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The photoinduced transformation of ﬂuorescent DNA
base analogue tC triggers DNA melting†
Søren Preus,‡a Søren Jønck,a Michael Pittelkow,a Anke Dierckx,b
Thitinun Karpkird,‡b Bo Albinssonb and L. Marcus Wilhelmsson*b
While ﬂuorescent analogues of the canonical nucleobases have proven to be highly valuable in a large
number of applications, up until today, ﬂuorescent DNA base analogues remain virtually inapplicable for
single-molecule ﬂuorescence experiments which require extremely bright and photostable dyes. Insight
into the photodegradation processes of these ﬂuorophores is thus a key step in the continuous development towards dyes with improved performances. Here, we show that the commercially available ﬂuorescent nucleobase analogue tC under intense long-term illumination and in the presence of O2 is
degraded to form a single photoreaction product which we suggest to be the sulfoxide form of tC. The
photoproduct is characterized by a blue-shifted absorption and a less intense ﬂuorescence compared to
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that of tC. Interestingly, when tC is positioned inside double-stranded DNA this photodriven conversion
of tC to its photoproduct greatly reduces the duplex stability of the overall double helix in which the
probe is positioned. Since tC can be excited selectively at 400 nm, well outside the absorption band of
the natural DNA bases, this observation points towards the application of tC as a general light-triggered
switch of DNA duplex stability.

Introduction
Fluorescent DNA base analogues constitute a special class of
fluorescent probes that can be inserted into DNA and RNA as a
replacement for one of the natural bases.1–4 By mimicking the
Watson–Crick hydrogen bonding and base-stacking properties
of the substituted base these fluorophores may be positioned
inside the site of interest, in stark contrast to traditional, external dyes being tethered to the surface of the biomolecule
using a linker. In the case of the fluorescent nucleobases of
the tricyclic cytosine (tC) family (Fig. 1a) the highly constrained micro-environment imposed by double-stranded DNA
facilitates a very limited diﬀusional and rotational mobility of
the dyes during their excited state lifetime (Fig. 1b).5–12 These
features of the tC bases are highly attractive properties
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Fig. 1 The tricyclic cytosine (tC) family. (a) Chemical structures of the three
members, tC, tCO, and tCnitro, in their base-pairing environment with guanine.
(b) Schematic illustration of the position and orientation of tC positioned in
double-stranded DNA.

particularly in fluorescence anisotropy and Förster Resonance
Energy Transfer (FRET) experiments.12–14 However, a common
limitation of practically all fluorescent nucleobase analogues
is their relatively low brightness and photostability compared
to the brightest, external dyes such as the Alexa-, ATTO- and
Cy-dye series. These properties currently hinder the use of
fluorescent DNA base analogues in particularly single-molecule fluorescence experiments which could otherwise greatly
benefit from dyes reporting from inside the sites of interest.
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Interestingly in relation to the observations reported here,
the ability to control local DNA duplex stability using a noninvasive trigger mechanism, such as light, is highly appealing
for various practical applications within cell biology, pharmacology and DNA nanotechnology.15,16 Light-controlled DNA
duplex formation can be achieved using azobenzenes intercalated in between the base-pairs of double-stranded DNA.17 Azobenzenes exist in either a cis- or trans-conformation. When the
probe is positioned in DNA, the cis-conformation prevents the
hybridization of two otherwise complementary DNA strands.
This feature allows the DNA duplex formation to be switched
on and oﬀ optically by irradiating the sample with visible- and
UV-light, respectively.18–20 The photoswitching property of azobenzenes positioned in DNA has for example been exploited to
regulate transcription by T7-RNA polymerase,21 as a trigger for
drug release,22 and to control the formation of various DNA
nanostructures.23–29 Recently, nucleic acids masked with
photolabile protecting groups, called “photocaged” DNA, have
received attention for the regulation of gene expression
through the action of light.30
Here we show that under intense irradiation and in the
presence of O2 the fluorescent nucleobase analogue tC forms a
single photoproduct, tC#, characterized by a blue-shifted
absorption spectrum and a lower fluorescence quantum yield
compared to that of tC. The photodegradation reaction of tC is
studied by means of UV-Vis spectroscopy, mass spectrometry
(MS), NMR spectroscopy, DFT calculations, and reaction kinetics at high and low O2 concentrations. These studies strongly
point towards a photodegradation mechanism of tC in which
the sulphur of tC is oxidized by molecular oxygen in the solution resulting in the sulfoxide form of tC. The photodegradation of tC is also observed when the dye is positioned in
double-stranded DNA, however, at a much lower reaction rate
compared to when the dye is free in solution. When tC is positioned in double-stranded DNA the photoconversion of tC to
tC# greatly reduces the stability of the overall DNA duplex in
which the probe is positioned. This observation immediately
suggests that the photodegradation of tC can be exploited as
an optically controlled trigger of local double-stranded DNA
and RNA melting.

Paper
temperature to ensure equilibrium and further prevent
unwanted secondary structure formation. In the DNA samples,
the complementary strand of tC was in 50% excess to ensure
that all tC dyes were positioned in double-stranded DNA.
Photolysis setup
The photodegradation reaction of monomeric tC was induced
by the output from either a 150 W Xe lamp passed through a
monochromator set at 375 nm and equipped with adjustable
slit bandwidths, or using a 200 W Hg lamp with an output
adjusted to 370–420 nm using suitable band-pass filters. In
order to rapidly induce the full photoconversion of tC in the
cases where the dye was positioned in double-stranded DNA,
an excitation volume of 60 μl was irradiated with 7 ns laser
pulses of 420 nm at a repetition frequency of 10 Hz and an
intensity of 2.1 mJ per pulse originating from a Q-switched Nd:
YAG laser (Continuum Surelite II-10) and consecutive wavelength tuning with an OPO (Surelite).
MS and NMR
1

H-NMR (500 MHz) and 13C-NMR (125 MHz) spectra were
recorded on a Bruker instrument equipped with a cryoprobe
using the residual solvent as the internal standard. The NMR
samples were recorded in pure D2O. U-HPLC were recorded on
a Dionex Ultimate3000 machine equipped with an RP18
column using H2O–MeCN gradient, and the mass spectra (MS)
and high resolution electrospray ionisation (HRMS-ESI) mass
spectra were recorded on a Bruker Micro-TOF Q II spectrometer.
Quantum chemical calculations
Density functional theory (DFT) calculations were performed
using the B3LYP functional as implemented in Gaussian 09.32
Geometry optimizations were performed using a 6-31G(d,p)
basis set while electronic transitions were predicted using a
6-311+G(2d) basis set and a CPCM solvation model for H2O.
Molecular geometries were optimized to a minimum on the
potential energy surface as witnessed by the positive, calculated IR frequencies of the optimized structures.
Melting temperature determination

Experimental
Chemicals
Unless otherwise stated, all reactions of monomeric tC were
performed in H2O while all reactions with tC in doublestranded DNA were performed in a 25 mM phosphate buﬀer
( pH 7.5, [Na+] = 0.1 M). The synthesis of monomeric tC was
described previously.31 The tC phosphoramidite was purchased from Glen Research (Sterling, Virginia) and incorporated into DNA oligonucleotides and purified by reversed phase
high performance liquid chromatography by ATDBio (Southampton, UK). The DNA sequences were designed to avoid secondary structure formation. Strands were annealed by heating
to 85 °C followed by slowly cooling the sample to room

This journal is © The Royal Society of Chemistry and Owner Societies 2013

Duplex concentrations were set to 1.8 μM using the absorbance
at 260 nm. Melting curves were recorded on a Varian Cary
4000 between 5 and 85 °C at a rate of 0.5 °C min−1 and a step
size of 0.5 °C. Data were collected during 2 consecutive cycles
of heating and cooling. Melting temperatures presented are
averages of two parallel measurements.
Circular Dichroism
Circular Dichroism (CD) spectra were recorded for samples
with a duplex concentration of 1.8 μM at 10 °C on a Chirascan
CD spectrometer. Spectra were recorded between 200 and
400 nm for the unmodified duplex or between 200 and 520 nm
for the tC/tC#-modified duplexes at a band-pass of 1 nm.
Spectra were averaged over 20 scans and corrected for
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background contributions. The scan rate was set to 0.5 s per
point with a step size of 1 nm.

Results
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UV-Vis absorption photoreaction curves
Fig. 2 shows the spectral evolution of monomeric tC dissolved
in H2O as the sample is excited at 375 nm over a total period
of 10 hours. Under these conditions, the lowest energy absorption band of tC, centred at λ = 375 nm, is slowly replaced by a
new lowest energy absorption band centred at λ = 310–320 nm.
The observation of at least two isosbestic points on the UV-Vis
absorption reaction curves, at λ = 285 nm and 343 nm, strongly
suggests that under these conditions tC is converted into a
single photoproduct. This photoconversion process of tC
shown in Fig. 2 is observed in all of the forms of tC we have
synthesized thus far when the dye is solubilized in either
aqueous solutions (ESI S1†) or in DMSO (not shown). The
photoproduct has a less intense and more blue-shifted fluorescence compared to that of tC with a roughly estimated fluorescence quantum yield of Φf < 0.02 (ESI S2†).
Identification of the photoproduct of tC
In order to identify the photoproduct of tC the reaction
product from a complete photodegradation was isolated and
analysed by means of mass spectrometry and NMR spectroscopy. The 1H-NMR spectrum of the photodegradation
product was obtained after evaporation of a crude photolysis
reaction mixture followed by resolvation in D2O. The spectrum
was significantly diﬀerent in the aromatic region of the spectrum (ESI S3†) as compared to the starting material (tC). This
is expected upon oxidation of the sulfide to its corresponding
sulfoxide (vide infra). The spectrum of the dilute sample was
somewhat complicated by the inherent diastereoisomeric
nature of the sulfoxide, but the photodegradation reaction
clearly yields mainly one product.
The observations by 1H-NMR were corroborated by HPLC
and by MS analysis. The HPLC trace showed mainly one peak,
and the mass spectrum had the mass of the starting material

Fig. 2 Evolution of the UV-Vis absorption spectrum of monomeric tC dissolved
in H2O under the continuous irradiation at a wavelength of 375 nm from a 150 W
Xe lamp. The spectra were acquired over a total irradiation period of
10 hours.
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plus 16 mass units corresponding to the suggested oxidation
product (ESI S4†). High resolution mass spectrometry confirmed the elemental composition of the product. Further analysis of the data from the MS experiments, and by performing
MS/MS experiments on the molecular ions of the samples
before and after photodegradation, revealed that the major
fragmentation of the molecular ions (334.1 m/z for tC gives a
fragment with 218.0 m/z and 350.1 m/z for tC# gives a fragment
with 234.0 m/z) is cleavage of the carbohydrate backbone from
the heterocyclic artificial DNA bases. Thus, this gives further
evidence that the photooxidation indeed happens at the
heterocyclic moiety of tC.
The suggestion of a photodegradation pathway of tC involving molecular oxygen is supported by the reaction rate of this
process monitored at high and low concentrations of O2
(Fig. 3). As O2 (g) is bubbled through the aqueous solution of
tC the photodegradation rate of tC is approximately 7–8 times
faster compared to an identical experimental setup where the
solution is saturated with N2 (g) instead of O2 (g). This estimated ratio of reaction rates is calculated by fitting the
measured absorbance at 375 nm as a function of time to a
simple single-exponential decay expression representing first
order reaction kinetics (solid lines in Fig. 3b).
Based on the observations described above, combined with
knowledge on the photodegradation pathways in related phenothiazine-derived chromophores,33–40 we propose the photodegradation pathway of tC shown in Scheme 1. In this model,
tC undergoes intersystem crossing (ISC) from its first excited
singlet state to the first excited triplet state from where the
sulphur of tC is oxidized by O2 in the solution resulting in the
sulfoxide, 1,3-diaza-2,5-dioxophenothiazine, final photoproduct. We do not show direct evidence that proves the suggestion that the reaction with O2 occurs from the first excited
triplet state of tC. However, this pathway is observed in similar
structures40 and the phenothiazine parent compound has
been shown to display very eﬃcient ISC.41 Previously, we
showed that the non-radiative excited-state decay of tC is dominated by both a temperature-dependent and a temperature-

Fig. 3 Comparison of the photodegradation kinetics of tC at an excitation
wavelength of 375 nm in high and low concentrations of O2. (a) UV-Vis absorption reaction curves of tC from which the data points in ﬁgure (b) are extracted.
(b) The relative absorbance monitored at 375 nm as a function of irradiation
time normalized to a value of 1 at time 0. The experimental setup and the two
samples being compared are identical only diﬀering in the type of gas bubbled
through the solution during the photodegradation experiment. Full drawn lines
are ﬁts to a single-exponential rate equation of the form: A = C0e−kt + C1.
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Table 1 Sequences and the corresponding melting temperatures of the
double-stranded DNA samples investigated. X = tC. Y = tC#

Sample

Sequence

Melting temperature/°C

Ref.

5′-CGCAACATCG
3′-GCGTTGTAGC
5′-CGCAAXATCG
3′-GCGTTGTAGC
5′-CGCAAYATCG
3′-GCGTTGTAGC

41.6

tC
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tC#

Scheme 1 Suggested photodegradation pathway of tC. tC is excited to its ﬁrst
excited singlet state from where the molecule will undergo ISC to the ﬁrst
excited triplet state. From T1 tC is oxidized by O2 present in the solution to form
the sulfoxide photooxidation product, tC#.

independent process, the latter of which was suggested to
be ISC.11
To further support the proposed photodegradation pathway
of tC, the theoretical electronic excitation spectrum of the DFT
B3LYP/6-31G** optimized geometry of the tC sulfoxide was predicted by means of high level TDDFT B3LYP/6-311+G(2d) with
a CPCM solvation shell for H2O (Fig. 4). Overall, the predicted
electronic excitation spectrum of the tC sulfoxide compares
well with the observed absorption spectrum of the photoproduct in H2O. In particular, the predicted lowest energy electronic transition of the tC sulfoxide at λcalc = 317 nm with an
oscillator strength of fcalc = 0.14 corresponds excellently to the
measured absorption band of the photoproduct in H2O which
is centred at λmeas = 310–320 nm with a measured oscillator
strength of fmeas = 0.14 (ESI S5†). In summary, the combination
of MS, NMR, reaction kinetics, DFT calculations, and previous
studies of similar compounds strongly points towards the
photodegradation model of tC shown in Scheme 1.
Photodegradation of tC positioned in double-stranded DNA
To investigate the photodegradation properties of tC when the
dye is in its natural environment, namely inside double-

Fig. 4 Absorption spectra (red and blue lines) and predicted lowest energy
electronic transitions of tC and tC# (red and blue bars) calculated using TDDFT
B3LYP/6-311+G(2d) with a CPCM solvation model for H2O.
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stranded DNA, we positioned tC within a 10-mer DNA duplex
flanked by two adenine neighbours (Table 1). The photodegradation process was then monitored under similar conditions
as for the monomeric compound. As can be seen in the UV-Vis
reaction curves (Fig. 5a), tC is also degraded to form a single
photoreaction product under these circumstances. However,
when positioned in double-stranded DNA tC displays a
remarkably enhanced photostability compared to when the
dye is free in solution. This is seen by comparing the photoreaction kinetics of monomeric tC with the photodegradation
kinetics of tC positioned in double-stranded DNA (Fig. 5b).
The photodegradation process of tC is several folds slower
when tC is positioned inside DNA compared to when the dye
is free in solution.

Fig. 5 (a) Evolution of the UV-Vis absorption spectrum of tC positioned in
double-stranded DNA as a function of time when exposing the sample to a continuous beam of light at a wavelength of 375 nm coming from a 200 W Hg
lamp over a period of 24 hours. (b) Comparison of photoreaction kinetics of
monomeric tC and tC incorporated into double-stranded DNA. Data points are
the absorbance values extracted at 375 nm as a function of illumination time.
The monomer and double-stranded DNA samples were subjected to identical
experimental conditions.

Fig. 6 CD spectra of the double-stranded DNA samples deﬁned in Table 1
(PO4-buﬀer, pH 7.5, 0.1 M Na+, 10 °C).
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Comparing the CD spectrum of the unmodified doublestranded DNA sample measured at 10 °C with the CD spectrum of the same DNA sequence modified with tC provides
information on the overall geometry of the DNA before and
after photodegradation of tC (Fig. 6). For all three samples, the
same overall spectral appearance is found: A positive band is
centered at λ = 275 nm, a negative band at 250 nm, a band that
is slightly positive at 220 nm, and just below that a narrow
negative peak followed by a large positive band at λ < 205 nm.
These spectral features are in all three cases characteristic of
B-form DNA42 and demonstrate that both tC and tC# are positioned in regular B-DNA helices with only minor diﬀerence to
the overall geometry of the unmodified duplex. The slight
diﬀerence that is observed between the CD of the unmodified
and tC-modified duplex most likely comes as an eﬀect of the
diﬀerence between their isotropic absorption spectra. Notably,
after photodegradation of tC to tC# the CD spectrum of the
DNA has changed slightly resulting in a spectrum being more
similar to the CD spectrum of the unmodified DNA duplex.
This observation supports the suggestion that the diﬀerence
between the unmodified and the tC-modified DNA is due to
spectral diﬀerences between the tC and cytosine chromophore
entities. The observation further indicates that, after photodegradation of tC, the tC# photoproduct is still situated within
the DNA. The CD spectra measured at 10 °C and 25 °C both
show the same spectral features of B-DNA helices (ESI S6†).
Interestingly, as tC is photoconverted to tC# the stability of
the overall DNA duplex in which the probe is positioned is
markedly decreased (Table 1). The melting temperature of the
10-mer DNA duplex investigated here, in which tC is positioned near the center of the duplex, is 2 °C higher than the
melting temperature of the corresponding unmodified DNA.
This stabilizing eﬀect on double-stranded DNA is a well-known
property of tC and is likely the result of a large overlap
between the aromatic rings of tC and its neighbouring bases
in DNA.7 However, as tC is photoconverted to form tC# the
melting temperature of the DNA in which the probe is positioned drops an astonishing 17 °C resulting in partially
denatured strands at room temperature (ESI S7†). A parallel
control experiment of the corresponding unmodified reference
DNA duplex confirmed that the observed decrease in duplex
stability was due to the photoconversion of tC and not the
result of a two-photon absorption process by the natural DNA
bases (not shown).

Discussion
The observation of a much slower photodegradation rate of tC
positioned in DNA supports the proposed model in Scheme 1.
When tC is positioned inside the base-stacking environment
of double-stranded DNA the chromophore is shielded from
reactants present in the solution. As a result, the frequency
factor of the photoreaction is greatly lowered resulting in a
lower reaction rate constant compared to when tC is diﬀusing
freely in solution.
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Fig. 7 (a) DFT B3LYP/6-31G(d,p) optimized geometry of tC# from a side-view
(top) and an end-view (bottom). (b) Hypothetical position and orientation of tC#
in its base-pairing environment with guanine inside double-stranded DNA. The
red circle marks a sterical clash between the oxygen atom of tC# and the neighbouring base towards the 5’-end.

The observation of a marked destabilization eﬀect of
double-stranded DNA as tC is converted to tC# is fully explainable based on simple sterical considerations (Fig. 7). The DFT
optimized geometry of tC# shows that the oxygen atom is
oriented perpendicularly to the surface of the chromophore
(Fig. 7a). When tC# is positioned in the base-pairing environment of double-stranded DNA, the result of this expanded dyevolume is a sterical clash between the oxygen atom of tC# and
the neighbouring base towards the 5′ side (Fig. 7b). In order to
account for this sterical interaction between tC# and its neighbouring base, the DNA double-helix must be at least partly perturbed from its natural overall energy minimum leading to a
locally distorted structure and a decrease of the overall DNA
duplex stability. It should be mentioned, however, that the CD
spectra of a reference DNA duplex, in which tC is positioned
opposite to a T mismatch site, do not exclude the possibility
that the observed DNA destabilization of tC#-DNA is due to
the fact that tC# no longer binds to the complementary base
(ESI S6†).
As shown in ESI S7,† two components are observed in the
melting curves of the DNA in which tC is transformed into tC#:
a main component with a Tm of 26 °C and a less pronounced
component with a Tm of 44 °C. The component with Tm =
26 °C is not seen in the unmodified DNA or the tC-modified
DNA and this component is thus interpreted as DNA containing tC#. The less dominant component with a Tm of 44 °C in
the tC#-DNA sample is either a result of unreacted tC, or this
component is a stereoisomer of tC# in which the oxygen atom
of tC# is directed towards the 3′ side in DNA thus not causing
any sterical interactions with the neighbouring base (ESI S8†).
It is noted that the observation of a marked destabilization
eﬀect of double-stranded DNA as tC is converted to tC#
suggests that tC can be utilized as a general photoinduced
trigger of local DNA and RNA melting. Such switching properties are potentially interesting in a range of practical applications, such as light-triggered therapeutics and functional
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DNA-based nanodevices as discussed previously.15,16,30 While
the complete photodegradation of tC positioned in DNA
required a total irradiation time of 12–24 hours when using a
200 W Hg lamp source, we developed a scheme to rapidly
induce the photoconversion of tC to its photoproduct in order
to test if the switch is in fact feasible on more practical timescales (Experimental section). Using this scheme the phototransformation of tC positioned in double-stranded DNA was
achieved in less than 6–8 minutes (ESI S9†).

Summary and conclusions
We have shown that under intense illumination at a wavelength of 360–420 nm the popular and commercially available
fluorescent nucleobase analogue tC is converted to a single
photoproduct resulting from a reaction with molecular oxygen.
The tC# photoproduct is characterized by blue shifted absorption and emission spectra and a negligible fluorescence
quantum yield compared to that of tC. The reaction mechanism is strongly suggested to be an oxidation of tC by O2 in the
solution resulting in the tC sulfoxide in which an oxygen atom
is bound to the sulphur of tC.
As has been observed previously for other chromophores
based on the phenothiazine molecular framework the photooxidation process likely occurs from the first excited triplet
state of tC. When positioned in double-stranded DNA the reaction rate is decreased compared to the photodegradation reaction rate of monomeric tC free in solution which demonstrates
a relatively high photostability of tC when this dye is positioned in DNA. This observation is explained by a smaller frequency factor of the reaction between tC and O2 as a result of
tC being buried within the base-stack of the double-stranded
DNA.
While tC displays a high photostability when the dye is
positioned in DNA and an insignificant conversion yield in
long steady-state type of fluorescence studies, it is possible to
rapidly induce the complete photoreaction of tC in DNA using
high irradiation intensities at a wavelength of 400–420 nm.
When tC is positioned inside double-stranded DNA the photoconversion of tC to tC# results in a considerable decrease of
the overall duplex stability in which the probe is positioned. In
the case of 10-mer double-stranded DNA labelled with a single
tC we observed a large decrease in the melting temperature of
17 °C, resulting in partly denatured DNA at room temperature.
This observation suggests that the photodegradation of tC can
be utilized as a photoinduced trigger of local DNA melting
with potential practical applications in areas such as light-triggered therapeutics or as a switching mechanism in DNA-based
nanodevices.

Acknowledgements
This work was supported by the Swedish Research Council
(VR), Stiftelsen Olle Engkvist Byggmästare, the Lundbeck

This journal is © The Royal Society of Chemistry and Owner Societies 2013

Paper
Foundation and the Danish Council for Independent Research |
Natural Sciences (FNU).

Notes and references
1 R. W. Sinkeldam, N. J. Greco and Y. Tor, Chem. Rev., 2010,
110, 2579–2619.
2 S. G. Srivatsan and A. A. Sawant, Pure Appl. Chem., 2011, 83,
213–232.
3 L. M. Wilhelmsson, Q. Rev. Biophys., 2010, 43, 159–183.
4 J. N. Wilson and E. T. Kool, Org. Biomol. Chem., 2006, 4,
4265–4274.
5 L. M. Wilhelmsson, A. Holmén, P. Lincoln, P. E. Nielsen
and B. Nordén, J. Am. Chem. Soc., 2001, 123, 2434–2435.
6 L. M. Wilhelmsson, P. Sandin, A. Holmén, B. Albinsson,
P. Lincoln and B. Nordén, J. Phys. Chem. B, 2003, 107,
9094–9101.
7 K. C. Engman, P. Sandin, S. Osborne, T. Brown, M. Billeter,
P. Lincoln, B. Nordén, B. Albinsson and L. M. Wilhelmsson,
Nucleic Acids Res., 2004, 32, 5087–5095.
8 P. Sandin, L. M. Wilhelmsson, P. Lincoln, V. E. Powers,
T. Brown and B. Albinsson, Nucleic Acids Res., 2005, 33,
5019–5025.
9 P. Sandin, K. Börjesson, H. Li, J. Mårtensson, T. Brown,
L. M. Wilhelmsson and B. Albinsson, Nucleic Acids Res.,
2008, 36, 157–167.
10 S. Preus, K. Börjesson, K. Kilså, B. Albinsson and
L. M. Wilhelmsson, J. Phys. Chem. B, 2010, 114, 1050–1056.
11 S. Preus, K. Kilså, L. M. Wilhelmsson and B. Albinsson,
Phys. Chem. Chem. Phys., 2010, 12, 8881–8892.
12 K. Börjesson, S. Preus, A. H. El-Sagheer, T. Brown,
B. Albinsson and L. M. Wilhelmsson, J. Am. Chem. Soc.,
2009, 131, 4288–4293.
13 S. Preus, K. Kilså, F. A. Miannay, B. Albinsson and
L. M. Wilhelmsson, Nucleic Acids Res., 2013, 41, e18.
14 S. Preus and L. M. Wilhelmsson, ChemBioChem, 2012, 13,
1990–2001.
15 C. Brieke, F. Rohrbach, A. Gottschalk, G. Mayer and
A. Heckel, Angew. Chem., Int. Ed., 2012, 51, 8446–8476.
16 G. J. Wang and J. Zhang, J. Photochem. Photobiol., C, 2012,
13, 299–309.
17 H. Asanuma, X. Liang, H. Nishioka, D. Matsunaga, M. Liu
and M. Komiyama, Nat. Protoc., 2007, 2, 203–212.
18 H. Asanuma, X. G. Liang, T. Yoshida and M. Komiyama,
ChemBioChem, 2001, 2, 39–44.
19 H. Asanuma, T. Takarada, T. Yoshida, D. Tamaru,
X. G. Liang and M. Komiyama, Angew. Chem., Int. Ed., 2001,
40, 2671–2673.
20 X. Liang, H. Asanuma and M. Komiyama, J. Am. Chem.
Soc., 2002, 124, 1877–1883.
21 M. Liu, H. Asanuma and M. Komiyama, J. Am. Chem. Soc.,
2006, 128, 1009–1015.
22 Q. Yuan, Y. Zhang, T. Chen, D. Lu, Z. Zhao, X. Zhang, Z. Li,
C. H. Yan and W. Tan, ACS Nano, 2012, 6, 6337–6344.

Photochem. Photobiol. Sci., 2013, 12, 1416–1422 | 1421

View Article Online

Published on 25 April 2013. Downloaded by New Copenhagen University on 03/08/2013 15:04:03.

Paper
23 M. Endo, Y. Yang, Y. Suzuki, K. Hidaka and H. Sugiyama,
Angew. Chem., Int. Ed., 2012, 51, 10518–10522.
24 D. Han, J. Huang, Z. Zhu, Q. Yuan, M. You, Y. Chen and
W. Tan, Chem. Commun., 2011, 47, 4670–4672.
25 X. Liang, T. Mochizuki and H. Asanuma, Small, 2009, 5,
1761–1768.
26 F. Lohmann, D. Ackermann and M. Famulok, J. Am. Chem.
Soc., 2012, 134, 11884–11887.
27 H. Nishioka, X. Liang, T. Kato and H. Asanuma, Angew.
Chem., Int. Ed., 2012, 51, 1165–1168.
28 F. Tanaka, T. Mochizuki, X. Liang, H. Asanuma, S. Tanaka,
K. Suzuki, S. Kitamura, A. Nishikawa, K. Ui-Tei and
M. Hagiya, Nano Lett., 2010, 10, 3560–3565.
29 Y. Yang, M. Endo, K. Hidaka and H. Sugiyama, J. Am.
Chem. Soc., 2012, 134, 20645–20653.
30 L. M. Ceo and J. T. Koh, ChemBioChem, 2012, 13, 511–513.
31 P. Sandin, P. Lincoln, T. Brown and L. M. Wilhelmsson,
Nat. Protoc., 2007, 2, 615–623.
32 M. J. e. a. Frisch, Gaussian, Inc., Wallingford CT, 2009.
33 E. M. Abdel-Moety, K. A. Al-Rashood, A. Rauf and
N. A. Khattab, J. Pharm. Biomed. Anal., 1996, 14, 1639–1644.

1422 | Photochem. Photobiol. Sci., 2013, 12, 1416–1422

Photochemical & Photobiological Sciences
34 E. M. Abdel-Moety, M. A. Ibrahim and M. R. Rezk, Spectrochim. Acta, Part A, 2009, 74, 740–745.
35 A. Felmeister and C. A. Discher, J. Pharm. Sci., 1964, 53,
756–762.
36 C. L. Huang and F. L. Sands, J. Chromatogr., 1964, 13,
246–249.
37 T. Iwaoka and M. Kondo, Bull. Chem. Soc. Jpn., 1974, 47,
980–986.
38 T. Manju, N. Manoj, A. M. Braun and E. Oliveros, Photochem. Photobiol. Sci., 2012, 11, 1744–1755.
39 G. Miolo, L. Levorato, F. Gallocchio, S. Caﬃeri,
C. Bastianon, R. Zanoni and E. Reddi, Chem. Res. Toxicol.,
2006, 19, 156–163.
40 G. Viola and F. Dall’Acqua, Curr. Drug Targets, 2006, 7,
1135–1154.
41 M. Barra, G. S. Calabrese, M. T. Allen, R. W. Redmond,
R. Sinta, A. A. Lamola, R. D. Small and J. C. Scaiano, Chem.
Mater., 1991, 3, 610–616.
42 A. Rodger and B. Nordén, Circular Dichroism and
Linear Dichroism, Oxford University Press, Oxford, NY,
1997.

This journal is © The Royal Society of Chemistry and Owner Societies 2013

