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A Light-up Logic Platform for Selective Recognition of Parallel   
G-Quadruplex Structures via Disaggregation-Induced Emission   
Marco Deiana[a], Karam Chand[b], Jan Jamroskovic[a], Ikenna Obi[a], Erik Chorell*[b], and Nasim 
Sabouri*[a] 

 
Abstract: The design of turn-on dyes with optical signals sensitive to 
the formation of supramolecular structures provides fascinating and 
underexplored opportunities for G-quadruplex (G4) DNA detection 
and characterization. Here, we show a new switching mechanism that 
relies on the recognition-driven disaggregation (on-signal) of an 
ultrabright coumarin-quinazoline conjugate. The synthesized probe 
selectively lights-up parallel G4 DNA structures via the disassembly 
of its supramolecular state, demonstrating outputs that are easily 
integrable into a label-free molecular logic system. Finally, our 
molecule preferentially stains the G4-rich nucleoli of cancer cells.  

Introduction 

Inspired by the complexity and hierarchical organization of 
natural occurring systems, chemists have constructed a multitude 
of artificial functional materials capable of completing 
sophisticated tasks at a molecular scale.[1] As a result, a vast 
variety of mono-, bi- or tridimensional macro- and supramolecular 
homo- and heterostructures have been developed in recent years 
by exploiting the cooperativity between monomeric units.[2] The 
tunable photophysical properties of organic dyes with donor-π-
acceptor scaffolds and hydrogen-bonded/π-surface-based 
intermolecular interaction sites have made them particularly 
attractive building-blocks for the construction of multistate 
nanostructures.[3] Among those, coumarin-based compounds are 
considered archetypical dyes with a unique combination of both 
valuable optical properties and biological compatibility along with 
the tendency to form well-defined supramolecular architectures.[4] 
However, in many conventional systems, the typical co-facial π-
stacking arrangements of self-assembled luminophores, even at 
sub-micromolar concentrations, results in a partial or complete 
suppression of the emissive properties via relaxation of the 
excited-states through non-radiative channels (aggregation-
caused quenching, ACQ).[4a,5] From the viewpoint of real-life 
applications, this process hampers the widespread applicability of 
these types of optical probes and sensors, especially in the bio-
sensing arena. In contrast, we hypothesized that these properties 
instead could be advantageous when utilized in the reversed way, 
i.e. through disaggregation-induced emission (DIE). This should 

enable the use of this class of compounds in high-resolution and 
ultrasensitive spectroscopy and microscopy techniques. However, 
DIE still remains a poorly established and explored molecular 
recognition concept.[6] Herein, we have extended DIE towards the 
detection of four-stranded G4 DNA structures, which have 
multiple regulatory biological functions and are recognized as 
novel therapeutic targets in e.g. oncology.[7] To achieve this, we 
have coupled the coumarin scaffold with a quinazoline moiety to 
afford a more extended heterocyclic donor-π-acceptor scaffold 
with ability for self-assembly and G4 binding (Figure 1). One of 
the coumarin-quinazoline (CQ) conjugates proved to be capable 
of specific detection of parallel over non-parallel and non-G4 
topologies. This derivative displayed striking optical changes 
upon binding the G4 scaffold, which enabled the construction of a 
label-free binary INHIBIT gate that may serve as a proof-of-
principle for the future design of multifunctional molecular logic 
circuits. Furthermore, fluorescence imaging of fixed HeLa cells 
showed the ability of this compound to preferentially light-up the 
nucleoli which accommodate the multi-copy G4-rich ribosomal 
genes. Finally, mitochondria staining was observed in living cells 
which contain ~ 200 predicted G4 structures per mitochondrial 
DNA copy.[8] Thus, this compound has light-up recognition 
properties for G4 DNA both in vitro and in cells.  

Results and Discussion 

Design, synthesis and self-assembly behavior 
To identify compounds that signal the presence of a certain 

G4 DNA topology through DIE, we designed and synthesized a 
small set of CQ (1-6) derivatives (Figure 1). 
 

 

Figure 1. Synthetic route of coumarin-quinazoline (CQ) derivatives. Reagents 
and conditions: (i) Ammonium acetate, Ethyl cyanoacetate, absolute ethanol 
15min, reflux, (76-81%); (ii) Isatoic anhydrides, N,N-Diisopropylethylamine, 
DMF, 100 oC, 12h (71-77%). 
 
In the first step, Knoevenagel condensation of commercially 
available substituted ortho- hydroxyl benzaldehydes (1a-d) with 
ethyl cyanoacetate in presence of ammonium acetate led to in-
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situ formation of 3-cynocoumarin, which on subsequent reduction 
with another equivalent of ammonium acetate led to formation of 
the desired 3-amidinocoumarin intermediates (2a-d). In the 
second step, the 3-amidinocoumarin derivatives were reacted 
with different isatoic anhydrides under basic conditions to give the 
desired CQ (1-6) derivatives in 63-71% yields. The electron 
donating group in position 7 was varied with the aim to tune the 
fluorescence properties e.g. by a methoxy group (CQ3), a 
julolidine group (CQ4 and CQ5) or a diethyl-amino group (CQ1 
and CQ2), the latter of which is prone to form nonradiative twisted 
intramolecular charge transfer (TICT) states. Additionally, 
derivatives with electron withdrawing groups were also 
synthesized to enhance the dipolar character of the molecules 
(CQ2 and CQ5) as well as one derivative with an extended 
aromatic backbone (CQ6). Photophysical evaluation of all 
compounds showed that CQ4 displayed suitable photostability 
and solubility properties compared to its analogues and was thus 
used for further in-depth DIE analysis.  
 Solvent dependence studies on the emission of CQ4 
displayed a moderate positive solvatochromic behavior (Figures 
S1-S3) and further analysis in aqueous buffered solution showed 
a very broad absorption band with maximum (λmax) centered at 
472 nm and an apparent extinction coefficient εapp = 2.6 х 104 M-1 
cm-1 (Figure 2A, blue line), suggesting the formation of 
aggregated CQ4 molecules. Indeed, atomic force microscopy 
(AFM) revealed the presence of small particles with average 
diameter of ~ 33 nm and a height of ~ 3.9 nm (Figure 2B). To 
probe if the addition of surfactants could disassemble CQ4, we 
carried out titrations with sodium dodecyl sulfate (SDS). At low 
concentrations, the surfactant affected the molecular aggregates 
weakly (Figure 2C). However, above the critical concentration of 
0.75 х 10-3 M, SDS induced a marked breakup of CQ4 aggregates 
as determined by UV/Vis spectroscopy (Figure 2C). This process 
led to the formation of a new absorption band centered at 490 nm 
(Figure 2A, red line), which was ascribed to the monomer 
because of the overlap with the associated CQ4 excitation 
spectrum (Figure S4), and the concomitant appearance of 
isosbestic points at 430 and 510 nm (Figure 2A). The strongly 
blue-shifted absorption maximum of CQ4 in the absence of SDS 
is a clear evidence for an H-type exciton coupling between co-
facial or “side-by-side” aggregated molecules.[9] However, in 
addition to the band centered at 490 nm, the presence of SDS 
caused the formation of a new transition band centered at 526 nm, 
indicating the formation of slipped-stack packing arrangements 
with the “head-to-tail” J-type coupling (Figure 2A).[9] It is important 
to note that the gradual addition of SDS induced the concomitant 
disappearance of the J-aggregates along with the formation of the 
monomeric state with εapp = 5.4 х 104 M-1 cm-1 (Figure 2C). 
Concentration-dependent UV/Vis experiments provided the 
aggregation constant (Kagg) = 8.1 ᵡ 105 M-1 (Figure S5). To further 
examine the molecular aggregates, we performed steady-state 
fluorescence measurements before and after the addition of SDS 
(Figure 2D). In the absence of the surfactant, the CQ4 emission 
intensity was remarkably quenched supporting the formation of 
new competitive radiationless relaxation pathways that are 
available in the co-facial aggregated states. On the other hand, in 

the presence of SDS CQ4 underwent gradual disassembly and 
exhibited intense photoluminescence. Similar changes in 
fluorescence were also observed upon decreasing the water 
volume fraction χ(water) in a MeOH/water mixture (Figure S6), 
suggesting that photoluminescence is enhanced when the CQ4 
aggregates are disassembled in MeOH. 

 

Figure 2. A) UV/Vis absorption spectral changes of a buffered aqueous CQ4 
solution (cCQ4 = 3.8 µM, Tris buffer c = 50 mM, pH = 7.5) before (blue line) and 
after the gradual addition of SDS from 0 to 5 mM (red line). B) AFM height image 
on mica of a CQ4 aqueous solution (cCQ4 = 10 µM). C) Evolution of the 
absorption profile of CQ4 in the presence of SDS. Black lines correspond to a 
fitting with a growth sigmoidal Boltzmann function. The dashed black lines aim 
to show the critical concentration of 0.75 х 10-3 M. D) CQ4 emission profile in 
the presence of different concentrations of SDS. 

 
G4-CQ4 interactive binding models 
In a similar fashion to the SDS-induced disaggregation, we 
speculated that binding of CQ4 to the planar π-surfaces of G4 
DNA structures may also cause the disassembly of the molecular 
aggregates into highly emissive monomeric states. We thus 
studied the recognition process of CQ4 towards a large panel of 
biologically relevant synthetic and natural G4 DNA structures with 
various topologies including parallel, hybrid, and antiparallel G4s 
(see Table S1 and Figures S7-S9, S10-S35). Indeed, G4 DNA 
successfully disassembled CQ4 aggregates and this effect was 
strongly pronounced for parallel G4 structures (Figures 3, 4 and 
Table 1). The proposed interactive binding model between CQ4 
and G4 and non-G4 structures is shown in Figure 3.  
 The association constant (Ka) values of CQ4 complexed 
with parallel G4 DNA structures were up to three-orders of 
magnitude (i.e. ≥ 1000-fold) higher compared to those calculated 
in the presence of non-parallel G4 structures (Figure 4A and 
Table 1). This outcome can be rationalized by the highly 
accessible hydrophobic external G-tetrads in parallel G4 
architectures.[6b] 
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Figure 3. Schematic illustration of the selective detection mechanism: CQ4 
forms molecular aggregates in solution with ACQ signatures (middle). In the 
presence of parallel G4s, the formation of stable complexes turns the weakly 
emissive aggregated states into highly emissive G4-CQ4 monomeric adducts 
through a DIE process (right panel). Conversely, antiparallel and non-G4 
structures are unable to fully displace the aggregated state of CQ4 resulting in 
a poor fluorescence recovery (left panel). 

Importantly, within the same experimental conditions, no 
binding was observed for CQ4 in the presence of long genomic 
double-stranded DNA (ds-DNA), and the light-up response of 
CQ4 was hardly affected by the presence of 50 equivalents 
excess of competitive ds-DNA (Figure S36). Parallel G4 over 
duplex selectivity can be explained by the difference between 
their respective binding surfaces where G4 presents a larger and 
more accessible surface area for π-stacking compared to duplex 
DNA.[7c]  

To further evaluate the selectivity of CQ4 for parallel G4 
structures, non-denaturing polyacrylamide gel electrophoresis 
(PAGE) were performed. These gels were loaded with the folded 
G4 and non-G4 oligonucleotides, post-stained with CQ4, and 
imaged. These images confirmed the outstanding selectivity of 
the probe for parallel G4 topologies (Figures 4B and S37). It is 
worth to keep in mind that according to previous published papers 
most of the parallel G4 structures studied here yielded 
heterogeneous solutions with multiple G4 forms (e.g. intra and 
intermolecular folding).[10] 

The strongest DIE effect was observed in the presence of c-
MYC sG4. This G4 structure lacks the terminal flanking 
sequences at both 5´- and 3´-ends (compare c-MYC sG4 vs. c-
MYC Pu22) and thus provides better π-stacking possibilities for 
the planar conformation of the π-extended CQ4 core, which can 
explain the more efficient disaggregation process. To study this in 
more detail, the UV/Vis spectral changes were analyzed when 
CQ4 was complexed with c-MYC sG4 (Figure 5). This resulted in 
the narrowing of the absorption band (isosbestic points at 463 and 
512 nm) along with the formation of a new red-shifted transition 
band centered at 494 nm (Figure 5). The fluorescence emission 
intensity of CQ4 was partially quenched in its unbound state 
(photoluminescence quantum yield (PLQY), ΦF(CQ4) = 0.42 ± 0.01). 
However, the addition of c-MYC sG4 greatly increased the 
fluorescence response of CQ4 providing near-unity PLQY 
(ΦF(CQ4:c-MYC sG4) =0.95 ± 0.2), one of the highest values reported 
so far for G4-binders (Figure 5 and Table 1).[11] This result clearly 
supports the formation of a c-MYC sG4-CQ4 complex via the 
direct interaction of the CQ π-surfaces with the hydrophobic G-
tetrad core of the c-MYC sG4 DNA structure. It is important to 

note, that the linear response of the fluorescence intensity of CQ4 
as a function of c-MYC sG4 concentration provided a limit of 
detection (LOD) of 83.5 ± 4.2 nM awarding this probe as one of 
the most sensitive parallel G4-binders reported so far (Figure 5, 

 

Figure 4. A) Fluorescence titration of CQ4 in the presence of a large panel of 

G4 and non-G4 structures shows a clear-cut preference for parallel G4 

topologies. The solid black lines correspond to a 1:1 fitting model at λem. B) Non-

denaturing PAGE images of G4 and non-G4 structures stained with CQ4 (left-

panel). The same gel was also co-stained with thiazole orange TO, (right panel) 

to show the specificity of binding. cCQ4 = 1 μM, cTO = 5 μM and coligos = 10 μM, 

λexc = 488 nm. 

Figure 5. UV/Vis absorption (solid lines) and fluorescence emission spectra 
(dashed lines) of CQ4 upon gradual addition of c-MYC sG4 (cCQ4 = 3.8 or 2.5 
µM, Tris buffer c = 50 mM, KCl = 100 mM, pH = 7.5). Superimposed dotted lines 
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correspond to a 1:1 global fitting model. Inset, calculated limit of detection (LOD) 
for CQ4-c-MYC sG4 system. 

inset).[6b,6d] Moreover, the optical changes arising in the 
absorption and emission profiles resulted in excellent one-photon 
brightness (defined as the product of εmax ᵡ ΦF) of 3.9 ᵡ 104 M-1 cm-

1. 

Ionic strength-dependence studies showed that c-MYC sG4 
was more stable under K+ conditions compared to Na+ or Li+ 
conditions, which is fully consistent with the ability of CQ4 to 
strongly light-up the c-MYC sG4 sequence stabilized by K+ ions 
(Figures S38-S40).    
 To further examine the steady-state emission data, the 
photophysical properties of the CQ4 excited state was 
investigated via time-correlated single photon counting (TCSPC) 
measurements (Figure S41). The decay traces of the free and 
bound CQ4 molecules were fitted with a biexponential function 
(Table S2). In its free form, CQ4 exhibited an average time-
dependent decay of 3.38 ns, which was increased to 4.76 ns in 
the presence of c-MYC sG4. In line with previous results, this 
suggest that parallel G4 DNA structures are able to disassemble 
the aggregated CQ4 and induce additional geometrical 
(vibrational and rotational) and/or structural (molecular 
conformation) restrictions of CQ4 in the G4:CQ4 complex. This 
was further supported by the inhibition of the nonradiative 
relaxation pathways (knr(CQ4) = 1.73 ˣ 108 s-1 vs. knr(CQ4:c-MYC sG4) = 
1.11 ˣ 107 s-1) and increase of the radiative channels (kr(CQ4) = 1.23 
ˣ 108 s-1 vs. kr(CQ4:c-MYC sG4) = 1.99 x  108 s-1) in the G4:CQ4 complex.  

Next, the binding stoichiometry of the complex in solution 
was assessed using the mole ratio and Job’s plot methods. We 
found a clear-cut preference for 1:1 CQ4:c-MYC sG4 
stoichiometry (Figures 6, S42 and S43). 

 

Figure 6. Mole ratio and Job’s plot methods for assessing the CQ4:c-MYC sG4 
stoichiometry. The vertical dotted lines aim to show the stoichiometry of the 
system. 

A quantitative binding analysis using global fitting on both 
the absorption and emission data provided the association 
constant (Ka) = 3.5 ᵡ 107 M-1 (Table 1).  

The mechanism of interaction of CQ4 with c-MYC sG4 was 
investigated by using the following dissociation model:[12] 

 

𝑪𝑪𝑪𝑪𝑪𝑪𝑛𝑛 + 𝑐𝑐 − 𝑀𝑀𝑀𝑀𝑀𝑀 𝑠𝑠𝑠𝑠4
𝑘𝑘𝑜𝑜𝑛𝑛
↔
𝑘𝑘𝑜𝑜𝑜𝑜𝑜𝑜

𝑪𝑪𝑪𝑪𝑪𝑪𝑛𝑛−1 + 𝑪𝑪𝑪𝑪𝑪𝑪: 𝑐𝑐 − 𝑀𝑀𝑀𝑀𝑀𝑀 𝑠𝑠𝑠𝑠4        (𝐸𝐸𝐸𝐸. 1) 

 
where CQ4n, c-MYC sG4 and CQ4:c-MYC sG4 represent 

the CQ4 aggregate, the G4 structure and the complex of CQ4 with 
c-MYC sG4, respectively. Such a model would predict an increase 
in the apparent rate constant of dissociation of the CQ4 aggregate 
with an increase in concentration of c-MYC sG4. As shown in 
Figure 7 the apparent rate constant increased with increasing c-
MYC sG4 concentration indicating that the G4 structure binds and 
catalyzes dissociation of CQ4 molecular aggregates.[12] 

 

Figure 7. Effect of increasing concentration of c-MYC sG4 on the dissociation 
kinetics of CQ4 aggregates. Apparent rate constant (k) was obtained by fitting 
the kinetic data to a monoexponential function. 

 
Table 1. Summary of the spectroscopic properties and binding constants of 
CQ4 complexed with G4 and non-G4 DNA structures.  

DNA λmax 
nm 

εmax ᵡ 103 
M-1 cm-1 

λem 
nm 

Ka  
M-1[a] 

ΦF 
[b] 

τ / ns Str[d] 

c-MYC sG4 494 40.6 521 3.5 ᵡ 107 0.95 4.76 P 

Ceb25 495 38.2 519 1.7 ᵡ 107 0.97 4.55 P 

c-MYC Pu22 496 34.5 520 1.4 ᵡ 107 0.91 — P 

VAV-1 495 36.6 521 2.0 ᵡ 106 0.91 4.57 P 

VEGF 494 34.2 521 1.2 ᵡ 106 0.88 4.36 P 

bcl-2 495 32.7 520 5.1 ᵡ 105 — 4.54 P 

c-MYC Pu24T 496 29.1 519 1.0 ᵡ 106 — — P 

ckit-87up 496 33.4 520 1.1 ᵡ 106 — — Psb 

ckit-2 496 34.7 519 1.4 ᵡ 106 — — Psb 

Tel-22 492 28.7 516 3.5 ᵡ 105 — — H 
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Bom17 491 21.6 517 2.6 ᵡ 104 — — AP 

TBA 492 22.1 519 2.0 ᵡ 105 — — AP 

ss-DNA 495 28.0 519 2.3 ᵡ 105 — — nG4 

ds-DNA 474 18.0 519 — — 3.53[c] nG4 

[a] Data fitting with 1:1 binding model was obtained with Bindfit by using 
multiple global fitting methods (Nelder-Mead method).[13] The association 
constants are evaluated by using the average values of both 
spectrophotometric and fluorimetric titrations. [b] Fluorescein is used as 
reference standard (0.1 M NaOH, ΦF = 0.95). [c] ds-DNA was used with an 
excess of 50 eq. than respect to the CQ4 concentration. [d] Str = topological 
structure, P = parallel, Psb = snap-back parallel, H = hybrid, AP = antiparallel 
and nG4 = non-G4 structure. 

 
Next, by performing electronic circular dichroism (ECD) 

spectroscopy we assessed the morphological changes occurring 
on the c-MYC sG4 structure in the presence of CQ4 (Figures S44 
and S45). The ECD spectra showed that the overall secondary 
structure of c-MYC sG4 was fully conserved even upon the 
addition of an excess of 4 eq. of ligand.[6b,6c] Therefore, in spite of 
the high Ka value determined, CQ4 does not induce any 
topological changes or destabilization effect on the G4 scaffold, a 
highly important feature in the design of ideal in vivo G4 
fluorescent probes. 

This statement was further investigated by using the DNA 
polymerase stop assay for G4-interactive small molecules.[14] If 
CQ4 stabilizes the G4 structure, and thereby enhances the 
pausing/ arrest of the DNA polymerase on the G4 DNA template, 
the position and amount of pausing as well as the amount of full-
length product can be detected and quantified on a denaturing 
polyacrylamide gel. CQ4 did not increase DNA replication stalling, 
suggesting that CQ4 does not stabilize the G4 structures (Figure 
S46). The lack of any well-resolved induced circular dichroism 
(ICD) signals corroborates the current hypothesis of a π-stacking 
binding mode. Concentration-dependent CQ4-fluorescence 
signal displacement by the well-known G4 end-stacker Phen-DC3 
confirmed the end-stacking ability of our probe (Figure 8).[15] 

These results highlighted the strong competitive behavior of the 
two molecules for the same binding site. 
 
Cellular imaging 

Confocal laser scanning microscopy (CLSM) was used to 
evaluate CQ4 cellular emission fingerprint. Fixed HeLa cells 
treated with CQ4 revealed intense green fluorescence signals in 
the nuclear and cytoplasmic/mitochondrial regions with clear 
peaks in the subnuclear compartments whose appearance was 
compatible with that of nucleoli (Figure 9A).[16] Following the in 
vitro evidence of CQ4’s high selectivity for parallel DNA G4 
structures, we treated cells with RNase to confirm the nature of 
the main binding target of the compound (Figure 9B, upper panel). 
Thioflavin-T (ThT) was used as control since it is also 
intracellularly fluorescent and known to bind RNA G4s making it 
highly sensitive to RNase treatment (Figure 9B, lower panel).[17] 

While RNase treatment did not modify CQ4 nucleolar staining, the 
nucleolar ThT signal was reduced by the presence of the enzyme, 

 

 

Figure 8. A) Schematic illustration of the fluorescence displacement assay 

performed by using the G4 end-stacker Phen-DC3. B-C) Fluorescence emission 

changes on the CQ4-c-MYC sG4 system upon increasing concentration of 

Phen-DC3 (CQ4 = 2μM, c-MYC sG4 = 2μM and Phen-DC3 ranged from 0 to 10 

μM). 

 

 

Figure 9. A) Confocal fluorescence images of fixed HeLa cells stained with CQ4 
(1μM) and Hoechst 33342. B) Fluorescence images of HeLa cells stained with 
Hoechst and CQ4 (1μM) before and after treatment with RNase (upper panel). 
Fluorescence images of Hoechst and ThT (1 μM) before and after treatment 
with RNase (lower panel). C) Fluorescence displacement assay between CQ4 
(1μM) and Phen-DC3 (5 μM). Scale bar = 15 μm. In Figures A and C, Diode 405 
nm laser was used for Hoechst λexc = 405 nm, λem 415-450 nm; WLL laser was 
used for CQ4 visualization λexc = 472 nm, λem = 482-794 nm. Additional washing 
during Phen-DC3 displacement in Figure 9C caused decrease in overall CQ4 
signal intensity. In Figure B, Diode 405 nm laser was used for Hoechst λexc = 
405 nm, λem 415-430 nm; for ThT visualization Argon laser λexc = 458 nm, λem = 
468-782 was used; for CQ4 Argon laser λexc 476 nm, λem 486-782 was used. 
 
indicating the ability of CQ4 to preferentially target DNA G4 
structures. DNase treatment was not performed due to the 
apparent inability of this enzyme to reach the nucleoli.[16c] Instead, 
DNA G4 binding was confirmed by using the well-known G4-
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binder Phen-DC3 (Figures 9C and S47). Indeed, Phen-DC3 
completely displaced CQ4 from the subnuclear G-rich 
compartment even at low concentration. Finally, CLSM imaging 
of living HeLa cells showed co-localization of CQ4 with 
Mitotracker, suggesting that CQ4 co-localize with the 
mitochondrial network (Figure S48). Mitochondrial targeting has 
recently gained considerable attention being a potential target for 
cancer treatment with hundreds of possible G4 forming 
sequences at the DNA level, with many forming parallel G4 
structures.[8] 
 
Logic-gate 

Although DNA have been used to construct various logic 
platforms, the inability to generate detectable signals has forced 
the development of DNA-based circuits that rely on suitable 
optical reporters.[18] In this context, multitasking supramolecular 
fluorescence sensors with distinguishable readout responses are 
key components in the ongoing quest towards increasingly 
sophisticated, sensitive, and versatile information processing 
systems. Therefore, as CQ4 showed several assembly behaviors 
associated with different binding conditions, we further examined 
its applicability as a building-block for the construction of multi-
output logic circuits. As proof-of-concept, we focused our 
attention on the INHIBIT gate, one of the most widely used 
Boolean gates in biochemical detections (Figure 10A). The 
threshold of the output signals was set at 0.3, and any signal 
greater than this value was defined as “1” whereas, those lower 
than the threshold signal value were defined as “0”.   

 

Figure 10. A) Diagram of the operational design of the binary INHIBIT gate. B) 
Fluorescence spectra of CQ4 with different input conditions. C) Schematic truth 
table (left-panel) of the binary INHIBIT gate and associated normalized 
fluorescence responses plotted as a bar chart (right-panel). The dotted black 
line shows the threshold value (0.3). The blue single-stranded DNA sequence 
represents the G-rich oligonucleotide c-MYC sG4, the light-blue circle refers to 
K+ ions, the red single-stranded DNA sequence indicates the C-rich 
oligonucleotide sC4. 
 

CQ4 together with the non-folded single-stranded c-MYC 
sG4 sequence were used as the initial state, whereas K+ and the 
complementary C-strand (hereafter referred as sC4) were used 
as the input stimuli. As depicted in Figures 10B and 10C, CQ4 

showed a weak fluorescence signal in the presence of the non-
folded single-stranded c-MYC sG4 sequence. However, upon 
addition of K+ that catalyze the folding of c-MYC sG4, CQ4 
strongly emitted a fluorescence signal. In contrast, the addition of 
the complementary strand, sC4, resulted in the formation of ds-
DNA that could not disaggregate the CQ4 templates thus inducing 
no or very weak fluorescence changes both in the absence or the 
presence of K+ ions. These results thus fully support the proper 
execution of an INHIBIT gate (Figure 10C). 

Conclusion 

In conclusion, a CQ-based dye, CQ4, was designed to display a 
supramolecular and solvatochromic feature. The possibility to use 
the striking optical changes of CQ4 associated with multiple 
assembly states for DIE purposes was evaluated using a large 
panel of biologically relevant G4 structures. This revealed that the 
probe was able to selectively signal the presence of parallel G4 
DNA topologies over both antiparallel and hybrid G4 DNA 
topologies as well as non-G4 DNA structures. Moreover, we 
applied the optical and supramolecular changes of our sensor in 
a tunable label-free DNA-based logic nanoplatform through the 
design of a binary INHIBIT gate. The presented recognition 
mechanism thus provides a promising and underexplored route to 
design selective and sensitive turn-on probes and advanced 
multi-output logic circuits. Finally, the ability of CQ4 to target DNA 
G4 structures in human cells opens new avenues toward the 
design of potential sequence-selective in vivo supramolecular G4 
fluorescent probes. A strategy that is currently under investigation 
in our laboratories. 

Experimental Section 

Experimental details, including materials and methods, experimental 
procedures, optical studies, G-quadruplex characterization, G-quadruplex 
binding studies, microscopy, and chemical synthesis of the compounds, 
are provided in the Supporting Information. 
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