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A B S T R A C T   

Herein, we evaluated the interaction of the tetracationic porphyrin H2TCPPSpm4 with three distinct DNA G- 
quadruplex (G4) models, i.e., the tetramolecular G4 d(TGGGGT)4 (Q1), the 5′-5′ stacked G4-dimer [d 
(CGGAGGT)4]2 (Q2), and a mixture of 5′-5′ stacked G-wires [d(5′-CGGT-3′-3′-GGC-5′)4]n (Qn). The combined data 
obtained from UV–Vis, CD, fluorescence, PAGE, RLS, AFM, NMR, and HPLC-SEC experiments allowed us to shed 
light on the binding mode of H2TCPPSpm4 with the three G4 models differing for the type and the number of 
available G4 ending faces, the length of the G4 units, and the number of stacked G4 building blocks. Specifically, 
we found that H2TCPPSpm4 interacted with the shortest Q1 as an end-stacking ligand, whereas the groove 
binding mode was ascertained in the case of the Q2 and Qn G4 models. In the case of the interaction with Q1 and 
Qn, we found that H2TCPPSpm4 induces the formation of supramolecular aggregates at porphyrin/G4 ratios 
higher than 2:1, whereas no significant aggregation was observed for the interaction with Q2 up to the 5:1 ratio. 
These results unambiguously demonstrated the suitability of porphyrins for the development of specific G4 li-
gands or G4-targeting diagnostic probes, being H2TCPPSpm4 capable to distinguish between different G4s.   

1. Introduction 

G-quadruplexes (G4s) are highly ordered, non-canonical DNA 
structures formed by guanine-rich oligodeoxynucleotides (ODNs) [1–4]. 
The fundamental structural unit of a G4 is the G-tetrad, in which eight 
Hoogsteen hydrogen bonds hold together four guanine residues in a 
planar arrangement. The π–π stacking among G-tetrads leads to G4 
complexes, which can be further stabilized by the presence of various 
cations, such as Na+ or K+, located in the center of the tetrad or between 
two of them [5]. G4s, classified in terms of stoichiometry in mono, bi, 
and tetramolecular based on the number of the constituting G-rich 
strands, exhibit high structural diversity and can form parallel, anti-
parallel, or mixed hybrid structures [6,7]. G4s have interesting biolog-
ical applications and can be used as anti-cancer therapeutics [8], 

aptamers [9,10], antiviral [11–13], and diagnostics agents [14]. How-
ever, in the last few years, G4s have also been proposed to develop 
tailored DNA-based supramolecular structures by a bottom-up 
approach. The multimerization of G4s leads to higher-ordered G4 
nanostructures with significant properties through self-assembly pro-
cesses [15–18]. The low cost of synthesis, the high stability in aqueous 
ionic solutions, the high thermal stability, the structural response to 
chemical stimuli, and the resistance towards DNases make G4s and 
related polymers one of the most versatile tools for applications in 
nanobiotechnology. As G4s can bind various typologies of ligands and 
alter their own conformational shape and stability, efforts have been 
devoted to synthesizing new supramolecular complexes with diverse 
physical-chemical behavior and new biomaterials with suitable optical, 
electrical, and mechanical properties [19–21]. Among G4 ligands, 
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porphyrins represent a largely studied class of DNA ligands due to their 
ability to interfere with primary DNA biological functions [20,22,23]. 
Porphyrins are planar aromatic macrocycles exhibiting peculiar elec-
tronic properties and synthetic versatility, which have been used as tools 
for several applications [24–27]. In addition, the size of the porphyrin 
core matches well that of the G-tetrad of guanines. The incorporation of 
cationic substituents led to porphyrin analogs with an enhanced affinity 
towards the DNA phosphate backbone and G4s [22,28,29]. In a previous 
work, we reported on the binding properties of the cationic porphyrin 
derivative H2TCPPSpm4 [30], having four spermine residues linked to 
the meso positions of the tetraphenyl porphyrin core (Fig. 1), towards the 
G4 structure d(TGGGAG)4. We observed that the porphyrin could either 
stack on the 5′ and 3′ faces or behave like a groove-binding ligand, thus 
producing stabilizing or destabilizing effects with the formation, in some 
cases, of G4-polymeric species [31]. 

In the last few years, we have studied the multimerization process 

that allows the obtainment of very long G4s via end-to-end π–π stacking 
interactions among tetramolecular monomeric G4 building blocks. In 
particular, the oligodeoxynucleotide (ODN) d(CGGAGGT) (2, Fig. 1) 
evolved into a stable dimeric G4 (Q2, Fig. 1) through the formation of 
strong π–π stacking interaction between the planar octads G(:C):G(:C):G 
(:C):G(:C), which we named as 5′-CG sticky end, formed at the 5′ ter-
minus of each G4 monomer (magenta circles in Q2) [32,33]. To extend 
our studies, we developed a new kind of π–π stacked G-wire polymer 
(Qn, Fig. 1) using the short ODN strand d(5′-CGGT-3′-3′-GGC-5′) (3, 
Fig. 1) incorporating a 3′-3′ inversion of polarity site. This short ODN 
formed a tetramolecular G4 building block containing two 5′-CG sticky 
ends and, therefore, could evolve in polymeric stacked G-wires by 
exploiting the 5′-5′ π–π end-stacking among several G4 units [34,35]. 

In this paper, we report our studies on the interaction of 
H2TCPPSpm4 with the three G4 models Q1, Q2, and Qn (Fig. 1 and Table 
S1 in Supplementary Data), which were chosen for their peculiar 

Fig. 1. Schematic representation of the G4 models Q1, Q2, and Qn. G-tetrads are reported in gray; the G-tetrads involved in the 5′-CG sticky end are in yellow. The 
light blue circles indicate the planar octad G(:C):G(:C):G(:C):G(:C) system determining the 5′-CG sticky ends. The 3′-3′-phosphodiester bonds are reported in blue. The 
chemical structure of the tetracationic porphyrin H2TCPPSpm4 is shown in the box. (For interpretation of the references to color in this figure legend, the reader is 
referred to the web version of this article.) 
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structural features. In detail, Q1 is a well-known G4 monomer model 
having both the 5′ and 3′ end faces available for the interaction with G4 
ligands whose interaction with cationic porphyrins has been the topic of 
several published papers [23,36,37]; Q2 was chosen as a model of G4 
dimer possessing only 3′-ending faces; Qn was selected as a model of G- 
wire that differently from Q2 possesses only 5′-ending faces. The purpose 
of this investigation was twofold: firstly, deepening our understanding 
of the interaction between the tetracationic H2TCPPSpm4 porphyrin and 
different types of parallel G4s, and, secondly, exploring the suitability of 
tetracationic porphyrins to obtain new G4-based composite bio-
materials. Several analytical techniques, namely UV–VIS, circular di-
chroism (CD), polyacrylamide gel electrophoresis (PAGE), resonance 
light scattering (RLS), fluorescence, atomic force microscopy (AFM), 
size-exclusion-chromatography (HPLC-SEC), and nuclear magnetic 
resonance (NMR) have been used for the structural characterization of 
the H2TCPPSpm4/G4 complexes. 

2. Results and discussion 

2.1. Preparation of the DNA G-quadruplexes Q1, Q2, and Qn 

The ODNs d(TGGGGT) (1) and d(CGGAGGT) (2) were synthesized 
using a solid-phase automated DNA synthesizer using standard phos-
phoramidite chemistry (Supplementary data and Materials and 
methods). The ODN d(5′-CGGT-3′-3′-GGC-5′) (3) was prepared as pre-
viously described [32]. The formation of the G4s Q1, Q2, and Qn was 
obtained by dissolving the ODNs 1–3 respectively in 0.1 mol/L K+- 
containing buffer at the single strand (SS) concentration of 6.0 mmol/L, 
heating them at 90 ◦C for 10 min and then rapidly cooling to 4 ◦C for 24 
h. This annealing procedure allowed the formation of the G4 complexes 
Q1, Q2, and Qn, whose structures were confirmed by HPLC analyses and 
NMR [33,35]. 

2.2. Interaction of H2TCPPSpm4 with the monomeric d(TGGGGT)4 G4 
model (Q1) 

2.2.1. UV–VIS studies 
Firstly, we performed the UV–VIS titration of Q1 (2 mmol/L) with 

Fig. 2. (A) Soret band plot (414 nm) of increasing concentrations of H2TCPPSpm4 alone (red line) and in the presence of the Q1 G4 model (blue line). (B) CD spectra 
of H2TCPPSpm4/Q1 from 1:1 to 5:1 ratio. Inset: H2TCPPSpm4/Q1 at the 1:1 and 2:1 ratio. (C) PAGE images (UV–Vis lamp 254 nm and 365 nm); the DNA ladder (lane 
4) was visualized by Sybr green staining and UV transilluminator (5–100 bp). Lane 1: d(TGGGGT)4 (Q1); lane 2: H2TCPPSpm4/Q1 at the 1:1 ratio; lane 3: 
H2TCPPSpm4/Q1 at the 2:1 ratio. For non-processed PAGE images, refer to Fig. S18 (Supplementary data). (For interpretation of the references to color in this figure 
legend, the reader is referred to the web version of this article.) 
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increasing amounts of H2TCPPSpm4. We report in Fig. 2A and Fig. S1 
(Supplementary data) the values of the absorbance at 414 nm (Soret 
band, A414) of the sole porphyrin, from 0 to 8.0 μmol/L concentration 
(red line) in comparison with the A414 values in the presence of Q1 
(H2TCPPSpm4/Q1 ratio, blue line) (see also Supplementary data Fig. 
S2A). The straight red line reveals that the porphyrin retains its mono-
meric aggregation state in the solution up to the concentration of 8.0 
μmol/L. The UV–VIS titration of H2TCPPSpm4 (Supplementary data Fig. 
S2) in the presence of 2 μmol/L of Q1 (blue line) showed two breakpoints 
at the 1:1 and 2:1 H2TCPPSpm4/Q1 ratio (Fig. 2A), indicating the for-
mation of two different species not in equilibrium with each other. After 
further addition of porphyrin, 3:1 ratio, we observed that the slope of the 
blue line became almost parallel to the red line, thus indicating no more 
interactions between the porphyrin and the Q1 G4 model. The analyses 
of the % of Δ slopes (Supplementary data Fig. S2B) further confirmed the 
presence and significance of the two breakpoints. To further discrimi-
nate the binding mode type, we calculated the hypochromic effect 
(ΔA414) for each ratio of the H2TCPPSpm4/Q1 mixture and the shift of 
the Soret band. In general, a slight hypochromicity (<35 %) and a slight 
red-shift (~8 nm) are ascribed to an external binding mode, i.e., in the 
grooves or by end-stacking on the 5′ or 3′ G4 face. Conversely, high shift 
values of the Soret band (~15 nm) and high hypochromicity (>35 %) 
are associated to strong π–π stacking interactions between the porphyrin 
and the nucleobases of G4 tetrads, as those occurring in the intercalation 
binding mode. As we reported in Fig. S2C (Supplementary data), at the 
1:1 ratio, we observed a slight red shift (10 nm) and a low hypo-
chromicity (29 %), which agreed with an external binding mode (in the 
groove or at one of the G4 ends). The increase of the H2TCPPSpm4 
concentration to the 2:1 ratio led to a significant rise in hypochromicity 
at 414 nm (62 %), which, however, was not coupled with an increase of 
the red shift of the Soret band. Taken together, the UV evidence ruled 
out the intercalation binding mode and supported the formation of 2:1 
porphyrin/Q1 complexes in which the two porphyrin molecules are 
stacked on the top and bottom faces of the tetramolecular G-quadruplex 
Q1, whose length allows the electronic communication between the two 
porphyrin chromophores which accounts for the enhanced hypo-
chromicity. This structural hypothesis agrees well with previous reports 
of end-stacking interaction between cationic porphyrins and DNA G- 
quadruplexes [23,31,36,38–40]. 

2.2.2. Circular dichroism (CD) studies 
The CD profile of Q1 in 0.1 mol/L K+ buffer showed a negative 

Cotton effect at 242 nm and a positive one at 263 nm (Fig. 2B), thus 
confirming the presence of a parallel G4 structure (Supplementary data 
Fig. S3, green line). The addition of increasing amounts of porphyrin did 
not induce any change in the CD spectrum of Q1, indicating that the 
binding with H2TCPPSpm4 did not perturb the G4 structure. During the 
addition of porphyrin, a CD signal appeared in the 400–450 nm region, 
which could be ascribed to the interaction of H2TCPPSpm4 with Q1. 
Indeed, porphyrin is an achiral molecule and is silent to CD spectros-
copy; however, after interacting with chiral species, CD signals can be 
induced (iCD) in the porphyrin absorption region. Moreover, it is known 
that the sign of the iCD profiles in the Soret region of porphyrin/nucleic 
acid complexes provides essential information about their interaction 
modes. As reported, a negative iCD band is produced upon intercalation 
or end-stacking of the porphyrin onto DNA sequence [39], a positive iCD 
band suggests a groove binding mode [41], and a bisegnate iCD profile 
indicates that porphyrins are orderly distributed onto the whole G4 
structure communicating each other along the assembly [29]. Further-
more, a multisegnate iCD signal suggests the formation of π–π in-
teractions between close porphyrins appended to a chiral scaffold with 
restricted conformational flexibility [42]. The CD spectrum of 
H2TCPPSpm4/Q1 (1:1 ratio, Fig. 2B) showed a negative band centered 
at around 425 nm. This result, in agreement with the UV data, supports 
the hypothesis that the porphyrin at the 1:1 ratio binds Q1 by end- 
stacking. At the 2:1 ratio, the iCD profile showed a bisegnate signal 

with a negative iCD band centered at 421 nm and a positive one at 432 
nm. According to the observed significant hypochromicity (62 %), this 
finding strongly indicated an end-stacking interaction of porphyrins 
with strong π-π interactions between them. At the 3:1, 4:1, and 5:1 
H2TCPPSpm4/Q1 ratio, trisegnate iCD signals with two negative bands 
at 406 nm and 442 nm and one positive band at 428 nm appeared, thus 
indicating the occurrence of strong π-π interactions among the porphyrin 
core of G4-bound H2TCPPSpm4 molecules, which were indicative of the 
formation of high molecular weight H2TCPPSpm4/Q1 aggregates. 

2.2.3. Nondenaturing polyacrylamide gel electrophoresis (PAGE) 
We used non-denaturing PAGE to compare the electrophoretic 

mobility of the H2TCPPSpm4/Q1 complexes obtained at the 1:1 and 2:1 
ratio (lanes 2 and 3, respectively, Fig. 2C) with that of Q1 alone (lane 1). 
In lane 1, we observed one clear band corresponding to the tetramo-
lecular monomeric G4 Q1. At the 1:1 ratio (lane 2), we observed the 
presence of two bands, the faster attributable to Q1 and the slower (QX) 
having gel mobility corresponding to about 45 base pairs (90 nt). The 
pale pink color of the slower QX band observed under 365 nm light 
allowed us to attribute the QX band to a porphyrin/Q1 complex rather 
than to a Q1 multimer. Moreover, the presence of multiple positive 
charges in H2TCPPSpm4 reduces the net negative charge of the 
H2TCPPSpm4/Q1 complex, decreasing the band mobility [43,44]. The 
addition of a second equivalent of the porphyrin derivative (2:1 ratio, 
lane 3) determined the disappearance of all bands under 254 and 365 
nm illumination. This behavior agreed with the formation of supramo-
lecular porphyrin-induced aggregates that did not migrate along the 
PAGE. 

2.2.4. Resonance light scattering (RLS) studies 
The binding mode of H2TCPPSpm4 with Q1 was also investigated 

using resonance light scattering (RLS) measures. The RLS technique is 
precise in detecting the aggregation of chromophores [45,46]. The RLS 
spectra of the sole H2TCPPSpm4 at 0.5–5.0 μmol/L concentrations are 
reported in Fig. S4 (Supplementary data). We observed that the RLS 
intensity increased linearly with the increase of the porphyrin concen-
tration, thus suggesting the tendency of H2TCPPSpm4 to self-assembly. 
However, the shape and intensity of the RLS signals did not agree with 
the occurrence of intense aggregation phenomena but rather were 
indicative of the formation of small aggregates. The RLS spectrum of 
H2TCPPSpm4/Q1 complexes at the 1:1 ratio is less intense than that 
corresponding to the same amount of pure H2TCPPSpm4 (Supplemen-
tary data, Fig. S5), thus indicating that the interaction with Q1 reduces 
the aggregation state of the porphyrin. At the 2:1 ratio, the RLS spectrum 
became almost superimposable with that of the porphyrin alone, thus 
indicating that some electronic communication between the G4-bound 
porphyrins occurred (Supplementary data Fig. S5). The RLS titration 
of a 2 μmol/L solution of Q1 with increasing concentrations of 
H2TCPPSpm4 is reported in Fig. S6 (Supplementary data). By plotting 
the RLS intensity values at 455 nm (Supplementary data, inset Fig. S6), 
we observed two breakpoints at the 1:1 and 2:1 ratio that confirmed the 
formation of two different complexes in close agreement with the above- 
reported UV experiments. At a higher porphyrin/G4 ratio, we observed a 
linear increase of the RLS signal at 455 nm, which was comparable to 
that observed for the porphyrin alone, thus suggesting that no further 
interaction occurred between the porphyrin and the G4 model. 

2.2.5. Fluorescence studies 
We performed fluorescence measurements to determine the binding 

mode (external vs intercalation) of H2TCPPSpm4 with the Q1 G4 model. 
Generally, external binding modes enhance the emission intensity of 
fluorescent chromophores, owing to a decrease in vibrational freedom. 
On the contrary, intercalation usually leads to emission quenching [29]. 
The fluorescence spectra of H2TCPPSpm4 alone (0.5–5.0 μmol/L; λexc =

420 nm) showed two broad bands centered at 660 nm and 720 nm 
(Supplementary data Fig. S7). At the 1:1 H2TCPPSpm4/Q1 ratio 
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(Supplementary data Fig. S8A), the spectrum shape evolved into two 
well-resolved and more intense vibrational bands, suggesting that each 
porphyrin molecule interacts with Q1 by end stacking at one of the two 
terminal faces of the G4 stem and did not interact with the others. This 
hypothesis agrees with previous findings, which excluded the interca-
lation binding mode between porphyrins and G4s composed of three or 
four G-tetrads [29]. Moreover, it is well known that stabilizing mono-
valent alkaline cations within the G4 stem hampers the intercalation 
binding mode [47–49]. We observed augmented fluorescence also at the 
2:1 H2TCPPSpm4/Q1 ratio (Supplementary data Fig. S8B), even if the 
enhancement of the two fluorescent signals was lower than that 
observed in the 1:1 ratio. This could be explained by hypothesizing that 
at the 2:1 ratio, some added porphyrins bind the porphyrin-free Q1 face 
and start communicating through long-distance exciton coupling with 
the porphyrin molecule stacked on the opposite face of the G4 stem, thus 
producing a partial signal quenching. At the 3:1 H2TCPPSpm4/Q1 ratio, 
the fluorescence intensity decreased further (Supplementary data Fig. 
S8C), resulting in quenched signals compared to those of the porphyrin 
alone, probably because of the formation of longer H2TCPPSpm4/Q1 
nanoaggregates, supported by the trisegnate iCD signal at porphyrin/Q1 
ratio ≥ 3:1 (Fig. 2B), in which the electronic coupling among G4-bound 
porphyrin molecules is maximized. 

2.2.6. NMR studies 
1H NMR studies can offer significant indications of the binding 

events between G4 structures and their putative ligands. Porphyrin li-
gands’ aromatic ring current produces substantial shifts in the G4 imino 
and aromatic protons neighboring the binding site. As shown in Fig. 3A, 
the water-suppressed 1H NMR spectrum of the d(TGGGGT)4 G4 struc-
ture showed a set of four exchangeable-protected N-1 imino protons 
signals in the range 11.6–10.9 ppm, each accounting for one of the four 
Q1’s G-tetrads, as reported in previous papers [50]. Four additional 
imino proton signals (labeled with the # symbol) were also visible due to 
a second minor different G4 arrangement. The addition of one 

equivalent of H2TCPPSpm4 to Q1 resulted in the appearance of the new 
set of signals labeled with asterisks (11.5–10.4 ppm) and the one labeled 
with the double dagger (9.5 ppm), respectively attributable to the 
upfield-shifted G-tetrads imino protons and the porphyrin amino pro-
tons in the 1:1 porphyrin/Q1 complex. Surprisingly, the addition of a 
second equivalent of porphyrin resulted in the disappearance of all 
imino and amino proton signals. This behavior can be attributed to the 
precipitation of the sample, which was observed by the naked eye in the 
NMR tube, due to the formation of insoluble H2TCPPSpm4/Q1 aggre-
gates at the 1 mmol/L ODN single strand concentration used for the 
NMR study. The number of G-tetrad imino proton signals in Fig. 3B and 
the porphyrin-induced Δδ values for these protons agree with the for-
mation of a 1:1 H2TCPPSpm4/Q1 complex in which the porphyrin 
molecule is stacked on top of the 3′ face of Q1. The preference of binding 
for the Q1’s 3′ end over its 5′ end can be attributed to the lower stability 
of the 5′-ending G2 tetrad (less intense and broader NMR signal for G2 
imino protons at 11.6 ppm compared to G5 signals at 10.9 ppm) that 
would result in weaker π-π stacking interactions with the planar aro-
matic core of H2TCPPSpm4. The NMR data strongly agreed with the 
PAGE, UV, and fluorescence results, pointing at the formation of the 1:1 
complex at the 1:1 porphyrin/Q1 ratio and aggregates at higher 
porphyrin/G4 ratios. 

2.2.7. Atomic force microscopy (AFM) 
Atomic force microscopy (AFM) is one of the most potent tools for 

label-free nanoscale characterization of DNA-based supramolecular 
structures. It can help to characterize the size and shape of nano-
aggregates or supramolecular structures resulting from the interaction 
of porphyrins with G-quadruplexes [51–54]. In this work, we used this 
technique to investigate the possible formation of supramolecular 
structures resulting from the adhesion of porphyrin/G4 complexes on 
the mica surface. Furthermore, the AFM analysis could confirm the 
presence of supramolecular aggregates not detectable by PAGE and 
NMR analyses, for example, because of their high molecular weight or 

Fig. 3. Downfield region of the water-suppressed NMR spectra of: (A) d(TGGGGT)4 (Q1) annealed in 100 mmol/L K+ buffer; (B) Q1 after the addition of 1 equiv. of 
H2TCPPSpm4; (C) Q1 after the addition of 2 equiv. of H2TCPPSpm4; (D) the sole H2TCPPSpm4 in 100 mmol/L K+ buffer. All spectra were recorded at 25 ◦C. 
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precipitation. Fig. 4 shows the AFM characterization of the Q1 G4 
structures before and after their incubation with increasing amounts of 
H2TCPPSpm4. In the case of the Q1 sample (Fig. 4, Panel 1), we observed 
aggregates of 2.6 ± 0.6 nm height, in agreement with the range of 
heights reported in the literature for G4s (1.5–3.5 nm), and 60 ± 20 nm 
width, a higher value than the expected 2 nm that can be attributed to 
the curvature radius of the AFM tip and the evaporation of the buffer 
solution both affecting the length and width measurements. When the 
Q1 sample was incubated with 1 equiv. of H2TCPPSpm4 (Fig. 4, Panel 2), 
we observed two populations having different adsorption morphologies: 
(A) a set of nanostructures having an average height of 2 ± 1 nm and 
length/width of 60 ± 20 nm, attributable to the porphyrin free Q1 G4s; 
(B) nanowire-like structures having the same average height of 2 ± 1 nm 
and length of 340 ± 20 nm. In the case of incubation with 2 equiv. of 
porphyrin (Fig. 4, Panel 3), we observed randomly oriented rod-shaped 
structures having higher average lengths but preserving the same 
average height of 2.5 ± 0.5 nm. These results confirmed that the end 
stacking of H2TCPPSpm4 at the 3′ and 5′ termini of Q1 promotes the 
formation of monolayer multimeric aggregates having different lengths, 
likely formed by porphyrin-mediated end-to-end stacking of different G4 
building blocks. 

2.3. Interaction of H2TCPPSpm4 with the dimeric [d(CGGAGGT)4]2 G4 
model (Q2) 

2.3.1. UV–Vis studies 
We report in Fig. 5A the intensity of the Soret band absorbance (414 

nm) of different concentrations of H2TCPPSpm4 alone (red line) and in 
the presence of the dimeric G4 model [d(CGGAGGT)4]2 (Q2) (blue line) 
plotting the A414 absorbance values versus the H2TCPPSpm4/Q2 ratio. 
The alignment of all values along the blue line revealed that 
H2TCPPSpm4 interacted with Q2 using the same binding mode at all the 
tested porphyrin/G4 ratios. The % of Δ slopes (Supplementary data Fig. 
S9B) confirmed the absence of breakpoints, showing values under 10 %, 
up to 4 equiv. of added porphyrin. In addition, unlike what was observed 
in the interaction with Q1, the slope of the blue line did not become 
parallel to that of H2TCPPSpm4 alone. At 1:1, 2:1, and 3:1 
H2TCPPSpm4/Q2 ratio, we observed an 8 nm red shift of the Soret band 

and a hypocromicity value under 30 % compared to the A414 values of 
H2TCPPSpm4 alone at the same concentration (Supplementary data Fig. 
S9A–C). These findings suggested that H2TCPPSpm4 interacted with Q2 
through a unique external binding mode, i.e., into the grooves (lateral) 
or by end-stacking on the accessible 3′-ending faces of the G4 dimer. 
Differently from Q1, the analysis of the Soret band hypochromicity at 
increasing porphyrin/Q2 ratio did not allow us to rule out the end- 
stacking binding mode because of the longer distance between the two 
3′-ending faces of Q2 (~4.5 nm vs 2.2 nm). 

2.3.2. CD studies 
The CD profile of Q2 alone showed two negative bands at 225 and 

285 nm and a positive band at 260 nm (Supplementary data Fig. S10, 
green line), thus confirming its 5′-5′ end-stacked dimeric G4 architecture 
[33]. The CD spectra recorded after the addition of increasing amounts 
of H2TCPPSpm4 to Q2 are reported in Fig. 5B. At the 1:1 and 2:1 
H2TCPPSpm4/Q2 ratio, we observed a weak negative signal in the Soret 
region around 420 nm (inset Fig. 5B). At the 3:1 ratio, the iCD profile 
showed the transition from the negative iCD signal to a weak bisegnate 
signal. Further addition of porphyrin (4:1 and 5:1 ratio) enhanced the 
bisegnate signal with a negative iCD band at 444 nm and a positive one 
at 431 nm. Considering these data, we hypothesize that in the 1:1–3:1 
porphyrin/Q2 ratio interval, one H2TCPPSpm4 molecule binds one of 
the two G4 building blocks of the Q2 dimeric G4 model as a groove- 
binding ligand. In contrast, at porphyrin/Q2 ratios ≥3:1, the binding 
of a second porphyrin molecule at the other G4 building block occurs. 
This structural hypothesis agreed well with the NMR evidence discussed 
in Section 2.3.6, which excluded the end-stacking binding mode. 

2.3.3. Nondenaturing polyacrylamide gel electrophoresis (PAGE) 
We compared the PAGE mobility of the H2TCPPSpm4/Q2 complexes 

formed at the 1:1, 2:1, and 3:1 ratio (lanes 3–5), respectively (Fig. 5C), 
with that of Q2 alone (lane 2). The PAGE bands were visualized by UV 
irradiation at 254 nm (left image) and 365 nm (right image). As ex-
pected, Q2 alone (56 nucleotides) migrated as a single band with 
mobility of about 25–30 bp of the DNA ladder (lane 1). The mixture 
H2TCPPSpm4/Q2 at the 1:1 ratio (lane 3) led to a slower band (Qy, >50 
bp) and a residual Q2 band. The addition of further amounts of 

Fig. 4. AFM topography (top), three-dimensional rendering (middle), and a representative line profile (bottom) of pure Q1 (Panel 1) and Q1 with 1 equiv. (Panel 2) 
or 2 equiv. (Panel 3) of porphyrin. On the left of each AFM image, the color scale reports the respective height distribution where the darkest pixels are the lowest and 
the brightest ones are the highest, respectively. 
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porphyrin (2:1 and 3:1 ratio, lanes 4 and 5, respectively) led to the 
disappearance of the Q2 band and the increase of the intensity of the 
slower Qy band. The same gel visualized by UV light at 365 nm showed 
well-defined pink bands whose mobility matched that of the slower Qy 
band, thus confirming the presence of at least one porphyrin molecule in 
the Qy complex. In the light of further PAGE data (Supplementary data 
Fig. S20), which showed the presence of an additional band (Q2*) with 
mobility in between the Q2 and Qy bands, we believe that the Qy band 
can be attributed to an H2TCPPSpm4/Q2 complex in which two 
porphyrin molecules are bound to the dimeric G4. In contrast, only one 
porphyrin ligand is present in the complex responsible for the appear-
ance of the Q2* band. Interestingly, more significant excesses of por-
phyrins (up to the 5:1 ratio) did not result in the appearance of any 
additional slower band than Qy. 

2.3.4. RLS studies 
The RLS spectra performed on H2TCPPSpm4/Q2 samples prepared at 

the 1:1 and 2:1 ratio showed a linear increase of intensity up to the 2:1 
ratio (Supplementary data Fig. S11). The absence of breakpoints up to 
the 2:1 ratio indicated that the binding mode of H2TCPPSpm4 with Q2 
did not change. These findings suggest that the two porphyrins in Q2 are 
far enough apart to prevent communication between them. The RLS 
intensity increased at the 3:1 H2TCPPSpm4/Q2 ratio, thus indicating 
that porphyrin-porphyrin interactions between H2TCPPSpm4 molecules 
belonging to different H2TCPPSpm4/Q2 complexes could occur. 

2.3.5. Fluorescence studies 
The fluorescence spectra of H2TCPPSpm4/Q2 complexes obtained at 

the 1:1 and 2:1 ratio (Supplementary data Fig. S12A–B) showed two 
well-resolved vibrational bands centered at 660 nm and 720 nm, with 
intensities higher than those of the corresponding bands of porphyrin 
alone. These results indicate a decreased vibrational freedom of 
porphyrin molecules in the 1:1 and 2:1 mixtures with Q2, probably due 
to the strong binding on Q2. These results agree with the structural 
hypotheses suggested by CD data. The fluorescence spectrum recorded 
at the 3:1 ratio (Supplementary data Fig. S12C) showed two well- 
resolved bands having intensities higher than those of the correspond-
ing bands of porphyrin alone but lower than those observed for the 
spectrum obtained at the 2:1 ratio. This data suggests that the porphy-
rins added with the third equivalent could be involved in stacking in-
teractions with the porphyrins located in the grooves of the G4 stem, 
thus inducing a partial quenching of fluorescence, in agreement with the 
RLS data. 

2.3.6. NMR studies 
The downfield region of the NMR spectra of the G-quadruplex dimer 

Q2 registered before and 10 min after each addition of one to three 
equivalents of H2TCPPSpm4 are reported in Fig. 6A–D. As reported by 
some of us in a previous paper [33], the NMR spectrum of Q2 showed 
four well-resolved N-1 imino protons signals in the range 11.5–10.3 
ppm, which were assigned to the four G-tetrads in each of the two 
magnetically equivalent G-quadruplexes constituting the Q2 dimer, and 

Fig. 5. (A) Soret band plot (414 nm) of increasing concentrations of H2TCPPSpm4 alone (red line) and in the presence of the Q2 G4 model. (B) CD spectra of 
H2TCPPSpm4/Q2, from 1:1 to 5:1 ratio. Inset: H2TCPPSpm4/Q2 at the 1:1 and 2:1 ratio. (C) PAGE images (UV–Vis lamp 254 nm and 365 nm); the DNA ladder 
(5–100 bp, lane 1) was visualized by Sybr green staining and UV transilluminator. Lane 2: [d(CGGAGGT)4]2 (Q2); lanes 3–5: H2TCPPSpm4/Q2 at the 1:1, 2:1, and 3:1 
ratio, respectively. For non-processed PAGE images, refer to Fig. S18 (Supplementary data). (For interpretation of the references to color in this figure legend, the 
reader is referred to the web version of this article.) 
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one sharp signal at 9.2 ppm which was attributed to the downfield- 
shifted H2 proton of A bases engaged in A-tetrad formation [55]. The 
addition of one equivalent of H2TCPPSpm4 to Q2 caused the appearance 
of three new sets of upfield-shifted imino proton signals labeled with *, 
#, and §, which confirmed the interaction between the G4 dimer and the 
porphyrin, together with the signals resonating at 8.9 (labeled with †) 
and 9.5 (labeled with ‡) that were attributed to the porphyrin’s β-pyrrole 
and amino hydrogens, respectively. The addition of a second equivalent 
of porphyrin determined the reduction in the intensity of all imino 
proton signals of the porphyrin-free Q2 and the concomitant enhance-
ment of signals belonging to the *, #, and § series (Fig. 6C). The addition 
of the third equivalent of porphyrin resulted in the further enhancement 
of signals belonging to the * and § series, with the latter series become 
the most intense (Fig. 6D). The number and intensity of imino and A4- 
H2 proton signals during the titration with the porphyrin agreed with 
the formation of two different complexes characterized by the 1:1 (ac-
counting for signals labeled with the * and # symbols) and the 2:1 
(accounting for signals labeled with the § symbol) porphyrin/Q2 ratio. 
We hypothesize that the binding of the first porphyrin molecule to one of 
the two G4 units in Q2 determines the breaking of the magnetic equiv-
alence of the two G-quadruplex units due to the upfield shifting of 
almost all imino and A4-H2 protons both in the porphyrin-bound (* 
series) and the porphyrin-unbound (# series) G-quadruplex unit that 
was inversely proportional to the distance of each proton from the 
porphyrin ring current. The analysis of the Δδ value of proton signals 
belonging to the * series relative to the corresponding signals of Q2 alone 
(Fig. 6B) indicates the A4-H2 protons as the most perturbed protons (Δδ 
= 0.51 ppm) and the G6 imino protons as the least perturbed one (Δδ ≅
0 ppm), thus suggesting that H2TCPPSpm4 interacts with Q2 as a G- 

quadruplex groove-binder rather than as an end-stacking ligand as we 
found for the 1:1 H2TCPPSpm4/Q1 complex. More specifically, the ab-
solute value of the Δδ shift of A4-H2 protons resulted similar to that 
reported for the formation of the A-tetrad in other G-quadruplexes [55], 
thus indicating that the external binding of the porphyrin with the G- 
quadruplex groove disrupted the central A-tetrad causing the 0.51 ppm 
upshift of A4-H2 protons because of their displacement from the N7 
atom of the flanking A nucleobase. This hypothesis was further sup-
ported by the analysis of the Δδ values of protons belonging to the §
series relative to the corresponding protons of the # series, which 
resulted to be identical to those found for protons belonging to the * 
series relative to those of the bare Q2 (Fig. 6A–B). In other words, the 
binding of the second porphyrin molecule to the ligand-free G4 unit in 
the 1:1 H2TCPPSpm4/Q2 complex followed the same binding mode of 
the first one, determining the “# to §” proton signals transition, as well 
as the contextual “* to §” transition for protons belonging to the 
porphyrin-bound G4 unit. These findings fully agree with the UV titra-
tion data, which accounted for a single groove binding mode. 

2.3.7. AFM studies 
Fig. 7 shows the AFM characterization of Q2 structures before and 

after H2TCPPSpm4 addition. In the case of Q2 alone (Fig. 7, Panel 1), we 
observed some nanostructures whose heights are distributed around an 
average value of 3.0 ± 0.6 nm, corresponding to the height value of the 
Q2 building block, which has a height almost identical to the Q1 building 
block. The lengths of the observed nanostructures for Q2 are distributed 
around 130 ± 40 nm. Also in this case, we measured length values 
significantly higher than those expected, in agreement with what was 
observed and discussed in the case of Q1 (Section 2.2.7). Moreover, most 

Fig. 6. Downfield region of the water-suppressed NMR spectra of: (A) [d(CGGAGGT)4]2 (Q2) annealed in 100 mmol/L K+ buffer and recorded at 25 ◦C; (B–D) Q2 
after the addition of 1 (B), 2 (C), and 3 (D) equiv. of H2TCPPSpm4. 
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of the pixels in Fig. 7 (Panel 1) have height values lower than 0.5 nm, 
attributable to the surface roughness of mica. This evidence highlights 
that only a few Q2 structures were bound to the mica surface due to a 
weak interaction with the mica substrate. On the contrary, after the 
addition of 1 equiv. and 2 equiv. of porphyrin (Fig. 7, Panels 2 and 3, 
respectively), most of the pixels have a height higher than 2 nm, sug-
gesting that the formation of H2TCPPSpm4/Q2 complexes having a 
higher affinity with the mica surface takes place. In the case of 
H2TCPPSpm4/Q2 complexes formed at the 1:1 ratio (Fig. 7, Panel 2), we 
observed a dense and thin net of the cross-linked aggregate layer of 2.6 
± 0.1 nm height, which becomes less dense and less thin when a second 
equivalent of H2TCPPSpm4 was added (2.2 ± 0.6 nm height) (Fig. 7, 
Panel 3). These results suggested that the binding of porphyrin mole-
cules externally on the Q2 G4 rods leads to the formation of a cross- 
linked monolayer by lateral side packing of H2TCPPSpm4/Q2 com-
plexes when adsorbed on mica. 

2.4. Interaction of H2TCPPSpm4 with the multimeric [d(5′-CGGT-3′-3′- 
GGC-5′)4]n G4 model (Qn) 

Usually, DNA G-wires are formed by the cooperative binding of four 
G-rich slipped DNA strands held together by G-tetrads formation, thus 
creating very stable long G4 rods known as interlocked G-wires [56–58], 
or by π-π stacking of preformed monomolecular G4 units [6,59]. The 
interaction study of interlocked DNA G-wires with the tetracationic 
porphyrin TMPyP4 has been reported, defining the binding mode of the 

porphyrin and possible application in nanomaterials [56,57]. Our G- 
wire model Qn (Fig. 1) is formed by the axial attachment of tetramo-
lecular G4 entities held together by π-π stacking interactions between 
planar C-G octads at their 5′ termini [34,35]. This type of G-wire as-
sembly is less stable compared to the interlocked G-wires, but, at least in 
principle, its multimerization process and interaction with specific li-
gands could be better controlled to achieve G-wires having governable 
length and new chemical physical properties. The number of the 
constituting G4 units in the Qn model can be estimated using PAGE 
(Fig. 8C) and HPLC SEC chromatography [34,35,60]. 

2.4.1. UV–Vis studies 
In Fig. 8A, we report the intensity of the absorbances of the Soret 

band (A414 nm) of H2TCPPSpm4 alone at different concentrations (red 
line) and in the presence of Qn (blue line). For the H2TCPPSpm4/Qn 
mixture, the blue line connecting the absorbance values did not show 
any distinct breakpoint, thus indicating that the porphyrin interacted 
with Qn at all tested concentrations using a single binding mode. The % 
of Δ slopes, showing values under 10 % up to 4 equiv. of added 
porphyrin, confirmed the absence of breakpoints (Supplementary data 
Fig. S13B). The almost parallel trend of the red and blue lines in Fig. 8A 
suggested that only slight interactions between H2TCPPSpm4 and Qn 
occurred. Indeed, the UV spectrum of H2TCPPSpm4/Qn at the 1:1 ratio 
showed no shift of the Soret band at 414 nm, the appearance of a low 
shoulder at 425 nm, and a low hypocromicity value (18 %) compared to 
the porphyrin alone (Supplementary data Fig. S13). By raising the 

Fig. 7. AFM topography (top), three-dimensional rendering (middle), and a representative line profile (bottom) of pure Q2 sample (Panel 1) and Q2 with 1 equiv. 
(Panel 2) or 3 equiv. (Panel 3) of H2TCPPSpm4. On the left of each AFM image, the color scale reports the respective height distribution, where the darkest pixels are 
the lowest, and the brightest ones are the highest, respectively. 
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amount of the porphyrin at the 2:1 and 3:1 ratios, we observed the 
disappearance of the shoulder at 425 nm and the increase of the hypo-
chromic effect at 28 % and 35 %, respectively. These findings indicated 
that H2TCPPSpm4 interacted with the Qn G-wire as a groove-binding 
ligand. However, differently from what we observed in the interaction 
with Q1, we cannot exclude the end-stacking binding to the two terminal 
5′ faces of each Qi member of the Qn distribution because the UV 
contribution of such interaction would be negligible, both in terms of 
Soret band shift and hypochromicity, for this type of longer G4 
assembly. 

2.4.2. CD studies 
The CD profile of Qn (Supplementary data Fig. S14) shows a positive 

CD signal at 245 nm, a negative band around 280 nm, and a second 
positive signal at 300 nm, as previously described [35]. After the addi-
tion of increasing amounts of porphyrin, from 1:1 to 5:1 ratio, the CD 
spectra of H2TCPPSpm4/Qn resulted almost superimposable to that of 
the sole Qn polymer (Fig. 8B). This behavior suggested that the incu-
bation with the porphyrin did not significantly affect the structural 
features of the Qn G-wire distribution. Furthermore, one positive iCD 
signal at 431 nm and a negative one at 420 nm were also detected. These 
iCD signals did not change in shape and intensity with different 
H2TCPPSpm4 concentrations, thus supporting the hypothesis that the 
same binding mode occurred at all the tested porphyrin concentrations. 

2.4.3. PAGE analyses 
In Fig. 8C, we report the PAGE mobility of the H2TCPPSpm4/Qn 

mixture at the 1:1 and 3:1 ratio (lanes 3 and 4, respectively) compared 

with those of the G4 dimer Q2 (lane 1) and pure Qn (lane 2). The latter, 
as expected, migrated as a distribution of multimeric G4 species formed 
by stacked tetramolecular G4 blocks. In the presence of 1 equiv. of 
H2TCPPSpm4 (1:1 ratio, lane 3), we observed almost the same electro-
phoretic mobility as the pure Qn mixture and a slight reduction in the 
intensity of all bands. It is to be noted that 1 equiv. of porphyrin is 
calculated as one-fourth of the ODN single strand (3) used to obtain Qn, 
so the 1:1 ratio ensured the presence of at least one porphyrin molecule 
for each G4 building block. In this way, two porphyrin molecules were 
available for block Q2, three for Q3, and so on for longer Qn multimers. 
The incubation of Qn with 3 equiv. of H2TCPPSpm4 (3:1 ratio, lane 4) 
determined the disappearance of all PAGE bands (detection at 254 nm). 
The pink band localized at the bottom of the loading well of lanes 3 and 
4 revealed the presence of porphyrin molecules that did not migrate in 
the gel, probably being part of supramolecular porphyrin/G4 
aggregates. 

2.4.4. RLS studies 
The RLS spectra of a 2 μmol/L solution of Qn in the presence of 

increasing amounts of H2TCPPSpm4 (from 0.5 to 8.5 μmol/L) are re-
ported in Supplementary data Fig. S15. The spectra indicated the for-
mation of large aggregates already after the addition of 1 equiv. 
H2TCPPSpm4 (~720 a.u. intensity at 455 nm). Moreover, the linear 
enhancement of the RLS intensity at increasing porphyrin concentra-
tions suggested that H2TCPPSpm4 molecules are bound externally to the 
Qn wire using a single binding mode at all the tested concentrations. 

Fig. 8. (A) Soret band plot (414 nm) of increasing concentrations of H2TCPPSpm4 alone (red line) and in the presence of the Qn G4 model (blue line). (B) CD spectra 
of H2TCPPSpm4/Qn, from 1:1 to 5:1 ratio; inset: H2TCPPSpm4/Q2 at the 1:1 and 2:1 ratio. (C) PAGE images (UV–Vis lamp 254 nm and 365 nm); the DNA ladder 
(lane 5) was visualized by Sybr green staining and UV transilluminator (10–100 bp); lane 1: Q2; lane 2: [d(5′-CGGT-3′-3′-GGC-5′)4]n (Qn); lanes 3 and 4: 
H2TCPPSpm4/Qn at the 1:1 and 3:1 ratio, respectively. For non-processed PAGE images, refer to Fig. S19 (Supplementary data). (For interpretation of the references 
to color in this figure legend, the reader is referred to the web version of this article.) 
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2.4.5. Fluorescence studies 
Fluorescence spectra of H2TCPPSpm4/Qn species (Supplementary 

data Fig. S16) showed a reduction in the intensity of fluorescent bands 
centered at 660 nm and 720 nm compared to those of the sole porphyrin. 
This behavior is the opposite of that observed in the titration of Q2 and 
suggests that strong quenching phenomena occurred at all porphyrin 
concentrations tested. This quenching could be caused by porphyrin- 
porphyrin interactions among molecules bound in the grooves of the 
G-wire stem. Above all, the fluorescence data excluded a significative 
role of the 5′-stacking binding mode of H2TCPPSpm4 on Qn and sug-
gested the occurrence of lateral interactions along the stem of the 
stacked G-wires. 

2.4.6. AFM studies 
Fig. 9 shows the AFM images of Qn G-wires before and after the 

H2TCPPSpm4 addition. In the case of the sole Qn (Fig. 9, Panel 1), we 
observed long rods with different lengths (50–100 nm) having 2.5 ± 0.3 
nm average height (see the representative line profile at the bottom of 
Fig. 9, Panel 1), corresponding to the height value of the G4 building 
block. In the presence of 1 equiv. of H2TCPPSpm4, Qn loses the ordered 
shape of nanowires to form fragmented structures – having variable 
length/width (50–200 nm) but preserving the typical height of G4 
monolayers (2.0 ± 0.5 nm) – caused by lateral aggregation of G4-bound 
porphyrin molecules (Fig. 9, Panel 2). The addition of 3 equiv. of 
porphyrin to Qn increased the amount and dimension of these aggre-
gates. In particular, we observed that the average height of the 
H2TCPPSpm4/Qn aggregates deposited on the mica surface rose to 4.0 
± 2 nm (Fig. 9, Panel 3). These data suggested that the higher number of 
available porphyrins induces critical structural changes when the 
mixture is adsorbed on the mica surface, allowing the formation of 
multilayer G4 aggregates by lateral stacking interaction between por-
phyrins molecules located in the grooves of the G-wire rods. Finally, the 
AFM image of pure H2TCPPSpm4 used as control (Supplementary data 
Fig. S17) confirmed that the adsorption of the sole H2TCPPSpm4 

molecules on the mica surface does not form nanostructures but only a 
thin layer of aggregates with a maximum height of 1 nm. 

2.5. HPLC Size Exclusion Chromatography (SEC) analyses on Q1, Q2, 
and Qn samples in the presence of H2TCPPSpm4 

The HPLC Size Exclusion Chromatography (SEC) is a well- 
established technique for determining the molecular weight and 
molecularity of G4s and their multimers [34,35,61–63]. As described 
above, in the presence of 1 equiv. of porphyrin Q1 formed a single 
H2TCPPSpm4/Q1 complex visualized in the PAGE as the Qx band having 
significative lower mobility than the Q1 band (Fig. 2C). All the spec-
troscopic techniques suggested that Qx contained a porphyrin molecule 
stacked, most probably, on the 3′-ending face of the G4 stem as for the 
NMR findings. Here, we used HPLC-SEC to ascertain whether the slower 
Qx PAGE band was due to a porphyrin-bound G4 monomer with reduced 
net negative charge or a higher molecular weight porphyrin-bound G4 
multimer. In the literature, many papers report the PAGE mobility of 
complexes formed between polycationic ligands and DNA duplexes or 
G4s. In those cases, conflicting results were reported – both no slowing 
and significative slowing of the complexes’ bands were reported 
[22,44,63–65] – likely because polycationic molecules could be stripped 
away during the electrophoresis run, thus producing no changes in the 
PAGE mobility [43]. The HPLC SEC analyses of Q1 in the presence of 1–3 
equiv. of H2TCPPSpm4 demonstrated unambiguously that the 
porphyrin/Q1 complex (Supplementary data Fig. S22, detection at 414 
nm) has almost the same retention time as Q1 (Supplementary data Figs. 
S21 and S22, detection at 260 nm), thus excluding the formation of 
porphyrin-induced Q1 multimers. The addition of the second and third 
equivalent of porphyrin to Q1 induced a substantial reduction in the 
peak intensity of Q1 and H2TCPPSpm4/Q1 species, thus confirming the 
rapid formation of not detectable higher molecular weight aggregates at 
porphyrin/G4 ratios higher than 1:1. 

The HPLC SEC analysis of Q2 following the incubation with 1–3 

Fig. 9. AFM topography (top), three-dimensional rendering (middle), and a representative line profile (bottom) of pure Qn sample (Panel 1) and Qn with 1 eq. (Panel 
2) or 3 equiv. (Panel 3) of porphyrin. On the left of each AFM image, the color scale reports the respective height distribution, where the darkest pixels are the lowest, 
and the brightest ones are the highest, respectively. 
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equiv. of H2TCPPSpm4 (Supplementary data Fig. S23, detection at 414 
nm) indicated the absence of H2TCPPSpm4/Q2 multimers and the 
presence of a sole peak (Qy) with a retention time slightly higher than 
that of the sole Q2, in close analogy with what observed for the complex 
formed between H2TCPPSpm4 and the Q1 G4 model. This data 
demonstrated that the slower Qy band observed in the PAGE reported in 
Fig. 5C was due to a porphyrin-bound Q2 complex and not a porphyrin- 
bound Q2 multimer. 

The results of the HPLC SEC analysis performed on Qn after its in-
cubation with 0.25–3 equiv. of H2TCPPSpm4 are reported in Supple-
mentary data Fig. S24. Before the addition of the porphyrin, the SEC 
profile of Qn was populated by a distribution of peaks having different 
intensity and retention time (detection at 260 nm, blue line) accounting 
for the presence in the solution of the complete series of Qi multimers 
and the single-stranded ODN 3 (tR = 16.5 min). The addition of 0.25–1 
equiv. of porphyrin determined a marked reduction in the intensity of all 
peaks, in close agreement with PAGE data (Fig. 5C, lane 3), because of 
the partial formation of supramolecular aggregates not revealable by the 
SEC analysis. Two interesting aspects could be noted by comparing the 
HPLC profiles detected at 260 and 414 nm. First, the addition of the 
porphyrin induced a not uniform reduction in peaks’ intensity, with the 
shorter Q1 species resulting in the least affected; second, the absence of 
the peak belonging to the single-stranded 3 (i.e., the intense peak 
labeled with SS in the HPLC profile detected at 260 nm) in the HPLC 
profile detected at 414 nm revealed a strong binding selectivity of 
H2TCPPSpm4 for the G4-folded ODN 3 versus its random coil confor-
mation. Finally, the HPLC SEC profiles obtained after the addition of 3 
equiv. of porphyrin did not show any significant peak when detected at 
260 and 414 nm, thus confirming the complete formation of non- 
revealable supramolecular aggregates in agreement with PAGE and 
AFM results. 

3. Conclusions 

In conclusion, by using several complementary analytical tech-
niques, we have studied the interaction between the cationic porphyrin 
H2TCPPSpm4 and some representative parallel G-quadruplex models to 
define the binding mode and compare the data furnished by all tech-
niques to delineate their strengths and limitations. The results revealed 
that H2TCPPSpm4 can bind the G4 models by using either the end- 
stacking or the groove-binding modes, depending on the accessibility 
of the G4 ending faces and the length of the G4 stem. Specifically, we 
found that H2TCPPSpm4 interacts with the shorter Q1 exclusively as an 
end-faces binder, with a marked selectivity towards the 3′-ending face 
that is the only one targeted at the 1:1 H2TCPPSpm4/Q1 ratio. The 
addition of the second equivalent of porphyrin determines the binding at 
the opposite 5′-ending face, which in turn triggers the formation of more 
extended, insoluble G-wire aggregates that are undetectable by NMR, 
PAGE, and SEC but whose formation can be monitored by CD, RLS, and 
AFM. The elongation of the G-quadruplex forming ODN from six to 
seven nucleobases determined the switch from the end-stacking to the 
groove-binding mode, which was the sole one observed for the forma-
tion of H2TCPPSpm4/Q2 and H2TCPPSpm4/Qn complexes. However, 
we observed an exciting different outcome when more than two 
equivalents were added to the Q2 or Qn G4 model. As for the G4 dimer 
Q2, we did not observe the formation of higher molecular weight ag-
gregates than the 2:1 H2TCPPSpm4/Q2 complex, as ascertained by 
PAGE and HPLC-SEC. Conversely, supramolecular, insoluble aggregates 
readily formed when three or more equivalents were added to the Qn 
multimeric G4 model. This different behavior can be attributed to the 
higher number of porphyrin molecules bound in the G4 grooves of the 
latter model that maximizes the probability of the occurrence of 
porphyrin-porphyrin stacking interaction between H2TCPPSpm4 mole-
cules bound to different H2TCPPSpm4/Qn complexes. This study adds 
valuable insights to the understanding of mechanisms underlying the 
interaction between porphyrin-based ligands and DNA G-quadruplexes 

and the development of new porphyrin-based therapeutics or supra-
molecular biomaterials. 
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