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Quantum Yield of DNA Strand Breaks under
Photoexcitation of a Molecular Ruby

Cui Wang*,®™ @ Kenny Ebel*™ Katja Heinze,"” Ute Resch-Genger,*® and llko Bald*™!

Abstract: Photodynamic therapy (PDT) used for treating
cancer relies on the generation of highly reactive oxygen
species, for example, singlet oxygen '0,, by light-induced
excitation of a photosensitizer (PS) in the presence of
molecular oxygen, inducing DNA damage in close proximity
of the PS. Although many precious metal complexes have
been explored as PS for PDT and received clinical approval,
only recently, the potential of photoactive complexes of non-
noble metals as PS has been discovered. Using the DNA
origami technology that can absolutely quantify DNA strand

break cross sections, we assessed the potential of the
luminescent transition metal complex [Cr(ddpd),]** (ddpd=
N,N'-dimethyl-N,N’-dipyridine-2-ylpyridine-2,6-diamine) to
damage DNA in an air-saturated aqueous environment upon
UV/Vis illumination. The quantum yield for strand breakage,
that is, the ratio of DNA strand breaks to the number of
absorbed photons, was determined to 1-4%, indicating
efficient transformation of photons into DNA strand breaks by
[Cr(ddpd),I**.

/

Introduction

Photodynamic therapy (PDT) is a therapeutic modality that
induces locally controlled cell death in cancerous tissues by
light with the aid of a photosensitizer (PS). For example, some
PS like Photofrin, that is approved by the Food and Drug
Administration (FDA), is used for the clinical treatments of
bladder cancer, lung cancer, and oesophageal cancer." Upon
light absorption, the excited singlet state of the PS is populated,
followed by subsequent intersystem crossing (ISC) to the long-
lived triplet state. The triplet state can be then depopulated
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radiatively yielding phosphorescence and non-radiatively by
(Dexter-type) energy transfer to triplet molecular oxygen (°0,),
leading to the formation of cytotoxic singlet oxygen ('0,, Type
11).%*! Depending on the excited state redox potential of the PS,
electron transfer between the PS and the environment can
occur, resulting in the formation of radical intermediates that
can further generate reactive oxygen species (ROS) such as O,*~
and OH* (Type 1).?°¥ These reactions, yielding 'O, and/or other
ROS, can subsequently induce highly localized necrotic and/or
cell death of the targeted cancer cells or tissues.”

An ideal PS should strongly absorb visible or near infrared
(NIR) light, have a long excited state lifetime, and no dark
cytotoxicity.® To date, there exists a large toolbox of PSs
including organic dyes,” like the first-generation PS Photofrin
derived from porphyrins,® as well as phthalocyanine,”
indocyanine,"” and boron-dipyrromethene (BODIPY),™ pyridi-
nium alkynylanthracene,'? diketopyrrolopyrrole (DPP),"® and
aggregation-induced emission dyes."* In addition, photoactive
complexes made of precious metals, such as Au", Pt', Pd", Ir",
Ru" or Os" have been used."” Recently, also complexes of earth-
abundant metals such as Cu', Fe" or Fe", Cr", and Zn" have been
explored as PS."**'® These metal ions are mostly bio-essential,
thus minimizing undesired dark toxicity caused by heavy metals
such as Pt".["”

Until now, there are only few examples employing Cr
complexes for PDT despite their interesting optical properties.'®
For example, the molecular ruby [Cr(ddpd),I’* (ddpd=N,N"-
dimethyl-N,N'-dipyridine-2-ylpyridine-2,6-diamine) (Scheme 1a)
shows a strong spin-flip emission in the near-infrared (NIR)
range with record phosphorescence quantum yields (@) of up
to 30% and millisecond lifetimes (z) in deaerated solutions at
room temperature.'” These developments meanwhile initiated
applications of these Cr" complexes in sensing,**”
photocatalysis,”" energy upconversion,”? and circularly polar-
ized luminescence.” In aerated water, the doublet excited

© 2023 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Scheme 1. a) Molecular structure of the water-soluble photosensitizer [Cr(ddpd),][BF,];; b) Scheme of the experimental procedure to absolutely determine the
DNA strand break cross section oss. Each DNA origami nanostructure (grey triangle) carries three biotinylated single (black wavy line) and double stranded
(green-red wavy lines) DNA target sequences protruding from the template. (i) [Cr(ddpd),][BF,]; (yellow star) is added to the aqueous dispersion of DNA
origamis covering the whole DNA origami template unspecifically. (ii) Generation of singlet oxygen 'O, upon UVA (365 nm) light illumination, and subsequent
DNA strand breakage caused by '0, and/or secondary ROS. After treating the non-illuminated (iii) and illuminated (iv) samples with streptavidin (red sphere),
the intact DNA sequences are visualized with atomic force microscopy (AFM). Bright spots in the AFM images indicate streptavidin molecules attached to
intact target sequences. c) Linear plots of the number of strand breaks Ngg as a function of the fluence yield slope values, corresponding to the strand break

cross sections ogg.

states of the Cr" sensitizer are quenched by oxygen via Dexter
energy transfer with a rate constant k, of 1.77x10’M~"s™' and
a Stern-Volmer constant Ky, of 1.59x 10* M~'"1"* yielding '0,.2"
First studies of the water-soluble [Cr(ddpd),][BF,]; complex as
PS for PDT indicates no dark cytotoxicity, yet the highly positive
charge of the complex prevents the efficient crossing of cell
membranes.['®

The oxidative stress caused by 'O, can result in DNA
damage,® affecting the physiological function of DNA and
possibly leading to mutagenesis, carcinogenesis, aging or cell
death. DNA damage by ROS has been explored by several
groups using plasmid DNA®' and DNA oligonucleotides™ as
model systems.">"¥ An accurate and absolute quantification of
DNA strand breaks is possible by the DNA origami technique,””
which can serve as a platform for single and double stranded
DNA (ssDNA and dsDNA) target sequences. This technique
allows to quantify radiation-induced single and double strand
breaks in specific DNA sequences® in terms of absolute cross
sections og; that can be directly compared to the photo-
absorption cross sections op, to determine quantum yields for
strand breakage.” This approach has been applied to study
the strand cleavage in complex DNA structures with defined
sequence,® oligonucleotide length®" and topology®” induced
by low-energy electrons,*¥ vacuum UV light”” and gamma
rays.”” However, the DNA origami technique was not yet
utilized to quantify DNA strand breaks induced in the presence
of ROS generated by a PS with UVA-Vis-NIR light illumination
(310-800 nm, that is, 1.5-4.0 eV).

Efforts have been made to selectively generate 'O, in a
spatially controlled manner for DNA damage.’” However, the
quantitative assessment of DNA strand breaks mediated by 'O,

Chem. Eur. J. 2023, 202203719 (2 of 7)

and/or further ROS produced by a PS with low-energy radiation
is very challenging and consequently rarely explored. Here, we
explore the potential of the water-soluble luminescent molec-
ular ruby [Cr(ddpd),][BF,]; (Scheme 1a) as a PS for selectively
generating '0, as initial reactive species under UVA-Vis light
illumination. DNA strand breaks induced upon photoexcitation
of this Cr'" complex are assessed on the single molecular level
with the DNA origami technique, which allows to determine the
quantum yield for strand breakage.

Results and Discussion

The highly positively charged Cr" complex [Cr(ddpd),]*™ and
the negatively charged DNA origamis are expected to electro-
statically interact. Adding DNA origami to an aqueous [Cr-
(ddpd),** (50 uM) solution under air leads to an increase of the
absorption at 260 nm (Figure 1a, dotted lines), that is character-
istic for the absorption of DNA origamis. Neither the absorption
spectrum of the DNA origamis nor the Cr'" complex, however,
change as confirmed by the difference of the absorption
spectra of the individual components and the mixture of both
species (Figure 1a; Supporting Information), Figure S1). This
finding also indicates that the Cr" complex does not intercalate
into the DNA double helix, in contrast to observations with
other Cr" complexes, where the addition of DNA led to
absorption changes of the employed PS due to their
intercalation."®*® In addition, typically, different lifetimes are
obtained when a chiral complex intercalates into the DNA
double helix due to the different binding efficiencies of the
enantiomers.®” In the presence of DNA origamis, the lumines-
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Figure 1. a) Absorption and luminescence spectra and luminescence decays
of [Cr(ddpd),][BF,]; (50 uM) in air-saturated water in the absence (red) and
presence (green) of DNA origamis (0.77 nM); b) Luminescence intensity
(Is70-8s50) @nd lifetime (z;7) of [Cr(ddpd),][BF,]; (20 uM) in air-saturated water
as a function of increasing concentrations of DNA origamis (0-0.54 nM).
Excitation was at 435 nm.

cence decay kinetics of the Cr" complex, however, still show a

mono-exponential behavior (Figure 1a, Figure S4b). This pro-
vides another hint that there is no distinct intercalation into the
DNA. The presence of DNA origamis, however, increases the
luminescence quantum yield and lifetime of the Cr" complex
under air from initially 2.1% and 180 us to 3.0% and 270 ps,
respectively (Figure 1a). The amplification in luminescence
intensity and lifetime of the Cr" complex (Figure 1b; Supporting
Information, Figure S4) increases with increasing concentration
of the DNA origamis up to a concentration of ~0.4 nM, and
slowly approaches a saturation. This luminescence
enhancement evidenced that a Type | mechanism (photo-
induced electron transfer from DNA to the Cr" complex) is not
operative for the Cr" complex and DNA. Other Cr" complexes
are photooxidants®'®* and can oxidize DNA guanine bases via
the Type | mechanism."®*3%3 However, this is thermodynami-
cally not feasible for Cr(ddpd),]** due to its low excited state
redox potential (E,([*Cr(ddpd),]**/[Cr(ddpd),]*") = 049V vs.
ferrocene)."?" Apparently, the electrostatic interactions be-
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tween the positively charged Cr" complex and the negatively

charged DNA origamis lead either to a partial rigidification of
the complex, hampering non-radiative relaxation pathways,
and/or a slight shielding of the emissive Cr" center from oxygen
quenching. A similar luminescence enhancement of a Cr"
complex under aerated conditions was only recently observed
by us in the presence of bulky counter anions“” and by
employing sterically demanding ligands."*"

Apparent DNA binding makes the water-soluble Cr'" com-
plex a suitable PS for DNA strand break studies with the DNA
origami technique. Scheme 1b) highlights the DNA strand break
determination and the experimental procedure to absolutely
determine the DNA strand break cross sections (gsg) using DNA
origami nanostructures as a platform for the investigation of
arbitrary DNA target sequences. DNA origami templates (grey)
are assembled from a long circular, ssDNA scaffold strand and a
set of over 200 well-designed staple strands. Each staple strand
can be addressed and individually functionalized with ssDNA
(5"-d(GTG),, black curve) and dsDNA (5'-d(GTG),T,(Bt-dT)T(CAC),,
red-green curve) target sequences protruding from the tem-
plate. Route iii) shows the biotinylated (light blue triangle)
target sequences reacted with streptavidin (red sphere) to
visualize the intact DNA sequences with atomic force micro-
scopy (AFM). The bright spots indicate streptavidin molecules
attached to intact target sequences.

Adding water-soluble [Cr(ddpd),][BF,]; to the DNA origami
nanostructures in route i) results in non-specific binding. Upon
low-dose UVA light (365 nm) illumination (route ii), the Cr'" PS
produces 'O, (Figure S2) close to the DNA target sequences,
where DNA strand breaks were observed. In water, singlet
oxygen has a lifetime of ~3.5 us and consequently a short
diffusion path length of ~220 nm, supporting interactions in a
close proximity.”” On the other hand, the DNA origamis remain
intact under these illumination conditions in the absence of the
Cr™ PS (Figure S5)." Treating the illuminated DNA origamis
with streptavidin reveals a clear decrease in the number of
intact DNA target sequences (route iv). Although 'O, normally
cannot directly induce DNA strand breaks," yet strand breaks
of plasmid DNA have been observed with a series of Ru" and
0s" complexes with extended m-systems utilized as PS for
generating '0,.” Alternatively, the formed 'O, can react with
aliphatic amines such as ethylenediaminetetraacetic acid (EDTA)
present in the stock solution to give superoxide and ultimately
hydroxyl radical, which can lead to DNA strand breaks.*??'24

AFM images of nanostructures treated with [Cr(ddpd),][BF,];
are displayed in Figure 2. The control sample (a), that was kept
in the dark, and the sample illuminated with UVA light (365 nm)
light (b) show well-shaped DNA origami triangles. [Cr-
(ddpd),][BF,]; treated DNA origami nanostructures show slight
changes in the profile in the Angstrom (107°m) range
compared to a non-treated sample. The enlarged (zoomed-in)
AFM images (centre) of a single DNA origami tringle before
(top) and after (down) treatment with Cr" and illumination
show white spots at the central and side positions indicating
streptavidin molecules bound to the intact DNA target
sequences. The cross sections of DNA strand breaks os; were
absolutely determined by measuring the photon fluences of the

© 2023 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Figure 2. AFM images of a) a DNA origami control sample kept in the dark
and b) a DNA origami sample mixed with [Cr(ddpd),][BF,]; and illuminated
with UV light (365 nm, 0.60 mW cm~?) for 120 seconds; The center shows
enlarged AFM images of a single DNA origami template before (top) and
after (down) treatment and illumination. The white spots on the central and
side positions of the DNA origami nanostructures are streptavidin moieties
bound to the intact DNA target sequences. The number of strand breaks Ngg
can be determined by analyzing the two different sequences, that were
illuminated and kept in the dark.

UVA light (365 nm) and detecting the DNA damages via AFM
on a single molecule level. A detailed description of the
determination of the photon fluences is given in the Exper-
imental Section below. The linear fit of the number of strand
breaks Ng; as a function of photon fluence gives oy and
represents a measure of the strand break probability (Sche-
me 1¢).

Upon illumination with 365 nm UV light, no photodecom-
position of the Cr'" complex is observed for at least 40 minutes
(Figure S3), underlining its photostability.””” No DNA damage
occurred for dsDNA and ssDNA under the same UVA light
illumination conditions in the absence of the Cr" PS (Figure 3a).
Adding different concentrations (5, 20, and 50 uM) of [Cr-
(ddpd),l[BF,]; leads to a clear increase in Ny as shown in the
exposure-response curves (Figure 3 b-d); Supporting Informa-
tion, Figure S6). Higher concentrations of the Cr" PS yield higher
0 Values, as observed for both ssDNA and dsDNA, resulting in
a faster saturation of Ng. The saturation is caused by interstrand
crosslinkages on the DNA origami nanostructures, leaving
cleaved DNA strands on the triangular origami surface.

A DSB requires two SSBs on opposite strands in close
proximity (within a few DNA nucleotides). The linear depend-
ence of DSBs on photon number indicates that a single photon
is able to induce a DSB. A single photon first induces formation
of one '0, molecule, which then leads to strand breaks in two
closely spaced strands. Although the details of this process
remain to be elucidated, it is clear that the probability of a DSB
is expected to be lower than that of a SSB. Nevertheless, for
lower Cr" complex concentrations (<20 uM), the strand break
cross section for dsDNA (0pss) and ssDNA (ocs;) are similar, while
in the presence of 50 uM Cr" complex, the o value is 1.6 times
higher than the opg value. This observation suggests the
preferential binding of the Cr'" complex to dsDNA resulting in a
higher number of DSBs than SSBs as long as no saturation of
occupation sites is reached. For a Cr" complex concentration of

Chem. Eur. J. 2023, 202203719 (4 of 7)

50 uM, the number of Cr" complexes roughly equals the total
number of nucleotides in the DNA origami sample. Therefore,
all binding sites including ssDNA should be occupied by a Cr"
complex. As a result, 0ss significantly exceeds opgg for high Cr"
concentrations.

The absolute determination of strand break cross sections
allows to calculate the quantum yield of strand breakage, that
is the number of photons absorbed by the Cr" complex that are
required for a DNA strand break (see Supporting Information,
Table S2). Thereby, depending on the Cr" complex concentra-
tion, we find quantum yield values ranging between 0.013 to
0.042. DSBs are the most severe form of DNA damage and the
quantum yield for DSBs appears to reach a saturation around
0.027 (corresponding to 37 absorbed photons required to
induce one DSB) indicating that at this concentration, all DNA
binding sites for the Cr" complex are occupied.

Conclusion and Outlook

In summary, the water-soluble molecular ruby [Cr(ddpd),][BF,l;
was used as a photosensitizer (PS) to generate singlet oxygen
('0,) under low energy UVA light illumination at 365 nm and
the resulting DNA strand breaks were quantified by the DNA
origami technique and AFM. Electrostatic interactions between
the positively charged Cr" complex and the negatively charged
DNA sequences favor the binding of the Cr" PS to DNA, leading
to efficient conversion of UVA photons into DNA strand breaks.
The DNA strand break cross sections og; were absolutely
determined from the photon fluence and the DNA strand
breaks at the single molecule level with AFM. The o obtained
for both single and double stranded DNA showed a clear
dependence on Cr" complex concentration. For Cr" complex
concentrations below 50 uM and the chosen DNA origami
concentration, not all possible binding sites are occupied with
Cr'" complexes. At 50 uM Cr" the quantum yield for DNA strand
breakage reached maximum values of 0.042 and 0.027 for
single strand breaks (SSBs) and double strand breaks (DSBs),
respectively.

Overall, this study expands the toolbox of PS based on Cr
complexes for the efficient generation of '0,, which can be
used for controlled DNA damage. In addition, our DNA origami
approach in conjunction with AFM readout offers a new
method for the quantitative determination of DNA damage in
aqueous solution with low energy photon illumination. In the
future we aim to gain more mechanistic insight into the
interactions between the Cr" complex and DNA origamis as
well as the mechanism of the DNA strand breaks. We also plan
to expand these studies to other Cr" complexes with long
excited state lifetimes, that allow for 'O, formation.

Experimental Section

Materials: [Cr(ddpd),][BF,]; was prepared according to the
literature."*4%!

© 2023 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Figure 3. Number of strand breaks Ng; as a function of the illuminating photon fluence at 365 nm a) in the absence and b-d) in the presence of
[Cr(ddpd),][BF,]; with concentrations of b) 5 uM, c) 20 uM, and d) 50 uM, respectively. e) Bar chart of the absolutely determined DNA strand break cross
section o for ssDNA (black) and dsDNA (red) in dependence of the [Cr(ddpd),][BF,]; concentration. f) Quantum yield for strand breakage.

DNA origami triangles was prepared and modified according to the
literature

For one batch of DNA origami assembly, 5uL of 100 nM viral
scaffold strand M13mp18, 202 short ssDNA (3 pL each) are mixed
with 10 uL of 10xTAE-buffer (Tris-acetate-EDTA with 125 mM
MgCl,), 6x1.5 uL of 100 nM modified target sequences, and 46 uL

Chem. Eur. J. 2023, €202203719 (5 of 7)

deionized water. During an annealing process, the DNA nano-
structures were heated up to 80°C and stepwise cooled down over
2 h to 6°C. The solution of self-assembled triangular-shaped DNA
origami is filtered three times with 1xTAE-buffer containing
12.5 mM MgCl, for 6 min at 4629 g. Each DNA origami substrate
carries two different biotinylated target sequences at fixed

© 2023 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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positions (dsDNA HP-1=(GTG),T(Bt-dT)T,(CAC),) / ssDNA (GTG),-Bt).
For the illumination experiments several batches of DNA origami
structures were pooled to yield a solution of 31 nM DNA origami
triangles in 0.5 mL of water (containing 1 x TAE-buffer and 12.5 mM
MgCl,). For the illumination experiments, 125 uL of 31 nM DNA
origami was mixed with the Cr" complex in milli-Q water to arrive
at a 1mL aqueous solution with the indicated Cr" complex
concentration.

Irradiation was performed in aqueous solution at 365 nm with the
indicated time, up to one hour. The irradiated DNA nanostructures
are immobilized on 8x8 mm? air plasma cleaned silicon substrates
by mixing 2 uL of irradiated solution with 15 puL of 10xTAE-buffer
with 125 mM MgCl, and incubation on Si for 1 h. After that 15 pL
50 nM SAv was added for 2 min and subsequently rinsed with
500 pL of 1:1 deionized water/ethanol.

UV/Vis absorption spectra were recorded with the Varian Cary
5000 spectrometer using 1.0 cm quartz cells.

Luminescence measurements: Luminescence emission spectra and
luminescence decays of the [Cr(ddpd).l[BF,]; in the absence and
presence of DNA origamis were obtained with a calibrated
spectrofluorometer FSP 920 from Edinburgh Instruments. For the
measurement of the emission spectra, a CW xenon lamp was used
as the excitation light source, while the time-resolved luminescence
measurements were performed with a ps xenon flashlamp (100 Hz)
and single photon counting detection in a multi-channel scaling
mode.

AFM measurements: Irradiated samples are incubated with 50 nM
streptavidin (SAv) solution. Damaged DNA oligonucleotides on the
DNA origami triangles can be visualized with atomic force micro-
scopy (Agilent 5500) operated in tapping mode using a cantilever
Tap 150 Al-G with a resonance frequency of 150 kHz and a spring
constant of 5 N/m. The SAv is detected by a bright spot on the
DNA origami indicating an intact DNA oligonucleotide with no
strand break. The binding efficiency of streptavidin to biotin is not
100%, and it is also possible that not every oligonucleotide actually
bears a biotin (due to the limited coupling efficiency during the
synthesis or other processes during the handling of the DNA
samples). This leads to a basic non-zero level of “observed strand
breaks”, however, this level is constant within one set of
illumination experiments. This demonstrates that one whole series
of illumination experiments must be performed under identical
conditions using the same batch of samples. On each sample four
images are recorded with a size of 4x4 pm? and a resolution of
1024 pixels/line. Depending on the density of the immobilized DNA
nanostructures, each AFM image usually contains 1000-2000 DNA
origami triangles.

Measurements of photon numbers: The photon number was
calculated by using the determined UVA light (365 nm, Advantage-
Lab™ UV Lamp, 2x15 Watt, Fischer Scientific) power density
divided by the energy of one photon. This quantity was measured
with a power meter (Newport 841-PE power meter) placed at
sample position with a detector area of 1 cm? and a customized
calibrated sphere setup with a detector area of 3.14 cm?, respec-
tively. Power density values measured with both setups were
determined to be 0.60 mW/cm? with a derivation within 10%.
Dividing the energy of one photon of 365 nm, the photon number
per area per second was calculated to be 1.1x10"s'cm™2
According to the different illumination times, the photon numbers
per area are calculated (Supporting Information, Table S1).
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Singlet oxygen sensitized by the
molecular ruby [Cr(ddpd),]** under
excitation with UV/Vis light induces
DNA strand breaks. Utilization of the
DNA origami technology together
with atomic force microscopy enabled
the quantification of the quantum
yield of strand breaks to 1-4 %,
revealing the promising potential of
using [Cr(ddpd),I*" as photosensitizer
for photodynamic therapy.

5/ [Cr(ddpd),J**
A biotin

DNA strand breaks quantum yield: 1 — 4%

Dr. C. Wang, Dr. K. Ebel, Prof. Dr. K.
Heinze, Dr. U. Resch-Genger*, Prof. Dr. .
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Quantum Yield of DNA Strand
Breaks under Photoexcitation of a
Molecular Ruby
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