly higher value compared to AMT
(@;;,=0.054). Via a Strickler-Berg analysis [41, 42], the
radiative rate constant k5% was determined to be
2.7x 107 s7!. Here, the shoulder in the absorption spec-
trum isolated by a Gaussian fit entered the evaluation (cf.

: ; : -
S 0.32 '
= b 0.34 2
E 0.30 032
= c
o =)
& 0.28 030 3
o {0.28 £

<8 S
= 026 =
s S~..70.26 §
= 024 =
o o
5 024 5
QO Ke]
< 0.22¢ AMT 0.22 <

10® 10° 10+ 10° 102
[DNA]y a7/ M (b.p.)
S 0.32 B
© ]
E 0.30 €
| =
o o
& 0.28 >
2 =
= 026 <
= ! o
<] S
= 0.24 =
o o}
(73 7]
o Q0
< 0.22+ AMT 10.22 <C
10°® 10° 10+ 10° 102

[DNAJ, ¢/ M (b-p.)

ment (gray dashed line) provides a K}, value of 2.9x 107 M. Verti-
cal lines represent the K, value of AMO (yellow) and AMT (gray).
(c) Analogous measurement to (a) of AMO (59 uM) with increas-
ing concentration of G,C-only DNA in PBS buffer. Pure G,C-only
DNA (4 mM) is depicted in pink. (d) A fit (red) of the absorbance at
340 nm versus the concentration of G,C-only DNA [DNA], g from
(c) yields Kp=6.9%x 1074 M (yellow vertical line). The measurement
on AMT shown here provides a Ky, value of 4.7x 107 M
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Fig. 1). Based on this rate constant and the fluorescence
quantum yield, a fluorescence lifetime rgB = ZZ—‘; of
3.08 ns is predicted. By time-correlated single-photon
counting (TCPSC), a value (THTCSPC= 2.99 ns) very close

to this prediction is measured (see SI, Fig. S1).
3.2 Intercalation affinity

As outlined in the Introduction, intercalation is a require-
ment for photoaddition to DNA and thus is crucial for the
photoreactive potential of AMO. To arrive at the respec-
tive dissociation constant K, first, the DNA concentra-
tions were determined spectroscopically via Beer’s law.
The molar absorption coefficients per base pair at a wave-
length of 300 nm, &5, were computed for both synthetic
DNA sequences (A,T-only DNA and G,C-only DNA)

0.30F A ]
A — 305 (0.3 PE)
025} 120s (1.1 PE) |
210's (1.8 PE)

5 300 's (2.4 PE)
© 0.20 930s (54 PE)
e ——2430's (7.8 PE)
S ——5130's (8.7 PE
g 015 ( )]
[e]
[72]
£ 0.10

0.05

0.00 . . , -

300 320 340 360 380 400
Wavelength / nm
0.30F L ]
——30s (0.4 PE)
025} 120s (1.5PE) |
210's (2.5 PE)

5 300's (3.6 PE)
s 0.20 930's (11.0 PE)
= ——2430s (28.8 PE)
S ——5130s (61.0 PE
g 015 ( )]
[o]
[72]
£ o0.10

0.05

0.00

300 320 340 360 380 400
Wavelength / nm

Fig. 3 Photoreactivity of AMO intercalated into A,T-only and G,C-
only DNA traced by UV/Vis absorption. Exposure intervals are
expressed in seconds as well as in photon equivalents (PE). Blue
circles highlight isosbestic points and colored arrows illustrate the
decrease or increase of absorption with exposure time. Absorption
contributions of DNA and free AMO were subtracted. (a) Spectra
of AMO (35 uM) and A,T-only DNA (1 mM) in PBS buffer after
depicted exposure times (green to red; A, =375 nm, P=3.75 mW,

based on the nearest-neighbor model [43]. The obtained
values are €49, =260.8 M~' cm™! for A, T-only DNA and
€300nm =012.3 M~! cm™! for G,C-only DNA.

The results of the UV/Vis titration experiments on AMO
with A,T-only DNA and G,C-only DNA are presented in
Fig. 2. At low DNA concentrations (violet spectra), as
expected, the spectra strongly resemble the one of AMO in
water. At higher DNA concentrations (green spectra) and
thus a large proportion of intercalated AMO, the absorption
signal is lower. The dissociation constant K}, can be deter-
mined from the dependence of the absorption at 340 nm on
the total DNA concentration [DNA],,. The analysis employs
the law of mass action and Beer’s law (see Sect. 2). The
derived K, values are 8.9x 107> M for AMO in A,T-only
DNA and 6.9 10~* M for AMO in G,C-only DNA. The dis-
sociation constants K, for AMT have previously been found
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V=3 mL, d=1 cm). (b) Absorption at excitation wavelength
(375 nm) versus the exposure time in seconds. A fit (violet line)
affords a reaction quantum yield @, of 0.11. (B) Linear region
extracted from (b) with exposure intervals up to 300 s is shown. (c)
Measurement on AMO (35 pM) intercalated into G,C-only DNA
(1 mM) in PBS buffer. (d) Absorption at 375 nm versus the total
exposure time from (c) and in (D) for exposure intervals up to 300 s
were not fitted
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to be 4.4x10™* M (in A,T-only DNA) and 1.8x10™* M
(in G,C-only DNA) [30]. As experimental K, values may
vary with DNA manufacturers and annealing protocols, the
measurements on AMT were repeated with DNA sample
batches identical to the ones used for the AMO experiments.
In these experiments, the magnitude of previous values for
AMT could be reproduced with 2.9 x 10~ M in A, T-only
DNA, and 4.7%10™* M in G,C-only DNA. The dissocia-
tion constant K, for AMO in G,C-only DNA is in a similar
range as those for AMT in G,C-only and in A, T-only DNA.
However, the dissociation constant K, for AMO in A,T-only
DNA is smaller by approximately an order of magnitude.
Thus, it may be stated with some confidence that AMO has a
greater affinity for A, T-only DNA, whereas AMT has similar
ones to both DNA types.

3.3 Photoreactivity

Depending on the DNA sequence, illumination of inter-
calated AMO with UV-A light leads to changes in the
absorption spectrum (Fig. 3). Therefore, the photoreactiv-
ity of AMO with respect to DNA was probed by monitor-
ing changes in the UV-A absorption upon illumination after
defined time periods in seconds or photon equivalents (PE;
see Sect. 2). At the applied concentrations of AMO and the
respective DNA sequence, the amount of intercalated AMO
is 0.92 for A,T-only DNA and 0.59 for G,C-only DNA. The
contributions of free AMO to the absorption spectra was
corrected for, and the spectra at t=0 in Fig. 2 are thus the
ones of the intercalate. In order to monitor the photoreaction
of AMO in DNA, an excitation wavelength of 375 nm was
picked to avoid excitation of the DNA. For the exposure of
AMO intercalated into A,T-only DNA (Fig. 3a), two isos-
bestic points are located at 318 nm and 358 nm. In between
them, the absorption increases with increasing exposure time
and PE. Below 315 nm and above 358 nm, the absorption
decreases. The last spectrum (8.7 PE) shows the spectral
signatures of the photoproduct. It features a maximum at
~340 nm with a shoulder around 350 nm. These character-
istics indicate the formation of a furan side adduct [44]. Nei-
ther the pyrone monoadduct nor the crosslink absorb light
in the UV-A range [11, 45]. Thus, the detection of these
adducts by UV/Vis absorption spectroscopy is challenging.
The spectroscopic pattern observed for the photoaddition of
AMO to A,T-only DNA resembles qualitatively and quanti-
tatively the one of AMT [31]. For other 4-methyl substituted
psoralens, the predominance of the furan monoadduct was
demonstrated chromatographically [45]. Therefore, it can
reasonably be inferred that the furan monoadduct also pre-
vails for AMO.

The approach used to determine the reaction quantum
yield (see Sect. 2) rests on the assumption that the pho-
toproduct does not absorb at the excitation wavelength.

@ Springer

Inspection of Fig. 3b shows that this is justified. At the
excitation wavelength of 375 nm, the absorption decreases
to essentially zero with increasing illumination time. The
experimentally observed reduction of the reactant concen-
tration [AMO];,, with illumination time is well described
by a fit employing Eq. (3). This fit yields a reaction quan-
tum yield @ of 0.11 (Fig. 3b). An analysis based on the
early time behavior results in the same value (Fig. 3b). This
value is close to the one of AMT;,, (@ =0.12) [31], which
could be reproduced in the present study (@i =0.12). For
AMO intercalated into G,C-only DNA, only weak absorp-
tion changes with increasing illumination time are observed
(Fig. 3c). As the signal at the excitation wavelength does
not drop to zero or a constant value, a determination of the
reaction quantum yield was not attempted.

3.4 Time-resolved spectroscopy

Femtosecond (fsTA; 100 fs—3 ns) and nanosecond (nsTA;
12 ns—70 ps) transient absorption techniques were employed
to temporally monitor spectral changes in the UV/Vis range
in response to photoexcitation of AMO. The combined
results of both techniques are presented in Fig. 4.

Right after excitation with fs-laser pulses at 330 nm,
two excited state absorption (ESA) bands become apparent
with maxima at 390 nm and 740 nm, as well as a shoulder
at 680 nm. In addition, a very weak negative contribution
around 500 nm is found, which can be assigned to stimulated
emission (SE) of AMO. This assignment is supported by
a comparison with the steady-state fluorescence spectrum
(see Fig. 4). As SE gives a negative contribution to the dif-
ference absorption, the fluorescence spectrum was flipped
horizontally. By shifting and scaling, it could be favorably
overlaid with the short wavelength part of the TA spectrum.
The small discrepancy at longer wavelengths is due to com-
pensation by ESA. No evidence of ground state bleaching
(GSB) is found throughout the entire time-frame and for
all wavelengths. Except for slight shifts and changes in the
band shapes, all described signatures remain for about 1 ns,
until a significantly altered spectrum with absorption bands
around 360 nm, 500 nm, and 650 nm emerges. This indi-
cates the population of the triplet state T, of AMO, which
can be further traced by nsTA. Immediately after excitation
and transition to the triplet state, two difference absorption
bands around 360 nm as well as between 450 and 700 nm
are discernible.

A global multi-exponential fit [46] was conducted for
both data sets to assess the kinetics of photoexcited AMO in
water. The corresponding decay-associated difference spec-
tra (DADS) are plotted in Fig. 5. The fsTA data were fitted
satisfactorily with three time constants: 7, =1 ps, 7, =46 ps,
and 73=2.99 ns. In the fitting procedure, the value of the
time constant 7, was not varied. The value (7] “*°=2.99 ns)
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Fig.4 Time-resolved spectroscopy on AMO in aerated water. In
the fsTA experiment (lower panel), the excitation was tuned to
330 nm and the AMO concentration amounted to 0.3 mM. For the
nsTA experiment (upper panel), the respective values were 355 nm
and 0.18 mM. In the contour plot (center), the difference absorp-
tion signal is color-coded. Vertical lines in the contour plot indicate
spectral positions for the time traces plotted on the left. Horizontal

from the TCSPC experiment was used. The DADS?S exhibits
a sigmoidal feature around 400 nm and a negative contribu-
tion centered around 620 nm. In terms of absolute values,
the amplitudes are small compared to the ones of DADS§S
and DADSf;. This pattern and the fact that the time constant
7, falls in the right range [47] suggest that dielectric relaxa-
tion of water causes the observed spectral changes. For the
DADS’;S, two small positive bands are found at 375 nm and
680 nm. Between 500 and 550 nm, the signal is close to
zero. Interestingly, the time constant 7, is not found in the
closely related psoralen AMT [29]. An assignment of the
time constant 7, is provided in the Discussion. The DADS§S

lines denote certain delay times for the difference spectra plotted on
the right. To highlight the contribution of the stimulated emission, a
flipped steady-state emission spectrum of AMO (turquoise) is over-
laid with the transient spectrum at 10 ps. The last decay-associated
difference spectrum (DADS) from the fsTA experiment (DADSf; in
yellow) is compared to the transient spectrum in the nsTA experiment
after 0.1 ps and DADS;’ (red)

features two pronounced positive bands around 400 nm and
680 nm. These positive bands indicate a decay of the ESA
signal. Moreover, a negative contribution around 510 nm is
recorded. This negative contribution is partially due to the
decay of the SE and partially due to the rise of the triplet
absorption. The DADS for “infinite” delay time (DADSESO) in
the fsTA experiment is compared with the DADS resulting
from the decay monitored in the nsTA experiment (DADS}?).
The resemblance of these spectra underscores that no pro-
cess is missing due to the temporal gap between 3 and 12 ns.
These DADS are positive over the entire spectral range with
a global maximum around 360 nm and two local maxima
around 510 nm and 650 nm. The spectral pattern features
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Fig.5 Decay-associated difference spectra (DADS) obtained from the
fsSTA and nsTA experiments of AMO in aerated water

similarities to the triplet state of AMT [31]. The difference
absorption decays to zero over the entire covered spectral
range, with a lifetime 7, of 1 ps (aerated solution). When
operating with oxygen-saturated water (~ 1 atm) instead of
air, the lifetime is reduced to 0.2 ps. Deoxygenation by nitro-
gen purging prolongs the lifetime to 2.9 ps (see SI, Fig. S2).
These experiments yield an oxygen-quenching rate constant
of k(?z =2.8%10° M~! 57!, The value is close to the one for
AMT (k=33 10° M~" s~! [31]). The mechanism of oxy-
gen quenching has not been further investigated. However,

-6 -4 -2 0 2

Absorption Change / mOD

it is known that psoralen-type compounds are also capable
of generating singlet oxygen involving triplet energy trans-
fer according to type II photosensitization mechanism [48].
Potentially, his process can lead to photooxidative damage
at the site of action. Self-quenching observed for AMT was
not studied for AMO. For similar concentrations in aerated
water, essentially identical lifetimes for AMT [31] and AMO
were determined.

From the fsTA signatures of AMO in the presence of
G,C-only DNA, the contribution of free psoralen was sub-
tracted (see Sect. 2). Thus, the time-resolved spectra in
Fig. 6 display only the signatures of the intercalated AMO.
Immediately after excitation, the contour plot shows two
positive difference absorption bands at 400 nm and 700 nm
as well as a dip at 480 nm due to SE. These two ESA bands
and the SE signature represent the S, state of photoexcited
AMO. In comparison to AMO in the absence of DNA, the
S, lifetime is strongly reduced to the picosecond range. An
additional species is formed during the decay of these ESA
bands, which, in turn, decays within several tens of pico-
seconds. The time trace at 510 nm illustrates the formation
and decay of this species (see Fig. 6). After about 200 ps,
the difference absorption has decayed to essentially zero.
Thus, no nsTA measurement is needed. Based on the find-
ings from steady-state illumination experiments and the
previous studies on AMT with G,C-only DNA [29, 30], this
spectro-temporal behavior is ascribed to a PET. Here, the
base guanine donates an electron to the photoexcited AMO
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Fig.6 Femtosecond transient absorption on AMO (0.3 mM) interca-
lated into G,C-only DNA (2.5 mM) in aqueous PBS buffer after exci-
tation at 330 nm, corrected for the contributions of free AMO. Verti-
cal dashed lines indicate the spectral position of the time traces on
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the left, where the time trace at 510 nm was multiplied by a factor of

three. Horizontal dashed lines in the contour plot indicate the tempo-
ral position of the transient spectra on the right
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Fig.7 DADS for the fsTA experiment on AMO with G,C-only DNA
in aqueous PBS buffer

to form a radical pair according to type I photosensitization
mechanism [49, 50].

A multi-exponential global fit of the data set yields time
constants of 7, =13 ps and 7, =81 ps. The corresponding
DADS are shown in Fig. 7. The DADSflS features weak nega-
tive bands at 350 nm and 500 nm as well as positive ones

at 400 nm and ~700 nm. The dip in the DADS‘I‘S is due to

SE decay and ESA rise of the intermediate. The DADS;S is
essentially the difference spectrum of the intermediate. It
is positive throughout the covered spectral range and fea-
tures bands at 375 nm and 680 nm. It strongly resembles
the respective signature for AMT intercalated into G,C-only
DNA [30]. This signature was assigned to be a radical pair
consisting of a guanine cation radical and a psoralen anion
radical [29, 30]. The remaining small signals in the offset
spectrum (DADS‘:;) are presumably due to imperfections of
the subtraction procedure.

The fsTA experiment on AMO intercalated into A,T-
only DNA was performed and evaluated analogously to that
with G,C-only DNA. In addition, the time window of fsTA
was combined with the one from nsTA. Both experiments
display a noisier difference absorption signal, as the inter-
calate consisting of AMO and A,T-only DNA absorbs less
strongly than free AMO. At first glance, AMO in an A, T-rich
environment (Fig. 8) seems to behave similarly to AMO in
water, particularly in the femtosecond experiment. Immedi-
ately after excitation, two strong ESA bands around 390 nm
and 740 nm are observable. In the DNA environment, no
pronounced shoulder around 680 nm is apparent. The char-
acteristic spectral signatures of the S, state are present for
about 1 ns. Subsequently, a noticeably different spectrum is
obtained with absorption bands around 370 nm and 510 nm.
This signature is attributed to the formation of the triplet

state of AMO in presence of A,T-only DNA. Compared to
AMO in the absence of DNA, the maximum around 510 nm
is more distinct. The difference absorption signatures remain
until the end of the accessible time window of the fsTA setup
(~3.3 ns) and do not indicate any quenching caused by PET.
This is consistent with our expectations, as there are no gua-
nine bases in this DNA sequence and adenine cannot donate
an electron due to thermodynamics [51].

In comparison to the fsSTA experiment, the nsTA meas-
urement exhibits a lower signal-to-noise ratio. Compared to
the nsTA measurement of AMO in the absence of DNA, a
longer temporal range of 40 ns to 330 us was covered here.
Immediately after excitation, positive difference absorption
is evident throughout the covered spectral range. The tran-
sient spectrum after 2 ps coincides well with the offset spec-
trum of the fsSTA experiment. Therefore, it can be assumed
that no signatures of free AMO remain in this time domain.
The signature attributed to the triplet state of AMO inter-
calated into A, T-only DNA decays within ~20 ps. Starting
at about 100 ps, an increase in positive difference absorp-
tion is recorded around 350 nm. The last measured transient
spectrum of the nsTA experiment was compared with a
steady-state difference spectrum. This difference absorption
spectrum was obtained from the steady-state illumination
experiment in Fig. 3a. The observation that these spectra are
similar in shape indicates that the photoproduct is formed
within several 100 ps.

The fitted time constants with corresponding DADS
related to the fsSTA and nsTA measurements are compiled
in Fig. 9. One time constant, 7; = 1090 ps, proved to be suffi-
cient to describe the fsTA measurement. The related DADSflS
shows positive difference bands around 410 nm and above
600 nm. Negative signal contributions are observed between
450 and 600 nm, reaching a global minimum around 500 nm.
With reference to the fsTA experiment of AMO in absence
of DNA, this time constant is attributed to the decay of the
S, state. In comparison, a reduction of the S, lifetime of
about 65% is found in the A,T-environment. The DADS for
“infinite” delay time (DADSZ) shows positive difference
absorption over the entire spectral range. Two maxima of
equal magnitude are found at 375 nm and 510 nm. Based on
the spectro-temporal features, this signature is ascribed to
the triplet state of excited AMO intercalated into A, T-only
DNA.

Due to the low signal-to-noise ratio of the nsTA experi-
ment, a global analysis including the complete spectral
range failed to describe the signal rise on the 100 us time
scale. Thus, the spectral range for fitting was first restricted
to 315-402 nm. A global analysis relying on this range
afforded time constants of 7,=10 ps and 7, =600 ps. Note
that the value of 75 is larger than the longest delay time and
thus subject to a large uncertainty. With the time constant 7,
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Fig.8 Time-resolved spectroscopy on AMO intercalated into A,T-
only DNA in aerated, aqueous PBS buffer. In the fsTA experiment
(lower panel), the excitation was tuned to 330 nm, the AMO con-
centration amounted to 0.3 mM and the A,T-only DNA to 2.5 mM.
For the nsTA experiment (upper panel), the respective values were
350 nm, 0.12 mM (AMO) and 0.4 mM (A,T-only DNA). The fsTA
measurement was corrected for the contributions of free AMO. In the
contour plot (center), the difference absorption signal is color-coded.
Vertical lines in the contour plot indicate spectral positions for the

fixed to 600 us and a variable constant z,, the complete range
was fitted. This slightly changed the constant 7, to 14 ps. The
DADS resulting from this procedure are shown in Fig. 9.
The DADS?* is similar to the fSTA offset spectrum DADSZ.
Minor differences are found in the height and shift of the
maximum at 375 nm. This finding can be ascribed to the
emergence of a species after the formation of the triplet state
of AMO, which has a comparable spectral signature. The
time constant 7, of 14 us falls within a comparable range to
the one determined for AMT in A,T-only DNA (6 ps [31]).
This time constant was assigned to the formation of a biradi-
cal between AMT and thymine [31]. The DADS?® exhibits
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time traces plotted on the left. Horizontal lines denote delay times for
the difference spectra plotted on the right. The last decay-associated
difference spectrum (DADS) from the fsTA experiment, DADSZ,
(blue) is compared to the transient spectrum in the smoothed nsTA
experiment (black) after 2 ps. The “late” transient spectrum of the
nsTA experiment is superimposed with the nsTA offset spectrum
(DADS?’ in red) and the scaled steady-state signature (purple; calcu-
lated from difference of absorption at 0 s and 5130 s from Fig. 3a)

a weak negative absorption band between 350 and 360 nm,
whereas a positive absorption band is seen around 380 nm.
At wavelengths longer than 425 nm, fluctuating positive
as well as negative contributions are observed. This might
be due to a low signal-to-noise ratio of the measurement.
The results of AMO in presence of A, T-only DNA display
a longer time constant for the formation of a photoproduct
(r3 =600 ps) compared to the previous study on AMT in
A,T-only DNA (49 ps [31]). Lastly, DADS is presented
in Fig. 9, which mainly shows a strong negative signal con-
tribution around 380 nm. At shorter wavelengths, the dif-
ference absorption signal increases and appears to peak at
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Fig.9 DADS derived from fsTA and nsTA experiments on AMO
intercalated into A,T-only DNA in aerated, aqueous buffer. In purple
and blue, the DADS are shown, which are related to the fSTA meas-
urement. The green, yellow and red DADS from the nsTA experiment
were smoothed along the spectral axis. Dotted lines indicate fluctua-
tions due to the low signal-to-noise ratio (see text)

350 nm. At wavelengths longer than 425 nm, the signal,
which fluctuates around zero, exhibits no characteristic fea-
tures. A comparison with the steady-state difference spec-
trum supports an assignment to the final photoproduct.

4 Discussion

Our previous spectroscopic studies on psoralens relied
on synthetic derivatives such as our model system AMT
[29-31] as well as naturally occurring psoralens, which are
utilized in PUVA therapy [52]. In this study, we dealt for the
first time with a psoralen derivative applied in the process of
pathogen reduction in blood products, exploiting the same
mechanism of action as PUVA. This derivative, namely
AMO, shows a close structural similarity to AMT.

In line with our expectations, the photophysical proper-
ties of AMO strongly resemble those of AMT. In particu-
lar, AMO and AMT seem to exhibit the same features, with
respect to the shape and position of the absorption bands.
Minor differences between the two psoralen derivatives are
found after exciting the samples and recording the fluores-
cence spectra. The fluorescence spectrum of AMO shows a
maximum at 474 nm and thus is bathochromically shifted
by ~20 nm compared to AMT. In addition, AMO exhibits a
longer fluorescence lifetime (rgCSPC = 3.08 ns) and a higher
fluorescence quantum yield (®4=0.083) compared to AMT.
Moreover, an additional time constant of 45 ps is found in
the fsSTA experiment of AMO in absence of DNA. This

additional time constant may be attributed to the cationic

tail of AMO. In psoralens (8-methoxy psoralen (§-MOP)
and psoralen (PSO)) without this tail or one with a shorter
carbon chain (AMT), this time constant is not detected. We
speculate that the tail undergoes chain diffusion and thereby
brings the ammonium group close to the chromophore. This,
in turn, could slightly alter the transient spectrum. The
respective time constant 7, of 45 ps is in the range observed
for chain diffusion for this length [53].

More pronounced differences between AMO and AMT
were seen in the intercalation experiments, whereas AMT
[30] and other investigated psoralens [30, 52] displayed sim-
ilar affinities (i.e., dissociation constants Kp,) with respect to
A,T-only and G,C-only DNA, the K, value of AMO in A,T-
only DNA is approximately one order of magnitude smaller
than the one in G,C-only DNA. An order of magnitude in
K, translates in a difference of only few % for the respec-
tive Gibbs free energies AG®. Such a small difference is not
amenable to a simple interpretation. Regardless of the inter-
pretation, the difference in K, values could be beneficial in
terms of the PUVA process, since the photobinding proceeds
with thymine bases. Provided that this prevails in “mixed”
DNA containing A, T- and G,C-base pairs, it would “guide”
AMO to preferentially intercalate in sites with photoreactive
potential. In this context it is worth noting that pathogens
whose DNA exhibits a low G,C-content (e.g., P. falciparum
with ~25% [54] and Staphylococcus species with 30-35%
[14, 55]) are inactivated to high levels by the AMO/UV-A
light technology.

Concerning the photophysics of AMO in presence of
G,C-only DNA, weak photoreactivity is observed in
steady-state exposure experiments, akin to AMT [30].
fsTA measurements indicate that the photoexcited AMO
intercalated into G,C-only DNA is quenched within tens
of picoseconds, in line with the weak photoreactivity. This
finding is attributed to a PET as mentioned in Sect. 3.
Charge separation (CS) forming a radical pair
G** .- AMO*~ and charge recombination (CR) re-forming
the starting material seems to proceed slightly slower than
for AMT in G,C-only DNA (7g = 13 ps and 7o = 81 ps
compared to 7og = 4 ps and 7. = 30 ps [30]). In order to
test whether the PET behavior of AMO follows the Marcus
theory, the dependence of the PET rate constants (kcg/cr)
on the Gibbs free energies (AG%S/CR) were plotted
(Fig. 10). For this purpose, the time constants for the for-
mation and decay of the radical pair determined from the
fsSTA experiment were transformed into rate constants. The
Gibbs free energies for CS and CR for the oxidation of
guanine and reduction of AMO were calculated by means
of Egs. (8) and (9) reported in Frobel et al. [30]. Assuming
that, except for the 0-0 excitation energy E,, all param-
eters of AMT may be applicable to AMO, and using
Ey=3.15 eV for AMO (see Sect. 3), Gibbs free energies
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Fig. 10 Dependence of PET rate constants (kcg,cg) on the driving
force (AGgS /CR) of the previously investigated psoralens psoralen
(PSO, red), AMT (grey), and 8-methoxy psoralen (8-MOP, blue) [30]
as well as AMO (yellow) in G,C-only DNA. On the left, a kinetic
scheme summarizing the time constants for charge separation (CS)

of AGOCS = —0.11eV and AGgR = —3.03 eV were calcu-
lated. The respective Gibbs free energies AG and rate
constants are compared with values of other psoralens in
Fig. 10. The diagram shows that the PET kinetics of AMO
are in line with the experimental values of other psoralens.
Furthermore, it matches predictions by the Marcus-Lev-
ich-Jortner theory [56]. Despite the severe simplification
of our estimates, the computed PET energies and the
measured CS and CR rate constants coincide with the fit
curve. Thus, AMO follows the Marcus theory like PSO,
AMT and 8-MOP, which was previously published by Fro-
bel et al. (cf. Fig. 10). With adenine as a PET partner, a
Gibbs free energy AG%S of 0.36 eV is computed (for the
respective redox potentials see [51]). This process being
endergonic is in line with the absence of PET here.

This analysis of the PET process shows that AMO,
although acting as a type I photosensitizer here, does not
cause irreversible lesions of G,C-only DNA. The radicals
formed by photoexcitation recombine rapidly and thereby
suppress subsequent irreversible processes.

In contrast to G,C-only DNA, the formation of a photo-
product is observed in an A, T-environment with a reaction
quantum yield of @z =0.11. Our previous study on AMT
intercalated into A,T-only DNA yielded a comparable
reaction quantum yield of @3 =0.12 [31]. Time-resolved
measurements with femto- and nanosecond resolution
confirm the photoreactivity of AMO intercalated into
A,T-only DNA. Regarding the spectro-temporal signa-
tures, the mechanism of the photoproduct formation is
similar to AMT involving the local triplet state of AMO.
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and charge recombination (CR) is provided. On the right, the deter-
mined PET data (filled squares for charge separation, hollow squares
for charge recombination) are compared with a fit curve obtained
by Lewis et al. [56] according to the Marcus-Levich-Jortner theory
(black line) adapted by Frobel et al. [30]

This local triplet is populated during the S, decay, which
occurs within ~ 1 ns. The local triplet state decays to form
a triplet biradical, which links the psoralen moiety and
the thymine base by a C—C single bond. The process is
somewhat slower in AMO (7, =14 ps) compared to AMT
(tr,=06 ps [31]). The final step leading from the biradical
to the C,~Cs furan monoadduct (see Sect. 1) also seems
to be slower for AMO when compared to AMT. We esti-
mate a time constant of several 100 pus for AMO, whereas
for AMT a photoproduct is formed within 49 ps. Yet, the
reaction quantum yields @y are essentially identical for
both psoralens. This implies that for AMO intercalated
into A,T-only DNA not only reactive processes but also
processes re-forming the starting material, i.e., interca-
lated AMO in its electronic ground state, are slower. The
fact that these microsecond processes are observed in aer-
ated solution suggests that oxygen quenching is of minor
relevance here. Such a “shielding” of intercalated chromo-
phores from oxygen has been reported before [57].

5 Conclusions

In this study, the photophysics of the psoralen AMO
employed in the INTERCEPT® Blood System was
explored spectroscopically. A comparison with the closely
related derivative AMT, which we have extensively char-
acterized in previous studies, shows that AMO behaves
similarly in the absence of DNA. In the presence of syn-
thetic DNA bearing either adenine—thymine (A,T-only
DNA) or guanine-cytosine bases (G,C-only DNA), UV/
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Vis titration experiments were performed elucidating a
higher intercalation affinity of AMO into A,T-only DNA
compared to G,C-only DNA. Subsequent steady-state
exposure experiments indicate AMO’s photoreactivity as
being comparable to that of AMT in A, T-only DNA and
a weak photoreactivity in G,C-only DNA. Time-resolved
measurements with femto- and nanosecond resolution are
in agreement with these findings. They show signatures
for photobinding to A,T-only DNA via the local triplet
state of AMO and a biradical. On the other hand, a PET
is observed in G,C-only DNA consistent with the Mar-
cus theory. Photoaddition and PET were also observed
in AMT but have shorter time constants. Both psoralens
exhibit similar photophysics and -chemistry, thereby they
seem to be potent candidates for pharmaceutical appli-
cations. However, the difference in intercalation affinity
could be a crucial advantage of AMO as it favors the inhi-
bition of DNA replication.
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