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Abstract
Guanine quadruplexes (GQs) are four- stranded DNA/RNA structures exhibiting 
an important polymorphism. During the past two decades, their study by time- 
resolved spectroscopy, from femtoseconds to milliseconds, associated to com-
putational methods, shed light on the primary processes occurring when they 
absorb UV radiation. Quite recently, their utilization in label- free and dye- free 
biosensors was explored by a few groups. In view of such developments, this re-
view discusses the outcomes of the fundamental studies that could contribute 
to the design of future optoelectronic biosensors using fluorescence or charge 
carriers stemming directly from GQs, without mediation of other molecules, as 
it is the currently the case. It explains how the excited state relaxation influences 
both the fluorescence intensity and the efficiency of low- energy photoioniza-
tion, occurring via a complex mechanism. The corresponding quantum yields, 
determined with excitation at 266/267 nm, fall in the range of (3.0– 9.5) × 10−4 and 
(3.2– 9.2) × 10−3, respectively. These values, significantly higher than the corre-
sponding values found for duplexes, depend strongly on certain structural fac-
tors (molecularity, metal cations, peripheral bases, number of tetrads …) which 
intervene in the relaxation process. Accordingly, these features can be tuned to 
optimize the desired signal.
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INTRODUCTION

Guanine quadruplexes (GQs) are DNA/RNA structures 
formed by guanine rich strands of nucleic acids. Their 
building blocks are guanine tetrads in which each guanine 
is connected to two others via hydrogen bonds involving 
four different positions (Figure 1A). They may result from 
the folding of one strand or the association of two three 
or four strands and are called, respectively, monomolecu-
lar, bimolecular, or tetramolecular GQs. Helically stacked 
tetrads constitute the guanine core; monovalent cations, 
such as K+ or Na+, located in the central cavity of the core, 
contribute to the stability of the structure. Besides the gua-
nines of the core, GQs contain also peripheral nucleobases 
which are located in loops connecting the tetrads and/or 
at capping groups at the end the strands (Figure 2B). In 
addition to these structural features, which will be dis-
cussed herein, GQs exhibit a rich polymorphism, includ-
ing formation of higher order structures.1

Guanine quadruplexes play an important role in key 
biological functions (gene expression, replication, tran-
scription, genome stability, epigenetic regulation …). They 
are being correlated, in a positive or negative way, with 
an increasing number of pathologies, from cancer to neu-
rodegenerative disorders2– 4 and viral infections, including 
COVID- 19.5,6 This knowledge has prompted therapeutic 
strategies targeting GQs with the aim to either stabilize or 
destabilize them.7– 9

Beyond therapeutics, an intense activity is dedicated to 
the development of devices utilizing the unique proper-
ties of GQs for various applications in the field of nano-
electronics.10 GQ- based biosensors11– 14 detect biomarkers 
typical of precise pathologies, as for example, abnormal 

concentration of K+ in the blood of patients undergoing 
hemodialysis,15 the presence of SARS- CoV- 216 or that of 
short DNA fragments (cfDNA) in the plasma of patients 
with cancer.17 Sensors operating on similar principles 
are also used for the detection of chemicals detrimental 
to the health, such carcinogenic azo dyes encountered as 
food additives,18 or Pb2+ ions in aquatic products.19 Most 
commonly, detection is achieved through optical and/or 
electrochemical methods and requires the mediation of 
an appropriate label chemically attached to the nucleic 
acid, or of a dye simply interacting with the GQ structure 
(label- free sensors).

But it is well established by now that optical signals 
(fluorescence emission), as well as charge carriers can 
be generated upon direct excitation of DNA. And most 
importantly, the signals stemming from GQs are more 
intense compared to those originating from other DNA 
structures.20,21 The demonstration that self- association 
of guanine- rich DNA strands can be probed by following 
their intrinsic fluorescence dates back to 200422 (Figure 2), 
while that of UV- induced charge carrier generation was 
published just on 2017.23 Interestingly, the GQ photoion-
ization was observed at low energy (4.7 eV/266 nm), where 
the aqueous solvent is not reactive. This is an important 
advantage for applications, because the origin of the gen-
erated signals can be clearly correlated with the GQs.

Since the two premieres mentioned above, numerous 
studies, both experimental and computational, have been 
dedicated to the characterization of the primary processes 
underlying fluorescence emission and generation of 
charge carriers in DNA GQs triggered by direct absorp-
tion of UV radiation. To this end, UV- induced changes 
in optical signals were explored from the femtosecond to 
the millisecond timescales, in parallel with other DNA 
structures, and their interpretation was rationalized by 
quantum chemistry calculations. These results were 

F I G U R E  1  Schematic representation of a guanine tetrad (A) 
and a GQ formed by association of three strands (B); red spheres 
in (B) correspond to metal cations (K+, Na+); L and E indicate the 
peripheral nucleobases located, respectively, at the loop and the 
capping group.

F I G U R E  2  (A) Normalized absorption spectra of (G3)4/Na+ 
(blue) and deoxyguanosine monophosphate (dGMP, gray) at room 
temperature; the vertical line indicates the excitation wavelength 
used to monitor the fluorescence of a (G3)4/Na+ solution at 380 nm 
(B); at zero- time, the solution was heated at 80°C and then left to be 
cooled slowly at room temperature.22
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highlighted in references Balanikas et al., Gustavsson 
and Markovitsi, Balanikas and Markovitsi, and Martinez- 
Fernandez et al.,20,21,24,25 dealing with nucleic acids in 
general, and providing detailed description of the various 
methodologies and concepts used in these studies.

Quite recently, the use of the intrinsic DNA fluores-
cence, and in particular that of the GQs, for analytical 
purposes started to be explored. The motivation for the de-
velopment of such label- free and dye- free devices is that 
they circumvent the synthesis of nucleic acids with appro-
priate labels or the caveats arising from non- covalent in-
teractions between the nucleic acids and the dyes playing 
the role of mediators. Guo and coworkers constructed an 
easy to manipulate DNA detection system exploiting the 
fluorescence of an interlocked bimolecular GQ.26 Zuffo 
et al.,27 tested, by means of multivariate analysis, the ap-
plicability of the DNA fluorescence in assays aiming at the 
screening a large number of sequences. Liu et al. examined 
the possibility to probe target molecules (caffeine, cortisol 
…) and metal ions (Pb2+, Mg+2, Sr2+ …) by observing the 
intrinsic GQ fluorescence.28,29 Finally, synchronous fluo-
rescence spectroscopy and multivariate data analysis was 
proposed for the authentication of Covid- 19 vaccines.30

Within this context, the present review describes the 
main outcomes of the fundamental studies on the pro-
cesses triggered in GQs by direct absorption of UV radia-
tion. It discusses the reasons for which certain structural 
parameters (molecularity, topology, peripheral bases, and 
metal cations in the central cavity) affect, on the one hand, 
the fluorescence quantum yield Φfl and the fluorescence 
spectral shape, and on the other, the photoionization 

quantum yield Φi. Although similar questions have been 
addressed in phenomenological studies carried out by 
steady- state measurements,31– 35 the knowledge of the un-
derlying primary processes offers a different perspective.

Below, we first introduce the GQ structures studied 
by various time- resolved techniques. In the subsequent 
section, we provide a brief description of the main elec-
tronic and structural modifications occurring upon the 
absorption of a single UV photon by a GQ. The pathways 
followed during the excited state relaxation are crucial for 
both fluorescence emission and charge carrier generation, 
which are discussed in the next two sections. Finally, we 
highlight the structural factors that can be controlled to 
maximize the UV- induced “intrinsic GQ signals” in view 
of their application in optoelectronic biosensors and sug-
gest some further investigations.

SYSTEMS AND TECHNIQUES

The GQs investigated by time- resolved spectroscopic tech-
niques are listed in Table 1; according to the type of metal 
cation M+ used (Na+ or K+), they are noted as “abbre-
viation/M+”. Their peripheral nucleobases are thymines 
and/or adenines. In most of the experiments, GQs were 
dissolved in phosphate buffer, and, alternatively, in KCl 
or NaCl. The purity of the oligonucleotides, as well as that 
of the salts and the water used in the preparation of the so-
lutions are of paramount importance. Impurities may in-
teract with GQs and give rise to red- shifted fluorescence, 
behaving, in a certain way, as the biosensor mediators. 

T A B L E  1  DNA GQs studied by time- resolved spectroscopy.

Typea Sequence (5′– 3′) Abbreviation Techniques

1- M G(~3600) G- wires TCSPC38– 40

TAG3(T2AG3)3T2 TEL25b ns- TA55

G3(T2AG3)3 TEL21b FU/TCSPC45,60; fs- TRF/fs- TA37; ns TA23,71

2- M G4T4G4 OXYc FU/TCSPC,36 ns- TA20

4- M TG5T (TG5T)4 FU/TCSPC64

TG4T (TG4T)4 FU/TCSPC40,65; ns- TA70,72,92

TG3T (TG3T)4 FU/TCSPC64

TG4 (TG4)4 ns- TA48

G4T (G4T)4 ns- TA48

AG5A (AG4A)4 ns- TA48

AG5 (AG4)4 ns- TA48

G4A (G4A)4/ ns- TA48

TAG4AT (TAG4AT)4 ns- TA48

G3 (G3)4 FU22

aMonomolecular (1- M), bimolecular (2- M), and tetramolecular (4- M).
bTEL: containing the human telomeric repeat TTAGGG.
cOXY: containing the Oxytricha nova telomeric repeat TTTTGGGG.
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Moreover, they may also chemically react with the gua-
nine radicals, altering their reaction path. The protocols 
followed in our group can be found, for example, in refer-
ence Balanikas et al.20 and the Supporting Information of 
reference Balanikas et al.36

We studied fluorescence from the fs to the ns timescales 
using as excitation source fs laser pulses and two different 
detection techniques, fluorescence upconversion (FU) 
and time- correlated single photon counting (TCSPC). The 
generation and the reaction dynamics of charge carriers 
were probed from the ns to the ms timescales by ns tran-
sient absorption spectroscopy (ns- TA), using as excitation 
source 5 ns laser pulses. The latter technique allows de-
tecting transient species in very low concentrations, which 
cannot be achieved by fs transient absorption (fs- TA). Our 
findings on TEL21/M+ are in good agreement with those 
obtained by Ma and Kwok37 using broadband fs time- 
resolved fluorescence (fs- TRF); the latter publication also 
reported the first fs- TA study on GQs and examined their 
behavior in nanocavities. All these experiments were per-
formed at room temperature with 266/267 nm excitation. 
Just one study, by Huppert et al., reported fluorescence of 
G- wires in low temperature glasses probed by TCSPC38; 
their results at room temperature are in qualitative agree-
ment with ours on these systems.39,40

The time- resolved signals associated either with GQ 
fluorescence or their photoionization are weak. Therefore, 
their detection following excitation with laser pulses is 
quite delicate and requires specific protocols in order to 
avoid damaging the system during experiments.20,21

EXCITED STATE RELAXATION

Discussing the relaxation of electronic excited states in 
GQs requires some knowledge of those initially formed 
by photon absorption (Franck– Condon states). Several 
computational approaches showed that the electronic 
coupling among the ππ* transitions of nucleobases, which 
are responsible for the absorption spectrum of mononu-
cleotides, induces delocalization of their Franck– Condon 
states over several guanines of the core.39,41– 47 The proper-
ties of the resulting exciton states depend on the relative 
position and orientation of the participating guanines, 
which may be located on the same strand or tetrad or 
on different ones. The topography of two such collective 
states, computed for (G3)4/Na+ in the frame of the exci-
ton theory, taking into account conformational static dis-
order, are shown in fig. 9 of reference Changenet- Barret 
et al.39 Due to the existence of collective states, the GQ 
steady- state absorption (and CD) spectra are the enve-
lope of a large number of electronic transitions, and differ 
from those of the corresponding stoichiometric mixtures 

of noninteracting mononucleotides. Figure  2A illus-
trates such a difference in the simplest case, comparing 
the absorption spectra of dGMP and self- associated GGG 
strands, (G3)4/Na+.22

Once populated, the Franck– Condon states will evolve 
toward lower energies along various pathways47 implying: 
(1) Changes in their topography, possibly leading to local-
ization of excitons on single nucleobases. (2) Charge trans-
fer (CT) between stacked nucleobases, requiring an orbital 
overlap and giving rise to an excited CT state, meaning that 
a certain fraction δ+ of an atomic electric charge is trans-
ferred among them (upper panel in Figure 3). CT states 
may be formed between two guanines in the core, two pe-
ripheral nucleobases within loops or capping groups, or a 
peripheral nucleobase X and a guanine of an outer tetrad. 
According to quantum chemical calculations, the proba-
bility to populate a G+ → X− CT state is higher if X is an 
adenine than a thymine; moreover, CT formation is more 
favorable if the peripheral base is located at the 3′ posi-
tion, in respect to the guanine, than in the 5′ position.48

Charge transfer formation is accompanied by a geomet-
rical rearrangement of the involved chromophores and a 
readjustment of their close environment: the non- excited 
part of the nucleic acid, the nearby water molecules and the 
metal cations. In this way, the changes in the distribution 
of the atomic electronic charges are compensated, which 
further stabilizes the CT states, reducing their energy.49 The 
larger the δ+ value, the most important the necessary modi-
fications leading to full stabilization of the system.

F I G U R E  3  Upper panel: Schematic representation of the 
excited state relaxation leading from ππ* excitons to excited charge 
transfer (CT) states. Lower panel: time and wavelength dependence 
of the fluorescence anisotropy r(t) probing these processes; 
(A) 330 nm; blue: OXY/K+36; (B) 450 nm; pink: OXY/K+36 and red: 
(TG4T)4/Na+.64
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In GQs, excited state relaxation is seriously perturbed 
by structural constrains. First of all, the amino groups 
of the guanines in the core being engaged in hydrogen 
bonding, their out- of- plane movement, accompanying the 
decay of the ππ* states,50,51 is slightly hampered. Moreover, 
the primary shell of water, playing an important role in 
the stabilization of CT states, is quite structured in the re-
gions of the grooves and the loops; water molecules may 
be hydrogen bonded to the oxygen atoms of the phosphate 
and the sugar moieties, as well as to the nitrogen atoms 
of guanines, located at certain positions.52 The character-
istic rotation and residence times of water molecules are 
highly anisotropic and extend on the microsecond time,53 
that is, much longer than the lifetimes of singlet excited 
states. The consequence of the above constrains is that 
both exciton localization and stabilization of CT states are 
less efficient compared to other, less rigid, DNA systems. 
In particular, excited states with strong CT character, re-
quiring important readjustment of their environment, are 
likely to decay before being fully stabilized, that is before 
reaching a minimum in the potential energy surface of the 
first excited state.

The above processes are expected to be highly anisotro-
pic, depending on the location of the involved nucleobases. 
Their efficiency should decrease going from the capping 
groups to the loops and, finally, to the core. Likewise, 
when moving from outer to inner tetrads and upon replac-
ing Na+ by K+ ions, whose mobility is lower.53,54

The inhomogeneity in the relaxation processes in GQs 
renders the currently performed analysis of time- resolved 
signals by multi- exponential quite problematic. Although 
such data treatment may be convenient for phenomeno-
logical comparisons, the resulting time constants do not 
necessarily correspond to precise transient species. This 
remark concerns not only the excited state dynamics,21 
but also the reaction dynamics of guanine radicals,55 
which will be discussed later.

FLUORESCENCE EMISSION

The fluorescence quantum yield of all GQs has been found 
to be higher (by at least a factor of 3) than those of the 
corresponding stoichiometric mixture of their constitu-
tive mononucleotides. The fluorescence of mononucleo-
tides in aqueous solution decays completely within a few 
ps.56 Much longer lifetimes were found for all the studied 
GQs. Although their fluorescence starts decaying on the fs 
timescale, photons are still detected after 1 ns. However, 
most of the photons around the fluorescence maximum 
are emitted before 100 ps, as illustrated in Figure  4 for 
TEL21/Na+.45 G- wires are an exception to this rule, the 
majority of the photons being emitted after 100 ps.40

As explained in the previous section, GQ fluorescence 
stems from a large variety of excited states: ππ* localized 
on the guanines of the core or the peripheral bases, ππ* 
excitons (possibly exhibiting a weak CT character), CT 
states involving guanines and/or peripheral nucleobases, 
and having undergone partial or total solvent equilibra-
tion. Despite the important diversity of the emitting states, 
it is possible to identify the dominant type thanks to the 
fluorescence anisotropy r(t).21 The latter decreases very 
rapidly (in <300 fs) to a value close to 0.1, corresponding 
to in- plane depolarization of the fluorescence.21 This is 
due to ultrafast energy transfer involving exciton states. 
Subsequently, as ππ* transitions are polarized within the 
aromatic plane of the nucleobases, they give rise to posi-
tive r(t) values. In contrast, excited states with strong CT 
character are characterized by negative r(t), arising from 
the presence of an important out- of- plane component.57 
Thus, the relaxation scheme shown in the upper panel of 
Figure 3 can be roughly monitored by probing r(t), which 
generally decreases with the time and the emission wave-
length (Figures A and B in the lower panel of Figure 3). 
For some GQs, but not all of them, r(t) attains negative 
values after 0.1 ns (Figure 3B).

F I G U R E  4  Fluorescence spectrum of TEL21/Na+ obtained by exciting at 267 nm45; the vertical lines indicate the emission wavelengths 
(315, 360, and 450 nm) corresponding to the histograms on the right. Each histogram represents the percentage of photons emitted at a 
given wavelength over each one of the five time intervals: <1 ps, 1– 10 ps, 10– 100 ps, 0.1– 1 ns, and ≥1 ns; they were derived from the joint 
fluorescence decays recorded by FU and TCSPC.
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The fluorescence spectra of all the examined GQs sta-
bilized by K+ ions peak at 335 ± 5 nm, where r(t) remains 
positive. This means that the dominant emission in these 
systems originates from ππ* states associated with the 
core, localized on single guanines or delocalized over a 
few of them, and possibly exhibiting some weak CT. A 
strong indication for emission from exciton states is pro-
vided by the spectral narrowing observed in the case G- 
wires/K+, which contain exclusively guanines: the width 
(fwhm) of their fluorescence spectrum (5000 cm−1) is 
much smaller than that dGMP (8600 cm−1); see fig. 8 in 
reference Changenet- Barret et al.58

Replacement of K+ ions by Na+ ions, which are more 
mobile59 and, hence, better contributing to the stabilization 
of the emitting states than K+ ions, induces a shift of the 
fluorescence spectrum toward longer wavelengths.37,40,58 
Quantum chemistry calculations performed for TEL21/
Na+ identified the existence of a local minimum in the 
potential energy surface of the lower excited state.45 At 
this point, the excitation is shared between two stacked 
guanines while a very small CT (δ = 0.06) takes place. The 
most striking change is the shortening of the stacking dis-
tance, from 3.6 Å in the ground state to 2.4 Å in the relaxed 
excited state. Due to this important structural distortion, 
the term “neutral excimer” was employed to designate this 
collective ππ* state. The stabilization of neutral excimers 
in TEL21/Na+ shifts its fluorescence maximum to some-
what longer wavelengths, that is, at 360 nm (Figure  6A) 
instead of 340 nm for TEL21/K+, and increases its fluores-
cence quantum yield by 30%.45,60 A analogous trend was 
also observed for a longer human telomeric sequence.27

The nature of the metal cations in the solution may 
alter the folding topology of GQs. This is the case of the 
human telomeric sequence adopting hybrid or antipar-
allel topology in the presence of K+ or Na+ ions, respec-
tively.61,62 Topology determines the relative orientation 
of the guanine moieties, and hence, the electronic inter-
actions among them. But the key factor for the observed 
fluorescence is rather the metal cation itself, whose size 
and mobility determines the ability of stacked guanines to 
come closer to each other. In this respect, it is worth no-
ticing that a red shift in the fluorescence spectrum is also 
observed when going from OXY/K+ to OXY/Na+,32 despite 
the fact that both systems exhibit the same antiparallel to-
pology.63 Similarly, the fluorescence maximum of (G3)4/
Na+ (340 nm)22 is located at a longer wavelength com-
pared to that of (TG3T)4/K+ (330 nm),64 both exhibiting a 
parallel topology. For all the examined GQs, with no re-
gard to their topology, the dominant emission arises from 
ππ* states, as indicated from the fluorescence anisotropy 
determined close to the fluorescence maximum. Figure 5 
shows that after ca. 3 ps, corresponding to the decay of the 
“monomer- like” emission, r(t) acquires a similar value of 

~0.09 ± 0.3 for systems with parallel, antiparallel or hy-
brid topology. According to the results reported by Ma 
and Kwok on TEL21/Na+ and TEL21/K+, this similarity 
extends over a much larger time domain; see fig. 3c in ref-
erence Ma et al.37

More favorable conditions for the excited state relax-
ation is encountered in (TG4T)4/Na+, in which the mutual 
mobility of the four strands, facilitated by the lability of 
the Na+ ions, may contribute to attain better orbital over-
lap between guanines and, hence, higher CT. As a matter 
of fact, its fluorescence spectrum exhibits an important 
shoulder at ~395 nm and its fluorescence anisotropy at the 
red part (Figure 3B) is the lowest detected among all the 
studied GQs. As excited states with strong CT character 
are weak emitters, its Φfl (3.0 × 10−4) is also the lowest de-
termined for any GQ.65

So far, we discussed the emission stemming from the 
core. But peripheral nucleobases also emit. As, in general, 
they have more degrees of freedom than the guanines of 
the core, they often follow a “monomer- like” ultrafast de-
activation path and their contribution to the overall Φfl 
is small. However, two nucleobases located at the same 
loop or capping group may interact. Thus, “T– T” excimer 
emission stemming from the loops of OXY/K+ and char-
acterized by positive anisotropy was reported recently36; 
its contribution to the fluorescence spectrum is shown as 
green shaded area in Figure 6B. Furthermore, as demon-
strated by quantum chemistry calculations, a peripheral 
nucleobase may interact with a guanine of an outer tet-
rad.45,48 An experimental fingerprint of such “mixed” CT 
states is obtained by subtracting the fluorescence spec-
trum of the parallel GQ (TG5T4)/K+ from that of (TG3T4)/
K+, for which the thymine/guanine ratio is higher. The dif-
ference between the two spectral shapes is shown as pink 
shaded are in Figure  6C. At the corresponding spectral 

F I G U R E  5  Fluorescence anisotropies recorded close to the 
fluorescence maximum for GQs composed of three tetrads and 
exhibiting different topologies. Green: parallel, (TG3T)4/K+64; blue: 
hybrid, TEL21/K+60; red: antiparallel, TEL21/Na+.45 The vertical 
dashed line indicates the time after which emission from localized 
“monomer- like” states is no more detected.
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   | 7MARKOVITSI

region, the fluorescence anisotropy gets negative values.64 
In contrast, as it can be observed in Figure 3B, no negative 
r(t) was detected for OXY/K+,36 in which the motion of 
thymines in the loops is more restricted than that of the 
capping groups in (TGnT)/K+.

Figure  7 compares the Φfl values determined for a 
series of GQs stabilized by K+ ions, whose fluorescence 
spectrum is dominated by emission from ππ* states: they 
range from 3.2 × 10−4 to 9.2 × 10−4 and are all higher than 
those reported for duplexes.21 We remark that Φfl de-
creases when the molecularity of the GQ increases. This 
is concomitant with an acceleration of the fluorescence 
decays. Thus, the photons emitted after 0.1 ns around the 
fluorescence maximum correspond to 45% of the total 
for G- wires/K+,40 18.2% for OXY/K+36 and only 7.5% for 
(TG4T)4/K+.40

Although less data obtained under comparable condi-
tions are available for GQs stabilized by Na+ ions, a similar 
trend is observed: the Φfl of the tetramolecular (TG4T)4/
Na+ (3.0 × 10−4)65 is much lower compared to those of the 
monomolecular TEL21/Na+ (8.7 × 10−4)45 and G- wires/
Na+ (9.2 × 10−4).40

The Φfl variation with the GQ molecularity is explained 
by the fact that conformational motions at the end of 
strands are more important than in their inner parts, in 
particular when they contain dangling groups. Such mo-
tions contribute to the breaking down the coherence of 
the collective states and reduce Φfl. The same factor could 
also explain, at least partially, why the Φfl of (TGnT)4/
K+ decreases upon decreasing the number of guanines 
per strand64; an additional factor is that an increasing 
part of the excitations evolves toward G+ → T− CT states 
(Figure 6C), which exhibit very low oscillator strength48 
and, hence, are weakly emissive. Alternatively, conforma-
tional motions can be reduced in confined media. Thus, 
the Φfl reported for TEL21/Na+ confined in reversed AOT 
micelles is 20% higher, and its lifetime longer compared 
to the same system in aqueous solution.37 We also note 
that the difference in Φfl between monomolecular GQs 
with three tetrads and the very long G- wires is relatively 
small. The reason could be that there is a saturation effect 
or that the G- wires, are possibly composed of multiple in-
terconnected smaller GQ structures.66 It would be worthy 
to examine how the Φfl of monomolecular GQs with well- 
defined structures evolves upon increasing the number of 
tetrads up to 5 or 6.

The interaction among the guanines of the core and 
the loop nucleobases could be responsible for a peculiar 
fluorescence component appearing at the blue part of the 
spectrum and decaying on the ns timescale. Although 
such high- energy long- lived fluorescence, correlated with 
collective excited states, is ubiquitous in duplexes,67 it was 
detected just for one four- stranded structure, OXY/K+.36 
Further studies are needed to elucidate the geometrical 
and electronic features of these emitting states.

Much more elusive than the above high- energy ns 
emission is the origin of another band, also decaying on 
the ns timescale, but peaking around 385 nm. It was ob-
served for a series of structures whose main representa-
tive is (G3TG3TG3TG3T)4/K+.68,69 This band was initially 

F I G U R E  6  Emission from different types of excited states, appearing as colored areas between normalized steady- state fluorescence 
spectra of GQ pairs. (A) “G– G” neutral excimers (cyan); black: TEL21/K+60; blue: TEL21/Na+.45 (B) “T– T” excimers in the diagonal loops 
(green); black: (TG4T)4/K+40; green: OXY/K+.36 (C) G+ → T− charge transfer states (pink); black: (TG5T)4/K+; red: (TG3T)4/K+.64 The peaks of 
the all spectra correspond to ππ* emission.

F I G U R E  7  Fluorescence quantum yields determined for 
GQs stabilized by K+ ions upon excitation at 267 nm. Data from 
references Balanikas et al., Hua et al., Changenet- Barret et al. and 
Hua et al.36,40,60,64
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8 |   PHOTOCHEMISTRY AND PHOTOBIOLOGY

attributed to excimers resulting from the 5/6 overlap 
of guanines in the interface between two stacked GQ 
blocks.68 Later studies on stacked GQs with various in-
terface patterns showed the 5/6 overlap is not a necessary 
condition for the appearance of this emission, which de-
pends also on the topology of each individual GQ34; the 
latter conclusions were drawn from steady- state fluores-
cence measurements, without determination of quantum 
yields, and the role of the peripheral bases was neglected 
in the discussion. The effect of the peripheral nucleobases 
was carefully examined by another group, challenging 
the interpretation of stacked GQs33,69; a strong argument 
was the fact that the excimer emission is not affected by 
the salt concentration, expected to favor GQ stacking. 
However, the electronic coupling between the thymines 
in the loops and the core was precluded as possible ori-
gin of the excimer emission, since it persists even in the 
presence of abasic loops.69 Given that the intensity of this 
band is at least twice as high as that of the monomeric 
GQs69 reported here, a comprehensive study, consider-
ing the fate of electronic excitations in the entire system, 
accompanied by theoretical calculations, is worthy to be 
undertaken. The same remark is also valid for the highly 
fluorescent left- handed GQs (Φfl ~ 2 × 10−3) reported by 
Zuffo et al.27 However, prior to any complex investigation 
on these stems, it is important to record their emission 
under the same conditions as those used for the results 
reported here, that is, in phosphate buffer prepared with 
high purity (>99.99%) salts.

CHARGE CARRIER GENERATION

Closely related to the excited state relaxation, GQ pho-
toionization provoked by direct absorption of low- energy 
photons generates two types of different charge carri-
ers, hydrated electrons and guanine radical cations, in 
equal concentrations.20 These transient species have been 
identified and quantified by ns transient absorption spe
ctroscopy.23,48,55,70– 73 Although the photoionization of 
other DNA structures in aqueous solutions was initially 
studied at high energies, exciting at wavelengths shorter 
than 200 nm,74– 76 that of GQs was investigated only with 

excitation at 266 nm. The latter wavelength corresponds 
to an energy (4.7 eV) significantly lower than the verti-
cal ionization potentials (>6.6 eV) determined for nucleic 
acids,77– 79 even when they are arranged in four- stranded 
structures.72

In contrast to high- energy photoionization, where the 
electron is ejected directly upon excitation, prior to any 
geometrical arrangement, low- energy photoionization 
takes place via a complex mechanism.24 The latter likely 
involves formation of excited CT states, charge separation, 
trapping of the electron hole by the core, and electron 
ejection from the nucleobase bearing the negative charge 
(Figure 8).

A first key factor underlying the above photoionization 
scheme is the oxidation potential of the nucleobases. That 
of guanine is the lowest among the DNA bases, and it is far-
ther decreased upon stacking.80,81 GG and GGG stacks are 
known to act as traps for hole migration.82– 85 Deviations 
from an ideal stacking associated with a strongly aniso-
tropic environment are expected to induce variations of 
the oxidation potential. In this way, a guanine of an outer 
tetrad may behave as the “peripheral” nucleobase in 
Figure 8. A second key factor is that the vertical ioniza-
tion potential of a negatively charged nucleobase is quite 
low;86 consequently, the latter nucleobase can easily eject 
an electron.

An important finding is that the photoionization quan-
tum yields determined for GQs at 266 nm (Figure 9) exceed 
by one order of magnitude their Φfl. Moreover, they are all 
higher than those found for duplexes, while no photoion-
ization was observed for mononucleotides (Φi < 3 × 10−4), 
neither for most of the examined single strands.20

Alike fluorescence, the propensity of GQs to undergo 
low- energy photoionization depends on certain struc-
tural parameters. But although the number of constitutive 
strands and the number of tetrads affect Φfl (Figure 7), they 
do not seem to play an important role on Φi (Figure 10). 
Neither a topology effect was detected. The studies per-
formed so far reveled two essential elements: the metal cat-
ions in the central cavity and the peripheral nucleobases.

Figure 10 shows that all the Φi values determined for 
GQs in the presence of K+ ions are higher than those found 
for Na+ solutions. This is attributed to the effect of the 

F I G U R E  8  Schematic illustration of the GQ photoionization mechanism by low- energy photons. For simplicity, only one guanine 
strand (green) and one peripheral nucleobase (red) are shown. Shaded areas denote electrically charged nucleobases.
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   | 9MARKOVITSI

central ions on the step of charge separation (Figure 8). As 
mentioned previously Na+ ions favor the stabilization of 
the excited states involving stacked guanines. This implies 
that the two guanines come closer together, decreasing 
the probability for the electron hole to migrate to the next, 
non- excited, guanine. As a result, charge recombination, 
leading to ground state is favored, while charge separation 
becomes less probable.

The role of the peripheral bases on the Φi was ev-
idenced by study of tetramolecular GQs, formed 
by both symmetric 5′- XG4X- 3′ and asymmetric 
5′- XG4- 3′/5′- G4X- 3′ strands, with X = adenine or thy-
mine.48 For all three types of systems, those containing 
adenines have a higher Φi compared to their thymine 
counterparts (Figure  11). Moreover, the Φi found for 
GQs with peripheral nucleobases located at the 3′ ends 
are higher than their analogs with peripheral nucleo-
bases on the 5′ ends. These trends are in line with the 
computed probability to populate a G+ → X− CT state 

during the excited state relaxation,48 which is reduced 
if a second nucleobase is present in the capping groups. 
In such a case, an additional pathway opens up, leading 
to CT formation between two peripheral bases. A typ-
ical example is (TAG4AT)4/K+

, whose Φi is half that of 
(AG4A)4/K+ (Figure 10).

Regarding the dynamics of the charge carriers, hy-
drated electrons survive in neat water for several ms.87 
In most of the time- resolved experiments reported here, 
their lifetime was artificially shortened to 500 ns, so that 
to avoid their interference in the study of the guanine 
radicals on the μs and ms timescales. As H2PO4

− ions are 
known to be efficient scavengers of hydrated electrons,87 
their lifetime can be tuned by adjusting the concentration 
of the phosphate buffer.

(G+)• radicals in neutral pH are unstable and tend to 
eject a proton to water, thus losing their electric charge. 
They also may disappear via other chemical reactions.23,88,89 
Their lifetime in genomic DNA is 330 ns.20 But, because 
of the GQ anisotropic nature, including that of the water 
network, the decay of the (G+)• population follows a more 
complex pattern, being composed roughly of two parts90: 
a fast one, which can be approximated by time constants 
of 150– 200 ns, and a slower one, completed within a few 
tens of μs. Theoretical calculations, performed for TEL21/
M+ containing an electron hole, showed that the depro-
tonation conditions are more favorable when (G+)• is lo-
cated in an outer tetrad, and, thus, more exposed to water.91 
Accordingly, the fast deprotonation step could be correlated 
with outer tetrads while the slow one with the inner ones. 
Experimentally, it was found that the percentage of the ini-
tially generated population of (G+)• still surviving at 2 μs 
ranges from 25% to 60%.90 However, the existing studies 
do not allow establishing a rational concerning the factors 
that underly these numbers because of the specific solva-
tion patterns associated with each GQ structure and possi-
ble competition among various reactions.

F I G U R E  9  Effect of the secondary structure on the DNA 
photoionization quantum yields determined following excitation 
at 266 nm; the values corresponding to GQs, duplexes, and single 
strands are located, respectively, within the areas shaded in green, 
pink, and cyan. Data from references Balanikas et al. and Balanikas 
et al.20,48

F I G U R E  1 0  Photoionization quantum yields determined 
for GQs in the presence of K+ (blue) or Na+ (red) ions following 
excitation at 266 nm. Data from references Balanikas et al. and 
Balanikas et al.20,48

F I G U R E  1 1  Effect of the capping groups on the 
photoionization quantum yields determined for tetramolecular 
GQs in the presence of K+ ions following excitation at 266 nm; 
X = adenine: red; X = thymine: blue. Data from reference Balanikas 
et al.48

 17511097, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/php.13826 by D

IM
IT

R
A

 M
A

R
K

O
V

IT
SI - C

ochrane G
reece , W

iley O
nline L

ibrary on [27/06/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



10 |   PHOTOCHEMISTRY AND PHOTOBIOLOGY

SUMMARY AND OUTLOOK

The studies on the primary processes triggered in GQs 
by direct absorption of UV radiation had not been under-
taken in connection with future applications. Yet, their 
understanding helps clarifying some points and drawing 
a few rules toward this direction.

Fluorescence emission and charge carrier generation 
strongly depend on the pathways followed during the ex-
cited state relaxation, which is greatly affected by struc-
tural parameters. In both cases, the population of CT 
states plays a key role, albeit not in the same way. For ex-
ample, the formation of CT states between a guanine of 
the core and a peripheral nucleobase is beneficial for the 
generation of charge carriers, while it is detrimental to the 
fluorescence emission. Consequently, the relaxation path-
ways leading to such states may be controlled by adjusting 
the appropriate structural elements, so that to enhance or 
suppress their population in function of the type of signal 
to be optimized, in view of a desired application. A few 
guidelines, deduced from the discussion in the previous 
sections, are summarized on Table 2.

Regarding the optimization of the fluorescence signal, 
it is preferable to privilege emission of ππ* states stemming 
from the core, which corresponds to the maximum of all 
the fluorescence spectra. Its intensity increases upon re-
ducing the molecularity and increasing the number of tet-
rads. In contrast, it is important to eliminate the pathways 
leading to weakly emissive CT states or localized ππ* states 
of peripheral nucleobases, which result in a broadening of 
the spectrum and reduce the peak intensity. This can be 
achieved by avoiding the presence of capping groups and 
limiting the number of nucleobases in the loops.

As far as the generation of charge carriers is concerned, 
it appears clearly that it is favored by K+ ions, as well as by 
the presence of adenines at the 3′ position in respect to the 
guanines of the core. These peripheral nucleobases need 
to have sufficient degrees of freedom to form an excited 
state G+ → X− with a strong CT character.

All Φfl and Φi values determined for GQs are sig-
nificantly higher than those of duplexes. These values 
have been found for excitation at 266/267 nm because 

of the availability of the laser sources used in the time- 
resolved experiments. Yet, the collective nature of the 
GQ Franck– Condon states is more pronounced in the 
290– 300 nm spectral domain (Figure  2A). Steady- state 
experiments, already tempted in the case of fluorescence 
emission,22,29 could further assess whether there is an 
appreciable gain in signal intensity, compensating the 
weaker absorption cross section in the red edge of the 
spectrum. Charge generation via low- energy photoio-
nization was discovered just 6 years ago and ever since 
only fundamental studies, aiming at the understanding 
of this unexpected effect, have been reported. At this 
stage, wavelength- dependent photoelectrochemical 
measurements could be very useful, before envisioning 
the development of devices based on this principle. Such 
a perspective seems particularly interesting because the 
photoionization quantum yields, (3.2– 9.2) × 10−3, are 
higher by one order of magnitude compared to those of 
fluorescence, (3.0– 9.5) × 10−4.

Photoionization- based devices are likely to be more ef-
ficient for the discrimination among different secondary 
structures (Figure 9). While the fluorescence assays pre-
sented in reference Zuffo et al.27 are more appealing for the 
rapid screening of a very large number of sequences, the 
photoionization method could be interesting for the detec-
tion of GQ forming sequences of nucleic acids related with 
a given pathology. Both methods are, in principle, suitable 
for detecting metal ions but none of them exhibits enough 
precision for discriminating among different topologies. 
Regarding the recognition of target molecules that bind 
to GQs without altering their structure, the use of the in-
trinsic fluorescence is irrelevant, because the presence of 
these species should hardly affect the excited state relax-
ation. But we can speculate that photoionization- based 
devices could allow the detection of such analytes if they 
have an appropriate redox potential so that to behave as 
the peripheral base in Figure 8.
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