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An ion-controlled four-color fluorescent telomeric
switch on DNA origami structures†

L. Olejko,a,b,c P. J. Cywińskid,e and I. Bald*a,c

The folding of single-stranded telomeric DNA into guanine (G) quadruplexes is a conformational change

that plays a major role in sensing and drug targeting. The telomeric DNA can be placed on DNA origami

nanostructures to make the folding process extremely selective for K+ ions even in the presence of high

Na+ concentrations. Here, we demonstrate that the K+-selective G-quadruplex formation is reversible

when using a cryptand to remove K+ from the G-quadruplex. We present a full characterization of the

reversible switching between single-stranded telomeric DNA and G-quadruplex structures using Förster

resonance energy transfer (FRET) between the dyes fluorescein (FAM) and cyanine3 (Cy3). When attached

to the DNA origami platform, the G-quadruplex switch can be incorporated into more complex photonic

networks, which is demonstrated for a three-color and a four-color FRET cascade from FAM over Cy3

and Cy5 to IRDye700 with G-quadruplex-Cy3 acting as a switchable transmitter.

1. Introduction

The specific Watson–Crick base pairing and possibility
for rather simple functionalization makes DNA an extremely
versatile material, which can adopt virtually any nanoscale
shape and simultaneously can be functionalized with different
chemical entities such as metal nanoparticles or
fluorophores.1–7 In such systems the optically-active functionali-
ties act as signal reporters providing information about
events occurring at the microscale and allow for detection,
structure analysis and precise localization in sensing and
imaging applications. Particularly interesting are nano-
photonic programmable photonic networks or multifluorophoric
cascades based on Förster resonance energy transfer (FRET)
to control system functionality, readout or characterization.
In such systems, excitons are transferred down in an array of
fluorophores possessing successively lower excitation ener-
gies.8,9 DNA nanostructures enable the controlled arrangement

of multiple fluorophores,10 which can be used for light har-
vesting, energy conversion, artificial photosynthesis, excitonic
wires, switches, logic gates and optical communication.11,12

By exploiting the dynamic function of DNA sequences,
switchable systems can be designed, which further extend the
potential applications of functional DNA nanostructures to
more sophisticated excitonic systems such as DNA micro-
machines and bio-computers.13

Very prominent switchable DNA structures are guanine (G)
quadruplexes. Linear G-rich telomeric DNA strands can fold
into G-quadruplex structures in the presence of monovalent
cations such as K+ or Na+. G-quadruplex structures consist of
two or more stacked planar G-tetrads, which are formed from
four G nucleobases assembled and stabilized by Hoogsteen-
type hydrogen bonds.14 Basically, the G-quadruplex can unfold
into single-stranded telomeric DNA when the central cation is
removed from the G-quadruplex. Thus, G-quadruplex struc-
tures can be used to design DNA-nanoswitches sensitive to
different chemical triggers.13,15 An electrochemical switch
based on a K+ stabilized G-quadruplex structure has recently
been developed.16 Fluorescent switches based on reversible
folding and unfolding have also been reported for Pb2+-stabi-
lized G-quadruplex structures17 as well as for Na+/K+ induced
G-quadruplex structures.18–20 We have recently demonstrated
ion-selective G-quadruplex folding on DNA origami structures
using Förster resonance energy transfer (FRET), which can be
used for selective K+ recognition even in the presence of
145 mM Na+.21

FRET is a non-radiative energy transfer, in which the energy
is transferred from an excited donor molecule to an acceptor
molecule through dipole–dipole interactions. Due to its
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prominent efficiencies of energy transfer at the corresponding
distances, FRET is a process used in artificial photosynthesis
and photonic wires or networks with different fluorophores
attached e.g. to DNA.10,22,23 Furthermore, FRET plays an
important role as a sensing tool for a variety of biologically
relevant molecules such as antibodies, proteins, aptamers
and even nanoparticles,24–27 and for structure elucidation of
macromolecules such as double stranded DNA and DNA
nanostructures.28–30 Especially for the study of macro-
molecular structures multi-color FRET plays a crucial role due
to the possibility of modulating the optical signal over longer
distances, i.e. beyond 2R0.

31–34

Since FRET is a highly distance-dependent process, it is
important to arrange the donor and acceptor molecules in a
controlled way at well-defined distances. DNA origami nano-
structures are excellent substrates to arrange and analyze
different modifications with a high local control.35–37 DNA
origami structures can adopt various 2D and 3D shapes by
folding a circular single stranded virus DNA (scaffold strand,
here: M13mp18) through hybridization with a suitable set of
short single DNA strands (staple strands, about 200 different
strands).1,35–37 Since every staple strand can be addressed
separately and individually different modifications with
predetermined distances can be introduced. Based on this
property, DNA origami nanostructures have been used to inves-
tigate single-molecule chemical reactions,38,39 radiation
induced DNA strand breaks in different DNA sequences40–43

and few-molecule detection using surface-enhanced Raman
scattering (SERS).44,45 DNA origami frames have also been
used to study the folding and unfolding events of G-quadru-
plex structures via atomic force microscopy (AFM).46–49

Here, we present the preparation and characterization of a
reversibly switchable three and four-color FRET cascade realized
on DNA origami nanostructures. The telomeric DNA 5′-(GGG
ATT)4 is the middle element in the wire, and as already demon-
strated, it assures reversible folding selective for K+.21 We also
demonstrate that the ion-selectivity for K+ depends strongly on

the DNA sequence. To this end we investigate the G-quadru-
plex formation in human telomeric DNA (5′-(GGG TTA)4,
HumTel) and the reversed human telomeric DNA with the
sequence 5′-(GGG ATT)4 (RevHumTel) both attached to DNA
origami nanostructures.

2. Results and discussion
2.1. The importance of the telomere sequence for ion-
selectivity

The telomeric DNA sequences (HumTel or RevHumTel) are
functionalized with an acceptor molecule (here: cyanine3, Cy3)
at their 5′-end and prolonged with a staple strand to place
them on DNA origami triangles. The donor molecule fluo-
rescein (FAM) is placed 3.3 nm away from the 5′-end of the
telomeric DNA by modifying one staple strand internally.
Fluorescence measurements have been carried out in solution
using steady-state and time-resolved spectroscopy (fluo-
rescence decays and the corresponding decay times are shown
in ESI Fig. S1†). The steady-state fluorescence spectroscopy
results for both sequences are shown in Fig. 1. The emission
spectra of HumTel are shown in Fig. 1A without salt (dotted
line) and after KCl (dashed line) and NaCl (red line) addition.
The fluorescence emission spectrum before salt addition
(dotted line) exhibits high intensity at 515 nm (FAM) and a
weak shoulder at 565 nm (Cy3). After salt addition (KCl or
NaCl) the emission at 515 nm drops and the emission at
565 nm rises as a consequence of FRET. The FRET efficiency
increases because of a decrease in the distance between the
fluorophores due to a conformational change of the telomeric
DNA from a random coil to the compact G-quadruplex struc-
ture. When HumTel is used, the G-quadruplex formation is
observed in the presence of both K+ and Na+; however, for the
reversed sequence RevHumTel, the observed effect is remark-
ably different. As the fluorescence emission spectra in Fig. 1B
indicate, the FRET process, and thus the G-quadruplex

Fig. 1 Normalized emission spectra (λex = 450 nm) of DNA origami triangles modified with two different telomeric DNA sequences (red = thymine,
green = guanine, blue = adenine). (A) Human telomeric DNA (5’-GGG(TTA GGG)3) folds into G-quadruplex structures in the presence of KCl (dashed
line) and NaCl (red line). (B) Reversed human telomeric DNA (5’-(GGG ATT)4) enables selective potassium sensing on DNA origami nanostructures.
The G-quadruplex folds only in the presence of K+ (dashed line). The emission properties do not change after NaCl addition (red line) meaning that
the G-quadruplex does not fold. Note that for both sequences two T bases are introduced as a spacer at the 5’-end and four T bases (HumTel) or
one T base (RevHumTel), respectively, at the 3’-end. In this way, four bases are located on the 3’-end in-between the DNA origami platform and the
first G-tetrad.
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folding, is only turned on after KCl addition (dashed line, see
also Fig. S2†), but not after NaCl addition (red line). That is,
only for RevHumTel on DNA origami platforms, the G-quadru-
plex folding is K+ selective, whereas the HumTel sequence is
sensitive for both Na+ and K+. The different selectivities can be
ascribed to different 3D structures of the folded G-quadru-
plexes adopted by the two different sequences. Recently, it was
demonstrated that subtle differences in the G-quadruplex
forming sequence such as the sequence inversion from 5′–3′ to
3′–5′ can result in different G-quadruplex structures.50 Some of
these structures might be suppressed on DNA origami sub-
strates. Selective K+ sensing can be achieved even in solutions
containing Na+ at a concentration as high as 145 mM, which
represents the concentration usually occurring under physio-
logical conditions.21 In the following experiments only
RevHumTel is used. Other monovalent cations such as Na+,
Li+, Cs+ and NH4

+ do not influence the FRET efficiency and
therefore do not induce G-quadruplex formation (Fig. S2†).
Divalent cations such as Mg2+ and Ca2+ can basically influence
the FRET efficiency (Fig. S2†) and stabilize G-quadruplex struc-
tures.51,52 However, since the MgCl2 concentration for the DNA
origami preparation is as low as 10 mM in the present case
and does not increase throughout the experiments, only a
small constant number of Mg2+ induced G-quadruplexes
should be present.

2.2. Two-color FRET system

In order to explore the potential of RevHumTel to become a
switch for a photonic cascade, the reversibility of G-quadruplex
formation is extensively studied using fluorescence spec-
troscopy. To demonstrate that the G-quadruplex formation is
reversible as shown in Fig. 2 we used a complexing agent,

which has a higher affinity towards the central ion (here: K+)
rather than towards the G-quadruplex. When the agent is
added the G-quadruplex unfolds and returns to its initial con-
formation. Typical complexing agents are for example crown
ethers or cryptands. 18-Crown-6 is a well-known substance
which can encapsulate K+ (see ESI Fig. S3†). Since cryptands
have a stronger binding to cations 4,7,13,16,21,24-hexaoxa-
1,10-diazabicyclo[8.8.8]hexaco-sane, also known as [2.2.2]
cryptand and in the following referred to as “cryptand”, is
used in our study. Cryptands are bi- and oligocyclic multi-
dentate ligands, which can bind specific ions. In general, they
are three dimensional molecules similar to crown ethers, but
containing additionally two nitrogen atoms connected via
ethyleneoxy bridges. These compounds can encapsulate metal
ions with high selectivity.53–55 The cryptand-induced switching
phenomenon is analyzed in solution with steady-state (λex =
450 nm) and time-resolved fluorescence spectroscopy (λex =
490 nm, λem = 520 nm). The results for the two-color FRET
system are shown in Fig. 3. In Fig. 3A the fluorescence emis-
sion spectra of the sample before and after KCl or cryptand
addition are shown. The emission spectrum of the initial
sample (blue spectrum, Fig. 3A) exhibits a strong peak at
515 nm from FAM. A very weak shoulder at 565 nm arising
from Cy3 emission is also visible indicating that energy trans-
fer occurs although the G-quadruplex is not folded, as the
donor–acceptor distance is short enough for low-efficient
FRET to occur. When 22 mM KCl is added to the sample the
FAM emission is quenched, and at the same time the Cy3
emission is highly intensified (black spectrum, Fig. 3A) due
to a shorter donor–acceptor distance resulting in a higher
FRET efficiency. After adding 47 mM cryptand Cy3 emission
decreases drastically and FAM emission increases slightly

Fig. 2 Switchable FRET systems described in this work. (A) Two-color FRET system on DNA origami triangles with FAM (green circle) as the donor
attached directly to the DNA origami structure and Cy3 (yellow circle) as the acceptor molecule attached to 5’-end of the telomeric DNA (5’-Cy3-TT
(GGG ATT)4T-staple strand, red = thymine, green = guanine, blue = adenine). The FRET process is turned on due to G-quadruplex formation induced
by potassium ions. When [2.2.2]cryptand is added the G-quadruplex unfolds resulting in a decrease in FRET signals. (B) Three-color FRET cascade on
DNA origami structures with FAM (green), Cy3 (yellow) and Cy5 (red) as donor, transmitter and acceptor molecules, respectively. Again, the
G-quadruplex folds and unfolds by adding potassium ions and [2.2.2]cryptand, respectively. (C) Four-color FRET photonic wire on DNA origami
structures with IRDye700 (dark red) as the final acceptor. Due to G-quadruplex formation the energy can be transferred from FAM to Cy3 to Cy5
and finally to IRDye700 with a total distance of 10 nm. The FRET cascade is turned off when the G-quadruplex is unfolded. (D) Typical AFM image of
DNA origami structures on freshly cleaved mica.
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(red spectrum, Fig. 3A). The FRET process is weakened or
rather switched off due to G-quadruplex unfolding. The FAM
emission does not return to its initial intensity because the
cryptand quenches the FAM fluorescence (see ESI Fig. S4†). To
repeat the folding of the G-quadruplex on DNA origami struc-
tures potassium chloride and cryptand are removed using
10 kDa molecular weight cut-off centrifugal filters and
washing three times with TAE (1×) buffer containing 10 mM
MgCl2. The fluorescence spectrum of the sample after centrifu-
gation is shown in Fig. 3A (green spectrum). The overall fluo-
rescence intensity is lower because the total sample
concentration decreases after centrifugation. It has to be noted
that the peak at 530 nm is due to the Raman peak of water,
which becomes visible due to the overall low fluorescence
intensity of the sample. Decay associated spectra of the first
switching cycle are shown in ESI Fig. S7 and S8.† The ratio of
acceptor emission intensity (at 565 nm) to donor emission
intensity (at 515 nm) changes due to the FRET process and
can be used to monitor the changes occurring in the system
(Fig. 3B). It increases due to G-quadruplex folding after the

addition of KCl (black dots, Fig. 3B) and decreases due to
G-quadruplex unfolding after cryptand addition (red dots,
Fig. 3B). Because the cryptand quenches the FAM fluorescence,
the acceptor–donor ratio does not return to its initial value
after cryptand addition. Lower FAM emission intensity when
compared to the initial point results in a higher ratio. After
centrifugation KCl and cryptand are removed from the solu-
tion and the value virtually returns to its initial value. We
demonstrate that the switching between the folded and
unfolded state can be repeated 5 times on DNA origami struc-
tures in the two-color FRET system. The acceptor–donor ratio
decreases step by step after each KCl/cryptand addition. This is
attributed to a partial unfolding of the DNA origami structure
induced by the cryptand, which might also capture Mg2+. The
removal of Mg2+ ions from the DNA structure results in a
destabilization of the DNA origami triangles and thus to more
free FAM labeled DNA strands in solution, which do not
participate in the FRET process (see ESI, Fig. S5†). Since the
emission intensity is highly dependent on the total sample
concentration, time-resolved measurements were carried out

Fig. 3 Results for the two-color FRET system with FAM and Cy3 as donor and acceptor molecules (color code: blue = initial sample, black = after
KCl addition, red = after cryptand addition, green = after centrifugation). (A) Normalized emission spectra excited at 450 nm. The emission intensity
of FAM at 515 nm decreases and at the same time Cy3 emission at 565 nm increases after KCl addition due to G-quadruplex formation. After cryp-
tand addition the FAM emission increases and Cy3 emission decreases again due to unfolding of the G-quadruplex. After centrifugation the emission
properties of the sample are similar when compared to the starting point but the overall intensity is lower (Raman peak of water becomes more
dominant at 530 nm). The decay associated spectra of the first switching cycle are shown in ESI Fig. S7 and S8.† (B) Acceptor–donor intensity ratio
for one sample after subsequent KCl and cryptand addition. The ratio rises after KCl addition and drops after cryptand addition. The FRET process is
turned on and off due to folding and unfolding of the G-quadruplex. (C) FAM fluorescence decay time (λex = 490 nm, λem = 520 nm) decreases after
KCl addition due to G-quadruplex formation. After cryptand addition the decay time increases again because the FRET process is turned off. The
system is restored after centrifugation. (D) FRET efficiencies calculated with average FAM fluorescence decay times for one sample with subsequent
KCl and cryptand addition. The switchable FRET system is based on G-quadruplex folding and unfolding. The G-quadruplex formation can be
repeated 5 times on DNA origami structures.
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to overcome this drawback and to calculate the FRET efficien-
cies. Fluorescence decays are shown in Fig. 3C for a sample
before (blue decay) and after KCl (black decay) and cryptand
(red decay) addition. The FAM fluorescence decay time
decreases drastically after KCl addition (black decay, Fig. 3C)
due to higher FRET efficiencies and it increases again after
cryptand addition (red decay, Fig. 3C). After centrifugation the
fluorescence decay time is the same as the initial sample
(green decay, Fig. 3C). The fluorescence decays have been
fitted with a tri-exponential function with fixed τ-values (see
ESI Table S1†). The decay time τ1 is set to 1.6 ns and is attribu-
ted to FAM fluorescence in the folded species (Rfold. = 6.0 nm),
while τ2 is set to 2.7 ns assigned to FAM fluorescence in the
unfolded species (Runfold. = 7.2 nm). The donor–acceptor dis-
tance in the unfolded state is still short enough for FRET to
take place with a low efficiency. The decay time τ3 is equal to
4.4 ns and is due to the unquenched FAM, which does not
take part in the FRET process (free strands or missing acceptor
molecules on the DNA origami structure). The physical accep-
tor–donor distances R are determined using eqn (1) and (2).

E ¼ 1� τDA
τD

ð1Þ

R ¼ R0

ffiffiffiffiffiffiffiffiffiffiffiffi
1
E
� 1

6

r
ð2Þ

τDA is the (average) FAM fluorescence decay time when FRET
occurs and τD is the unquenched FAM fluorescence decay
time. To calculate R, the Förster radius R0 for the FRET pair is
needed. The Förster radius is a FRET pair-specific physical
donor–acceptor distance at which the FRET efficiency is equal
to 50%. It depends on the spectral properties of donor and
acceptor molecules.56 For FAM and Cy3 the Förster radius is
equal to 6.7 nm (see also ESI Table S2 and Fig. S5†). The deter-
mined donor–acceptor distances (Rfold. = 6.0 nm; Runfold. =
7.2 nm) represent average values because the telomeric DNA
and the G-quadruplex can rotate freely on the DNA origami
structure. The amplitudes for each decay time component and
the average fluorescence decay times for each step (KCl
addition, cryptand addition and centrifugation) are shown in
Table S1 in the ESI.† The amplitude of τ3 increases continu-
ously throughout repeating folding/unfolding cycles because
the amount of free FAM–DNA-sequences increases as men-
tioned above (see also ESI Fig. S6†). Therefore, only the first
two decay time components are taken into account to calculate
the average decay time. Based on the average FAM fluorescence
decay times the FRET efficiency is calculated using eqn (1). In
Fig. 3D the FRET efficiencies are plotted vs. KCl and cryptand
addition. In accordance with the experiments described above
the FRET efficiency rises due to the G-quadruplex formation
after the addition of KCl (black dots, Fig. 3D), and after cryp-
tand addition the G-quadruplex unfolds and the FRET process
is switched off (red dots, Fig. 3D). After centrifugation the
initial FRET efficiency is reached and the FRET system is
restored (green dots, Fig. 3D). The G-quadruplex folding–

unfolding cycle is again repeated 5 times on DNA origami
structures.

2.3. Switchable three-color FRET cascade

In the next step we introduced a third dye to realize a three-
color FRET cascade, which can be switched on and off using
the reversible G-quadruplex folding and unfolding. In this
three-color FRET cascade FAM, Cy3 and cyanine5 (Cy5) are
used as a donor, a transmitter and an acceptor, respectively
(Fig. 2B). Cy3 is attached to the 5′-end of the telomeric DNA
and FAM and Cy5 are placed 3.3 nm away from it on opposite
sides (Fig. 2B). Since the spectral overlap between FAM and
Cy5 is very small (see ESI Fig. S9†) FRET is unlikely to take
place between these two dyes. Additionally, the donor–acceptor
distance is around 7 nm, which makes FRET highly inefficient
(see ESI Fig. S10A†). For FRET to take place, a third molecule
(transmitter molecule) has to be introduced (here: Cy3).
Because FAM/Cy3 and Cy3/Cy5 FRET pairs have larger spectral
overlaps, FRET can take place from FAM to Cy3 followed by an
energy transfer from Cy3 to Cy5 (see ESI Fig. S9†). This results
in a FRET cascade, which can be excited at 450 nm (excitation
wavelength for FAM) and can emit at 665 nm (Cy5). With
such a FRET cascade longer inter-molecular distances (here:
FAM-Cy5 ≈ 7 nm) can be achieved and a larger spectral range
can be screened.

The results for the three-color FRET cascade on DNA
origami structures are depicted in Fig. 4. In Fig. 4A the emis-
sion spectra of one sample before and after KCl and cryptand
addition are shown. For the initial sample (without KCl), the
FAM emission at 515 nm is rather strong and the Cy3 at
565 nm and Cy5 at 665 nm emissions are very weak (blue spec-
trum, Fig. 4A). After KCl addition (black spectrum, Fig. 4A) the
FAM emission is quenched and the Cy3 and Cy5 emissions
strongly increase due to FAM-to-Cy3 and Cy3-to-Cy5 FRET.
Since the G-quadruplex is formed, the distance between each
FRET pair decreases resulting in higher energy transfer
efficiency. After cryptand addition the emission of Cy3 and
Cy5 is clearly turned off (red spectrum, Fig. 4A) and the FAM
emission becomes stronger. As observed for the two-color
system, the FAM emission does not return to the initial value
because of the quenching effect induced by the cryptand. After
a centrifugation step (green spectrum, Fig. 4A) KCl and cryp-
tand are removed and the system is restored, but the overall
fluorescence intensity decreases. As was described before for
the two-color FRET system the water Raman peak becomes
more pronounced at 530 nm because the overall sample con-
centration is very low and the fluorescence emission intensity
is weaker. In Fig. 4B the acceptor–donor intensity ratios deter-
mined for each FRET pair are shown (Cy3/FAM (squares) =
I(565 nm)/I(515 nm); Cy5/Cy3 (circles) = I(665 nm)/I(565 nm);
Cy5/FAM (triangles) = I(665 nm)/I(515 nm)). The different
FRET pair curves exhibit a similar tendency. After the addition
of 22 mM KCl (black points, Fig. 4B) the ratio increases drasti-
cally due to an increase in FRET efficiency. After the addition
of 47 mM cryptand (red points, Fig. 4B) the ratio decreases
because of the G-quadruplex unfolding. Similar to what was
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described before for the two-color FRET system, the intensity
ratio for all FRET pairs does not return to its initial value after
cryptand addition. The FAM fluorescence decays for one
folding–unfolding cycle are depicted in Fig. 4C. The fluo-
rescence decay time decreases after the addition of KCl (black
decay, Fig. 4C) compared to the fluorescence decay time of the
initial sample (blue decay, Fig. 4C). After cryptand addition the
fluorescence decay time increases again (red decay, Fig. 4C)
because of G-quadruplex unfolding and increasing donor–
transmitter–acceptor distances. The FAM fluorescence decay
curves were fitted just as the two-color FRET system and the
amplitudes for each decay time and the average decay times
are shown in Table S1 in the ESI.† The Cy3 fluorescence decay
times are shown in Fig. S11 of the ESI.† The FRET efficiencies
were calculated using eqn (1) and are shown in Fig. 4D. The
FRET efficiency rises after the addition of KCl (black dots,
Fig. 4D) and the FRET cascade is turned off after the addition
of cryptand (red dots, Fig. 4D) since the transmitter dye is
moved away from the acceptor. The three color FRET cascade
is again turned on 5 times.

2.4. Four-color FRET photonic wire

Finally, we introduce a fourth dye to the FRET cascade to
exploit the full potential of the telomeric FRET switch on DNA
origami structures. The design of the four-color FRET photonic
wire is basically the same as the three-color FRET cascade but
with IRDye700 as an additional acceptor molecule placed
3.3 nm away from Cy5 (see Fig. 2). In this photonic wire the
energy is transferred from FAM to Cy3 followed by an energy
transfer to Cy5 and finally to IRDye700 (see also ESI Fig. S12
and S13†). With such a photonic wire an inter-molecular dis-
tance of ca. 10 nm is achieved. This system is excited at
450 nm (FAM excitation) and it emits at 710 nm (IRDye700
emission) when the G-quadruplex is folded.

The results of one switching cycle based on the four-color
FRET photonic wire are shown in Fig. 5 and S12† to show the
basic mechanism. For the initial sample, FAM emission at
515 nm is dominant and the emission intensities of Cy3 at
565 nm, Cy5 at 665 nm and IRDye700 at 710 nm are rather
weak (blue spectrum, Fig. 5). The FRET cascade is turned on

Fig. 4 Results of the three-color FRET system (donor: FAM, transmitter: Cy3, acceptor: Cy5) on DNA origami structures (color code: blue: initial
sample, black: after KCl addition, red: after cryptand addition, green: after centrifugation). (A) Steady state emission spectra excited at 450 nm. The
emissions of Cy3 at 565 nm and Cy5 at 665 nm increase and the FAM emission intensity at 515 nm decreases after KCl addition. After cryptand
addition Cy3 and Cy5 emissions decrease and FAM emission increases again. The FRET cascade is switched off. After centrifugation the system is
restored. The overall intensity decreases due to decreased sample concentration after the centrifugation step (Raman peak of water at 530 nm
appears). (B) Repeated cycles of FRET switching represented with acceptor–donor intensity ratios (Cy3/FAM: I(565 nm)/I(515 nm) squares, Cy5/Cy3:
I(665 nm)/I(565 nm) circles, Cy5/FAM: I(665 nm)/(515 nm) triangles). The acceptor–donor intensity ratios decrease after KCl addition due to
G-quadruplex formation followed by an increase after cryptand addition due to G-quadruplex unfolding. After centrifugation the system is restored.
(C) FAM decay time (λex = 490 nm, λem = 520 nm) decreases after KCl addition due to G-quadruplex folding. After adding the cryptand, the decay
time increases again because the FRET process is turned off. After centrifugation the system is restored. (D) FRET efficiencies calculated with average
FAM fluorescence decay times. After the addition of KCl the FRET efficiency increases and it decreases again after cryptand addition. The system can
be restored by centrifugation. The G-quadruplex formation can be repeated 5 times in a three-color FRET cascade on DNA origami structures.
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after KCl addition leading to a decrease of FAM emission and
at the same time an increase in Cy3, Cy5 and IRDye700 emis-
sions (black spectrum, Fig. 5). The distances between each
FRET pair are reduced resulting in higher FRET efficiencies.
The energy transfer cascade is turned off again after cryptand
addition due to unfolding of the G-quadruplex. Thus, the Cy3,
Cy5 and IRDye700 emissions are turned off. The FAM emission
does not return to its initial value (as already observed for the
two- and three-color FRET systems) because the cryptand
quenches the FAM emission (red spectrum, Fig. 5). The system
is restored after a centrifugation step (green spectrum, Fig. 5).
Again, the water Raman peak becomes visible at 530 nm
because the overall sample concentration decreases after cen-
trifugation and therefore the overall fluorescence intensity
decreases.

3. Conclusions

In this paper, we present a comprehensive comparison of two
different telomeric DNA strands (HumTel and RevHumTel)
with respect to their ion-selective G-quadruplex formation
using FRET. We have shown that HumTel, when immobilized
on DNA origami structures, folds into G-quadruplex structures
both in the presence of Na+ and K+. RevHumTel on the other
hand is selective for K+ only when attached to DNA origami tri-
angles. Furthermore, we have analyzed the switching between
folded and unfolded G-quadruplex structures for RevHumTel.
We have realized a highly ion-selective and restorable, revers-
ible nanophotonic FRET switch on DNA origami structures
based on a two-color FRET system (FAM–Cy3–FRET). Addition-

ally, we developed a switchable photonic wire on DNA origami
structures using three and four different fluorophores (FAM-to-
Cy3-to-Cy5-to-IRDye700 FRET cascade). We have shown that
the G-quadruplex formation can be repeated up to 5 times.
The unique properties of telomeric DNA (conformational
switching and ion-selectivity) combined with the excellent pos-
sibilities of DNA origami structures to assemble different moi-
eties at defined distances give the opportunity to design and
further extend the applications of functional DNA nano-
structures towards new nanophotonic systems such as light
harvesting antennae, photonic wires and networks and
chemically triggered logic gates or nanosensors with an optical
readout.

4. Experimental section
4.1. Chemicals

Unmodified oligonucleotides (used as staple strands) were pur-
chased from Integrated DNA Technologies (Leuven, Belgium).
The viral genome M13mp18 (scaffold strand) was purchased
from tilbit nanosystems GmbH (Garching, Germany). The
oligonucleotides modified with the organic dyes (fluorescein,
cyanine3, cyanine5) were acquired from Metabion Inter-
national AG (Planegg/Steinkirchen, Germany). The modified
oligonucleotides have been purified by the manufacturer using
HPLC and have been used as delivered. Magnesium chloride,
potassium chloride, sodium chloride, 4,7,13,16,21,24-hexaoxa-
1,10-diazabicyclo[8.8.8]hexacosane and Tris acetate-EDTA
buffer (TAE buffer) were acquired from Sigma Aldrich (Tauf-
kirchen, Germany). Diluted TAE buffer (1×) (pH = 8.2) con-
tained 40 mM Tris-acetate and 1 mM EDTA.

4.2. DNA origami preparation

The DNA origami structures were prepared by mixing the
staple strands (150 nM) with the single stranded M13mp18
viral genome (5 nM) in TAE buffer (10×) containing 100 mM
MgCl2 and ultrapure water (Millipore). This mixture was
heated up to 80 °C and then slowly cooled down to 8 °C in 2 h
(80 °C–66 °C: 1 °C every 30 s; 66 °C–25 °C: 1 °C every 2 min,
25 °C–8 °C: 1 °C every 1 min) using a thermal cycler (PEQLAB,
Germany). After the annealing process, the solutions were
purified via a 100 kDa molecular weight cut-off centrifugal
filter (Millipore) with TAE buffer (1×) containing 10 mM MgCl2
(4 × 3214g for 10 min).

4.3. G-quadruplex folding/unfolding

After the preparation of DNA origami triangles a KCl, NaCl
or cryptand solution (c = 200 mM, 2 M in ultrapure water
(Millipore)) was added and the samples were shaken for
15 min at 40 °C to fold (KCl, NaCl) and unfold (cryptand) the
G-quadruplexes on DNA origami structures. After KCl/cryptand
addition the sample was purified via a 10 kDa molecular
weight cut-off centrifugal filter (Millipore) with TAE buffer (1×)
containing 10 mM MgCl2 (3 × 3800g for 7 min) to remove KCl
and cryptand. Steady-state and time-resolved fluorescence

Fig. 5 One switching cycle for the four-color photonic wire (donor:
FAM, transmitter1: Cy3, transmitter2: Cy5, acceptor: IRDye700, λex =
450 nm) on DNA origami structures (color code: blue: initial sample,
black: after KCl addition, red: after cryptand addition, green: after cen-
trifugation). After KCl addition the emissions of Cy3 (565 nm), Cy5
(665 nm) and IRDye700 (710 nm) increase and FAM emission (515 nm)
decreases because of the G-quadruplex formation. This photonic wire
can be turned off after cryptand addition (G-quadruplex unfolds).
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spectroscopy was performed after each KCl and cryptand
addition and centrifugation step at DNA origami concentration
of ca. 5 nM.

4.4. Atomic force microscopy (AFM)

To investigate the correctly formed DNA origami structures,
AFM was performed for each sample after the preparation.
AFM imaging was done with a Flex AFM (Nanosurf, Germany).
A Tap150 Al-G cantilever (Budget Sensors, Sofia, Bulgaria) with
a resonance frequency of (125–160) kHz and a spring constant
of 5 N m−1 was used to visualize the DNA origami structures.
The samples were prepared on freshly cleaved mica (Plano
GmbH, Germany). For this, 2 µl of the sample (ca. 20 nM) and
33 µl of TAE (1×) containing 10 mM MgCl2 were incubated for
30 s and subsequently washed twice with 1 ml of ultrapure
water (Millipore). Afterwards, the fluid was removed with com-
pressed air. The measurements were performed in air using
the phase contrast mode. The measured triangles have a
length of 100–150 nm and a height of 1–2 nm (see Fig. 2). The
yield of correctly formed DNA origami structures has been
determined from AFM images to be about 95%.

4.5. Steady-state fluorescence spectroscopy

Steady-state fluorescence spectroscopy measurements were
done using a FluoromaxP fluorescence spectrophotometer
(HORIBA Jobin Yvon GmbH, Germany) with 3 mm quartz
cuvettes. The measurements were performed in a 90° angle
acquisition using the system-internal quantum correction. The
excitation wavelength for all emission spectra was set to
450 nm. For the measurements an increment of 1 nm and
integration time of 0.2 s were chosen and the bandpass was
set to 5 nm for both emission and excitation.

4.6. Time-resolved fluorescence spectroscopy

Time-correlated single photon counting (TCSPC) measure-
ments were performed on a FLS920 Fluorescence spectro-
photometer (Edinburgh Instruments, UK) using 3 mm quartz
cuvettes. The samples were measured in a 90° setup using a
white light source (SC-400-PP supercontinuum-source,
Fianium: 0.5–20 MHz, 400 nm < l < 24 000 nm, pulse width:
ca. 30 ps) as the excitation source and a Multi-Channel-
Plate (ELDY EM1-132/300, Europhoton GmbH, Berlin) as the
detector. The excitation wavelength was set to 490 nm and the
emission wavelength was set to 520 nm. The fluorescence
decay curves were fitted with a tri-exponential function
(eqn (3)) using FAST software (Edinburgh Instruments, UK).

I tð Þ ¼ A0 þ A1e
�t
τ1 þ A2e

�t
τ2 þ A3e

�t
τ3 ð3Þ

A0 is the background or dark current, τ1, τ2 and τ3 are the
decay times and A1, A2 and A3 are the amplitudes characteristic
for each decay time. The different decay time components
were set to specific values for different species. τ1 is equal to
1.4 ns and belongs to the folded state, τ2 is set to 2.7 ns and
belongs to the unfolded G-quadruplex and τ3 is equal to 4.4 ns

belonging to the unquenched donor dye. The average fluo-
rescence decay time τ̄DA was calculated with eqn (4).

τ̄DA ¼ τ1 � A1 þ τ2 � A2
A1 þ A2

ð4Þ
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