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Abstract
In order to develop efficient anticancer theranostic systems, we focused on the interaction between an easily
prepared cyanine dye, analogue of thiazole orange (here named CyOH), and two G-quadruplex-forming aptamers,
V7t1 and 3R02, that specifically recognize the Vascular Endothelial Growth Factor 165 (VEGF165) − a critical angiogenic
protein overexpressed in a variety of cancer cells, responsible for the rapid growth and metastases of solid tumors.
We here demonstrated, by exploiting different biophysical techniques − i.e. circular dichroism (CD), UV-vis, and
fluorescence spectroscopy, along with gel electrophoresis − that this cyanine probe interacted with both aptamers
giving a marked fluorescence light-up only when bound to their dimeric forms. Interestingly, both oligonucleotides
recognized VEGF165 with higher affinity when adopting dimeric G-quadruplex forms, which are indeed largely
prevalent over their monomeric forms in pseudo-physiological conditions. Notably, the fluorescence light-up
produced by the probe was maintained also when the complexes between CyOH and the dimeric aptamers bound to
the target protein, evidencing potential applications in diagnostics. The CyOH-aptamer complexes, tested on MCF-7
cancer cells using non-tumorigenic MCF-10 cells as a control, were effectively internalized in cells and colocalized with
a fluorescently-labelled anti-VEGF-A antibody, allowing both recognition and detection of the target protein. Our
experiments showed that the studied systems are promising tools for anticancer theranostic strategies, combining the
therapeutic potential of the G4-forming anti-VEGF aptamers with the diagnostic efficacy of the selective fluorescence
light-up cyanine probe.

Introduction
VEGF-A (Vascular Endothelium Growth Factor – type A) is a glycoprotein that includes many isoforms, and the main
member of a cytokine family playing essential roles in angiogenesis, lymphangiogenesis, and vasculogenesis, thus
favouring the growth of solid tumours and being involved in the onset and progression of most tumours and/or
inflammations (1). This growth factor is recognized as a valid tumour biomarker and therapeutic target. Therefore,
selectively targeting VEGF-A, and particularly its main isoforms VEGF165 and VEGF121 (2–4), can be an extremely
important strategy for early detection and therapy of cancer in the context of precision medicine.
Several G-quadruplex(G4)-forming aptamers have been identified for the selective inhibition of VEGF-A (5). In detail,
Nonaka et al. selected the aptamer V7t1, which exhibited high affinity for both VEGF165 (Kd = 1.4 nM) and VEGF121 (Kd =
1.1 nM) (6). An in silico maturation, as post-SELEX (Systematic Evolution of Ligands by EXponential Enrichment)
optimization of this aptamer, allowed obtaining four novel aptamers, the best of which was 3R02, showing an
improved affinity for VEGF165 with respect to V7t1 (Kd = 0.3 nM) (7).
In our previous studies, we demonstrated that V7t1, in the presence of physiological extracellular Na+ concentrations,
has a very different conformational behaviour if subjected or not to annealing procedures. Indeed, not-annealed V7t1
(N.A. V7t1) mainly forms dimeric parallel G4 structures, while the annealed oligonucleotide (A. V7t1) adopts a
monomeric antiparallel G4 folding. Remarkably, only the dimeric aptamer efficiently binds VEGF165, showing a higher
affinity for the protein compared to the monomeric species, as determined by electrophoresis mobility shift assay
(EMSA) experiments (8). These results were explained in terms of multivalency effects which can be operative in
dimeric or multimeric forms of aptamers, conferring them higher binding affinity in target recognition (9, 10).
If detailed studies have been carried out to disclose the conformational behaviour of V7t1 and particularly of some
well-structured V7t1 analogues (11), not much is known about 3R02, whose reported CD spectra are indicative of a
highly polymorphic G4-forming oligonucleotide (7).
We reasoned that the specific and high-affinity VEGF-binders V7t1 and 3R02 could produce efficient tools for VEGF
targeting if associated with finely tunable, conformation-sensitive detection systems. Probes with a high affinity for
these aptamers – in principle selectively binding and stabilizing the oligonucleotides in their bioactive conformations
or in the most bioactive ones – forming with them stable complexes still recognized by the protein, would be
particularly attractive to our purposes. In this frame, G4-forming aptamers equipped with suitable fluorescence
probes, sensitive to the G4 folding/unfolding processes, offer very promising systems for in vitro and in vivo
applications. Indeed, several fluorescent ligands have been designed for the detection of G4 structures (12–14).
Among the known selective and high-affinity binders of G4 structures, cyanine dyes play a prominent role (15–18),



offering several advantages as versatile molecules, easy to synthesize and ad hoc functionalize, allowing a fine-tuning
of their G4 binding affinity and optical properties (15, 17, 18).
Thiazole orange (TO, 4-[3-methyl-2,3-dihydro(benzo-1,3-thiazole)-2-methylidene]quinolinium iodide), one of the most
representative dyes of this class, is characterized by a very low intrinsic fluorescence in aq. solutions, marked chemical
stability and high molar absorption coefficient. It can interact with different structures of DNA and RNA, showing a
remarkable fluorescence turn-on response (19). When TO interacts with G-quadruplex structures, a fluorescence
enhancement more than 2-fold higher than with duplexes is observed (20). This behaviour is strictly connected with
the intramolecular rotation around the C-C bond connecting the benzothiazole and quinoline heterocycles which
compose the TO structure: when these moieties are free to rotate around this bond, for example when the ligand is
dissolved alone in aq. solutions, its fluorescence is almost null. Upon interaction with duplex DNA, the molecular
target acts as a rigid cage forcing TO into a fully planar conformation, which can thus form stable intercalation
complexes between adjacent Watson-Crick base pairs. With G4 structures, TO can bind the terminal G-quartets which
offer a larger aromatic surface compared to base pairs of duplex structures, thus allowing more intense - stacking
interactions and higher fluorescence response of the ligand (21).
Considering the intriguing properties of TO, we focused our attention on TO analogues as potential binders of the anti-
VEGF G4-forming aptamers V7t1 and 3R02. In particular, we selected a TO derivative, here named CyOH (Scheme 1)
(22–31), designed to provide better solubility in aq. solutions and a lower tendency to self-aggregate compared to the
parent ligand but still maintaining the G4 recognition ability typical of TO. We thus analysed the interaction of CyOH
with the G4-forming aptamers V7t1 and 3R02 by different biophysical techniques, determining the stability and
properties of the resulting complexes. We particularly investigated the fluorescence response of CyOH when bound to
either V7t1 or 3R02 in relation to the aptamer conformation, molecularity, and specific recognition by the protein.
Finally, we evaluated the antiproliferative activity of the CyOH-aptamer complexes on MCF-7 breast cancer cells, using
non-cancer MCF-10 cells as a control, by MTT assays, as well as their cell uptake and colocalization with a
fluorescently-labelled VEGF-specific antibody by confocal laser scanning microscopy (CLSM) analysis.

Experimental Section

V7t1-VEGF165 chemiluminescence-based binding studies
In this assay 100 μL of 0.2 μM VEGF165-His solution in phosphate-buffered saline (PBS: 137 mM NaCl, 2.7 mM KCl, 8.1
mM NaH2PO4/Na2HPO4, 1.86 mM KH2PO4/K2HPO4) were added to a copper-coated 96-well plate (Copper Coated High-
Capacity Plates, Thermo Scientific) and incubated under gentle shaking for 1 h. Then, the supernatant was removed
and each well was washed three times using 200 μL of a HEPES/Na+ solution containing 0.05% (v/v) Tween-20 (Sigma-
Aldrich). After washing, 100 μL of various concentrations of either N.A. or A. V7t1-biotin in HEPES/Na+ were added to
the wells and incubated for 1 h. In detail, 2.5, 5.0, 10, 12.5, 15, 20, 30, and 50 pmol of N.A. or A. V7t1-biotin in
HEPES/Na+ were added to each well. The wells were washed in the same conditions and then streptavidin-HRP
(Horseradish peroxidase, BPS Bioscience) in Blocking Buffer (HEPES-Na+with 0.05% (v/v) Tween 20 and 2% (m/v) BSA)
was added to each well and incubated under gentle shaking for 1 h. After three washes, enhanced chemiluminescence
(ECL) HRP substrate (BPS Bioscience) was added and the HRP activity was measured by a multilabel plate counter
(Glomax Discover System, GM3000). All experimental procedures were performed at r.t. in duplicate. The data were
then reported in a graph as a function of DNA concentration. The obtained points were then fitted with an
independent and equivalent-sites model (32), using the Origin 8.0 program, with the following equation:
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where α is the mole fraction of ligand in the bound form, [L]0 is the total ligand concentration, [Qu] is the added DNA
concentration, n is the number of the equivalent and independent sites on the DNA structure and Kb is the binding
constant. The fraction of the bound ligand was determined by using the following equation:
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where Y, Y0, and Yb are the values of fluorescence emission intensity at the maximum, respectively, at each titrant
concentration, at the initial and final state of the titration. The errors associated with the binding constant values are
based on the fit.

General methods for the synthesis of CyOH
Solvents and reactants for the synthesis of CyOH were purchased from TCI or Merck and used as supplied without
further purification. Thin-layer chromatography (TLC) analyses were carried out on silica gel plates (Merck 60F-254)
with visualization at 254 and 366 nm. HPLC analyses were performed using an Agilent system SERIES 1260 with



XBridge® BEH C18 column (2.5 µm, 4.6 x 50 mm) with a flow rate of 1.4 mL/min. HPLC purifications were carried out
on an Agilent Technologies 1260 Infinity preparative HPLC provided with a diode array UV-vis detector, using a Waters
XSelect CSH Phenyl-Hexyl column (5 µm, 150 x 30 mm) with a flow rate of 27 mL/min. For HPLC analyses and
purifications, an aq. solution containing 0.1% TFA (trifluoroacetic acid) and acetonitrile were used as solvents A and B,
respectively. The following methods were used: i) Method 1: first isocratic elution over 17 min with 95% solvent A/5%
solvent B, then linear gradient to 60% solvent A/40% solvent B in 3 min, followed by isocratic elution for 2 min and
then back to 95% solvent A/5% solvent B for 4 min (λ detection: 230, 256 and 300 nm); ii) Method 2: first isocratic
elution over 2 min with 95% solvent A/5% solvent B, then linear gradient to 60% solvent A/40% solvent B in 14 min,
followed by a linear gradient to 40% solvent A/60% solvent B in 8 min, and then 95% solvent A/5% solvent B isocratic
elution for 1 min (λ detection: 256, 300 and 500 nm). 1H- and 13C-NMR spectra were recorded on Bruker Avance 300
MHz. All the chemical shifts (δ) are expressed in ppm with respect to the residual solvent signal for 1H-NMR spectra.
UPLC-ESI-MS data were recorded using a surveyor UPLC system equipped with a BEH Acquity UPLC column (1.7 µm,
2.1 x 50 mm), and an LCQ ADV MAX ion-trap mass spectrometer, with an electrospray ionization (ESI) source.

Synthesis of 1-(3-hydroxypropyl)-4-methylquinolinium iodide (2)
A mixture of 4-methylquinoline 1 (1 eq, 100 mg, 84 μL, 0.70 mmol) and 3-iodo-1-propanol (2.5 eq, 325 mg, 168 μL,
1.75 mmol) in 700 μL ethanol was refluxed for 72 h. After cooling to r.t. the mixture was treated with the minimum
amount of methanol and then diethyl ether was added to allow precipitation of the target compound as a white solid.
The precipitate was collected, washed three times with diethyl ether, and purified by preparative HPLC using isocratic
elution with a 95:5 CH3CN:H2O/0.1% TFA solution over 24 min. All the HPLC fractions containing the compound of
interest were collected and taken to dryness, affording desired product 2 with a 90% yield. A comparison of NMR data
with those available in the literature confirmed the identity and purity of the obtained compound (33). 1H-NMR (300
MHz, CD3OD):  (ppm) 2.27 (q, 2H), 3.07 (s, 3H), 3.68 (t, 2H), 5.15 (t, 2H), 7.95 – 8.10 (m, 2H), 8.18 – 8.21 (m, 1H), 8.23
– 8.31 (m, 2H), 9.23 (d, 1H). UPLC-ESI-MS (positive mode) m/z: 202.3 (2 + 1H+)+ a.m.u.

Synthesis of 3-methyl-2-(methylthio)benzo[d]thiazol-3-ium iodide (4)
Commercially available 2-(methylthio)benzo[d]thiazole 3 (1 eq, 70 mg, 0.39 mmol) was dissolved in methyl iodide (30
eq, 730 μL, 11.6 mmol) at r.t. The reaction mixture was refluxed at 100 °C for 15 h. A white precipitate was obtained,
filtered, and repeatedly washed with diethyl ether to give product 4 with a 92% yield. A comparison of the
experimental with literature data confirmed the identity and purity of the obtained compound (34). 1H-NMR (300
MHz, DMSO-d6):  (ppm) 3.12 (s,3H), 4.10 (s, 3H), 7.71 (t, 1H), 7.83 (t, 1H), 8.19 (d, 1H), 8.40 (d, 1H). UPLC-ESI-MS
(positive mode) m/z: 196.0 (4 + H+)+ a.m.u.

Synthesis of (Z)-1-(3-hydroxypropyl)-4-((3-methylbenzo[d]thiazol-2(3H) ylidene)methyl)quinolin-1-ium iodide (CyOH)
1-(3-Hydroxypropyl)-4-methylquinolinium iodide 2 (1 eq, 73.2 mg, 0.362 mmol) was reacted with 3-methyl-2-
(methylthio)-1,3-benzothiazol-3-ium iodide 4 (1 eq, 65.9 mg, 0.362 mmol) in 1.5 mL ethanol containing 50.4 μ L of
triethylamine (TEA). After 90 min under stirring at r.t., the solvent was evaporated under vacuum and the solid
repeatedly washed with diethyl ether. The crude was purified by preparative HPLC eluting with Method 2. The desired
CyOH was obtained with 77% yield as a red solid. Comparison of the experimental with literature data confirmed the
identity and purity of the obtained compound (31). 1H-NMR (300 MHz, DMSO-d6):  (ppm) 2.01 (bs, 2H), 3.50 (bs, 2H),
4.02 (s, 3H), 4.66 (t, 2H), 4.82 (m, 1H, OH), 6.94 (s, 1H), 7.36-7.46 (m, 2H), 7.62 (t, 1H), 7.76-7.82 (m, 2H), 8.00-8.09 (m,
2H), 8.15 (d, 1H), 8.61 (d, 1H), 8.81 (d, 1H). UPLC-ESI-MS (positive mode) m/z: 349.5 (CyOH + H+)+ a.m.u.

Oligonucleotide, probe, and protein samples
The oligonucleotides: V7t1 (5′TGTGGGGGTGGACGGGCCGGGTAGA3′), 3R02 (5′TGTGGGGGTGGACTGGGTGGGTACC3’)
and V7t1-biotin (5′TGTGGGGGTGGACGGGCCGGGTAGA3′-biotin) were purchased from biomers.net GmbH (Germany).
The oligomer identity and purity were confirmed by MALDI-TOF mass spectrometry and high-performance liquid
chromatography (HPLC) data provided by the commercial supplier. The oligonucleotides were dissolved in Ultra-pure
nuclease-free water (VWR) and their concentrations were determined by UV-vis analysis measuring the absorbance at
260 nm and 95 °C using the molar extinction coefficients ε = 280504 cm-1M-1 and ε = 270124 cm-1M-1 for V7t1 and
3R02, respectively. All the used aptamer solutions were obtained by proper dilution from a stock solution (1 mM) in
the selected buffer, i.e. a pseudo-physiological Na+-rich buffer (25 mM HEPES, 150 mM NaCl, pH 7.4), here indicated
as HEPES/Na+. Samples of annealed V7t1 and 3R02 were obtained by heating the appropriate oligonucleotide
solutions at 95 °C for 5 min and leaving them to cool to r.t. overnight. Not-annealed (N.A.) and annealed (A.) V7t1 and
3R02 samples were then kept at 4 °C until use. The final compound CyOH was dissolved in Ultra-pure nuclease-free
water (VWR) in all the experiments. Recombinant human VEGF165 and His-tag labelled VEGF165 (VEGF165-His, GenScript)
were purchased from Twin Helix Srl (Italy). Protein concentration was confirmed by Bradford assay (Bio-Rad) using
Bovine Serum Albumin (BSA) as standard.



UV-vis spectroscopy experiments
The UV spectra were obtained on a Jasco V-750 UV-Vis spectrophotometer, using 1 cm path length cuvettes (1 mL
internal volume, Hellma). The UV–vis spectra were recorded in the 230–650 nm range using a scanning speed of 100
nm/min with appropriate baseline subtraction. Titration experiments were carried out using independent solutions at
a fixed concentration (8 μM) of CyOH in HEPES/Na+ buffer. Increasing amounts of N.A. V7t1 or 3R02 up to 8 μM were
used, taken from DNA stock solutions dissolved in HEPES/Na+ buffer.

Gel electrophoresis experiments
Acrylamide/bis-acrylamide (19:1) 40% solution, glycerol, and GelGreen Nucleic Acid Stain were purchased from VWR.
Ammonium persulfate (APS) and tetramethylethylenediamine (TEMED) were purchased from Sigma Aldrich. N.A. and
A. V7t1 or 3R02 samples (3.6 μM) in HEPES/Na+ buffer were loaded on 20% polyacrylamide gels with TBE 1x (Tris–
borate–EDTA) as running buffer. The ligand CyOH was added at 1:1 DNA:probe ratio and incubated with the aptamers
for 30 min at r.t. Just before loading, samples were supplemented with 5% glycerol, and gels were run at constant 80
V for 3 h at r.t., stained with GelGreen Nucleic Acid Stain (supplemented with 0.1 M NaCl, according to manufacturer’s
instructions) for 30 min, and visualized with a UV transilluminator (Bio-Rad ChemiDoc XRS). Each experiment was
performed at least in triplicate.

Fluorescence spectroscopy experiments
Fluorescence spectra were recorded at 25 °C on HORIBA JobinYvon Inc. FluoroMax®-4 spectrofluorimeter equipped
with F-3004 Peltier using a quartz cuvette with a 1 cm path length (Hellma). For the fluorescence titration experiments,
the excitation wavelength was set at 504 nm. Spectra were recorded in the 515–750 nm range, with entrance and exit
slit set at 3 nm. Titrations were carried out using independent solutions at a fixed concentration (2 μM) of the ligand in
HEPES/Na+ buffer. Increasing amounts of V7t1 or 3R02 up to 4.0 μM were used from DNA stock solutions dissolved in
HEPES/Na+ buffer. Thioflavin-T (ThT) displacement assay was performed by adding to preformed N.A. V7t1 or 3R02-
ThT complexes in a 2:1 aptamer-probe ratio (4 μM of aptamer and 2 μM of ThT), increasing amounts of CyOH up to 2
eq with respect to the aptamer (8 μM concentration). The excitation wavelength was set at 450 nm and spectra were
recorded in the 455–650 nm range, with entrance and exit slit set at 3 nm.

Determination of fluorescence quantum yield of V7t1-CyOH complexes in HEPES/Na+
In order to determine the fluorescence quantum yield of CyOH alone and in the presence of the dimeric or monomeric
V7t1 aptamer (N.A. or A. V7t1 in HEPES/Na+), a solution of fluorescein dissolved in 0.1 M NaOH solution was used as
the reference standard, having absorbance and emission in similar regions as the tested samples. A series of solutions
at different concentrations were prepared for the standard, for CyOH alone, and for the V7t1-CyOH complexes (2:1
ratio) with maximum values of absorbance in the range from 0.01 to 0.1, in order to minimize re-absorption effects in
the 1 cm fluorescence cuvette (35). All measurements were performed at 20 °C. Standard 1 cm quartz cells were used
for the absorbance and fluorescence measurements. Both excitation and emission slit width was set at 2 nm. The
excitation wavelength used for obtaining fluorescence spectra was 470 nm. Absorption spectra were recorded on a
Jasco V-750 spectrophotometer. Fluorescence spectra were recorded on HORIBA JobinYvon Inc. FluoroMax®-4
spectrofluorimeter equipped with F-3004 Peltier.
The quantum yield of the V7t1-CyOH complexes in HEPES/Na+ (Φx) was determined according to the following
equation:

where Φ�� is the quantum yield of fluorescein in a 0.1 M NaOH solution (Φ�� = 95%), �x is the slope of a linear fit for
the integrated fluorescence intensity of CyOH alone or V7t1-CyOH complexes vs. absorbance, ��� is the slope of a
linear fit for the integrated fluorescence intensity of fluorescein vs. absorbance, �x is the refractive index of HEPES (��
= 1.33), ��� is the refractive index of a 0.1 M NaOH solution (��� = 1.33) (36, 37).

Circular dichroism spectroscopy experiments
CD spectra and CD-monitored melting curves were recorded in a quartz cuvette with a path length of 1 cm (3 mL
internal volume, Hellma) on a Jasco J-1500 spectropolarimeter equipped with a Jasco CTU-100 circulating thermostat
unit. Spectra were registered at 25 °C in the 225–700 nm range with 2 s response, 200 nm/min scanning speed, and
2.0 nm bandwidth, corrected by subtraction of the background scan with buffer and averaged over 3 scans. The
experiments were performed on N.A. and A. aptamer samples in HEPES/Na+ buffer at a 2 μM concentration. CD



titration experiments were obtained by adding to fixed amounts of the DNA samples (2 μM conc.) increasing amounts
of the probe up to 10 eq., corresponding to a 20 μM solution. For the melting experiments, the ellipticity at 263 nm
was followed in the 15–90 °C range with a 1 °C/min scan rate. Each experiment was performed in duplicate.
For the singular value decomposition (SVD) analysis performed on N.A. and A. V7t1 or 3R02, the CD spectra were
normalized to molar circular dichroism Δε = (M-1 cm-1) using the equation Δε = θ / (32980 × C x l). The resulting spectra
were then analyzed using the advanced software developed by del Villar-Guerra et al (38).

Electrophoresis mobility shift assays (EMSA)
EMSA assays were performed according to reported procedures (8, 10), with minor modifications. In detail, 30 pmol of
V7t1 or 3R02 were incubated with 30 pmol of CyOH and 40 pmol of VEGF165 at 4° C for 30 min. Glycerol was added to
the samples to a final concentration of 5% before loading. Electrophoresis was carried out at 45 V for 2.5 h on 7%
polyacrylamide gels in 1× TAE (Tris-Acetate-EDTA), pH 7.8 (39). Gels were first visualized on a UV transilluminator
(BioRad ChemiDoc XRS) with no staining and then stained for 30 min with GelGreen Nucleic Acid Stain (supplemented
with 0.1 M NaCl). Each experiment was repeated at least twice.

Cell cultures and cytotoxicity
Human breast MCF-7 cancer cells were obtained from the American Type Culture Collection (ATCC, Manassas, VA,
USA), and were cultured in Dulbecco’s modified Eagle medium (DMEM). Non-tumorigenic human breast MCF-10A
cells were also obtained from ATCC (CRL-10317™) and cultured in complete Mammary Epithelial Cell Growth Medium
(MEGM, Bullet Kit, Lonza, Switzerland) supplemented with 100 ng/mL Cholera toxin (Vibrio cholerae) as previously
described (40). Cytotoxic effects of CyOH and of the V7t1 or 3R02-CyOH complexes were evaluated by the (3-(4,5-
dimethylthiazol-2-yl)-2,5 diphenyltetrazolium bromide) reduction inhibition assay (MTT) after 48 h. For this purpose,
cells (3,000/well) were seeded into 96-well plates and treated with increasing concentrations of each compound (from
0 to 30 µM). Cell survival was determined by measuring the absorbance of blue formazan at 570 nm with an
automatic plate reader and expressed as the percentage of viable cells with respect to control untreated cells. Three
independent experiments were performed with triplicate determinations. For all the experimental points, *P < 0.05,
**P < 0.01 or ***P < 0.001 were obtained for the control vs. the treated samples by performing Student’s t-test
analysis.

Analysis of cell internalization of CyOH and V7t1- or 3R02-CyOH by CLSM
Analyses were performed as previously described (41). MCF-7 and MCF-10A cells were seeded on glass coverslips in
24-well plates, grown to semi-confluency, and then incubated with 5 µM of each sample. After incubation, the cells
were washed with PBS 1x and then fixed with 4% paraformaldehyde in PBS for 15 min at r.t. To stain nuclei and VEGF-
A protein in MCF-7 and MCF-10A cells, we employed Hoechst (0.001 mg/mL) for 15 min at r.t. and α-VEGF-A antibody
(1:1000) at 4 °C overnight, respectively. Upon incubations, cells were washed twice with PBS, mounted on coverslips,
and then observed by using a confocal laser-scanning microscope Zeiss LSM 700 and a 63x oil objective. Hoechst
(Hoechst 33342, Trihydrochloride, Trihydrate) and α-VEGF-A antibody (Anti-VEGF-A antibody, Alexa Fluor® 488,
Abcam) were purchased from ThermoFisher Scientific.

Results and Discussion
V7t1-VEGF165 chemiluminescence-based binding studies
In our previous studies we demonstrated, by EMSA experiments, that VEGF165 bound with higher affinity V7t1 in a
dimeric, parallel G4 conformation – predominant in N.A. aptamer samples prepared in HEPES/Na+ buffer – than when
in monomeric, mainly antiparallel-G4 form, adopted by the aptamer in A. samples (8). To confirm this finding using a
different technique, also aiming at a quantitative determination of the affinity of VEGF165 for N.A. vs. A. V7t1 in
HEPES/Na+ buffer, chemiluminescence-based protein binding assays were here performed. In these experiments,
VEGF165 carrying a His-tag label was immobilized into the wells of a copper-coated 96-well plate, and then 3’-
biotinylated V7t1 samples in HEPES/Na+, in both the N.A. and A. form, were incubated in parallel experiments with the
anchored protein at different concentrations (steps 1 and 2, Fig. 1a). Successively, each well was treated with
streptavidin-HRP, which bound to the aptamer thanks to the biotin-streptavidin high-affinity recognition (step 3, Fig.
1a). Finally, a specific ECL reagent, substrate of HRP, was added to each well producing a chemiluminescence signal
proportional to the amount of V7t1 bound to VEGF165 (steps 4 and 5, Fig. 1a). Interestingly, in the case of N.A. V7t1,
we observed a strong binding between the aptamer and the target protein (Fig. 1b, black squares), with a Kd of ca. 33
nM calculated from fitting the chemiluminescence signal values as a function of the aptamer concentration (Fig. S1). In
contrast, for A. V7t1 only a very weak chemiluminescence signal was observed, with data that did not allow
extrapolating a Kd value (Fig. 1b, red dots). These results clearly demonstrated on a quantitative basis that the
interaction between VEGF165 and V7t1 is negligible when the aptamer is in monomeric form, and very strong when the
aptamer is mainly in a dimeric G4 form, thus fully corroborating our previous qualitative findings (8). The obtained Kd



value for V7t1 is ca. one order of magnitude higher than the one previously reported in the literature for this aptamer.
This discrepancy can be attributed to the different experimental techniques and conditions used to determine the
affinity for the protein (7, 42), not impairing the overall reliability of these experiments and particularly the
comparison between the relative binding capacity of the N.A. and A. aptamer. However, to verify that the presence of
the biotin-linker appendage did not reduce the affinity of the aptamer for the protein, an EMSA experiment was
carried out using 3’-biotinylated V7t1 with VEGF165 under the same conditions previously reported for unmodified
V7t1 (8). The experimental results were essentially like those obtained with unmodified V7t1, demonstrating that the
introduction of the biotin-linker tether at the 3′-end of the V7t1 sequence did not alter the aptamer folding required
for protein recognition (vide infra).

Figure 1. a) Schematic representation of the VEGF165 binding assay on a copper-coated 96-well plate. b) Chemiluminescence signal reported as a
function of the V7t1 aptamer concentration. Plotting is obtained by registering the chemiluminescence signals from fixed amounts of
ECL/streptavidin-HRP added to increasing amounts of either N.A. or A. biotinylated V7t1 in HEPES/Na+ pre-bound to 20 pmol of VEGF165, previously
immobilized on a 96-well plate. The black squares refer to N.A. V7t1 (predominantly dimeric G4 structure), the red dots refer to A. V7t1 (only
monomeric G4 structure).

Synthesis of the cyanine dye CyOH
The cyanine CyOH, already known as a valuable fluorescent probe in the biological context (29–31, 43), was here
selected to obtain a G4 ligand with even better recognition properties compared to TO but also reduced tendency to
self-aggregate in solution. It maintains the central chromophore of TO, necessary for G-quartet recognition, and
carries a propyl linker functionalized with a terminal hydroxyl group on the quinolinium ring of TO instead of the
methyl group. The presence in the TO scaffold of a longer appendage, terminating with the polar hydroxyl group,
should provide a ligand with better solubility in aq. solutions, lower aggregation propensity and with the ability to
form additional hydrogen bonds with the target.



CyOH was prepared essentially following a literature protocol, which was modified by us to improve the reaction
yields and simplify the working conditions. As first step, 4-methylquinoline 1 was alkylated with 3-iodopropan-1-ol in
ethanol (Scheme 1, step a); this procedure was preferred to the use of the corresponding bromo derivative, thus
leading to compound 2 in better yields (90%) compared to the previously reported ones (30). In parallel,
benzothiazolium iodide 3 was reacted with methyl iodide to give 1-methylbenzothiazolium iodide 4 (Scheme 1, step b).
The final condensation between 2 and 4 was carried out in ethanol, treating the reaction mixture with triethylamine
(TEA) at r.t. for 90 min (Scheme 1, step c), adapting the procedure used for a similar substrate (44). The crude product
CyOH was obtained as a precipitate by the addition of diethyl ether and was subsequently purified by HPLC. The final
target compound was thus isolated in pure form with an overall yield of 77%, i.e. with a relevantly increased yield
compared to the 20% previously reported in the literature (31).
Compounds 2, 4, and CyOH were analysed by analytical HPLC (Fig. S2), always showing > 95% purity, and characterized
by UPLC-ESI-MS (Fig. S3) and 1H-NMR analysis (Fig. S4), which fully confirmed their identity, also in comparison with
literature data (31, 33, 34).

Scheme 1. Synthetic scheme for the preparation of the selected CyOH probe: a) 3-iodo-1-propanol in ethanol (2.5 eq.), reflux, 72 h; b) MeI (3 eq.),
100 °C, 15 h; c) EtOH/TEA, r.t., 90 min.

UV-vis spectroscopic analysis of CyOH and UV-monitored titrations of CyOH with V7t1 and 3R02
The absorption properties of the selected dye were analyzed by recording the UV-vis spectra of CyOH dissolved in
water and in a pseudo-physiological Na+-rich buffer (HEPES/Na+) at various concentrations (from 4 to 36 μM, Fig. S5).
CyOH showed a predominant band at 504 nm and a weaker vibronic shoulder at 476 nm, similarly to TO (45, 46). A
linear trend, strictly following the Beer-Lambert law, was obtained by plotting the absorbance values of CyOH at 504
nm vs. concentration for both solvent systems, which allowed excluding the formation of aggregates of the dye in the
studied conditions, even at the highest concentrations explored (Fig. S5). Moreover, the CyOH absorbance profiles
proved to be similar in shape when recorded in methanol (data not shown) and in aq. buffers, further confirming the
presence in aq. solution of the dye monomeric form (45, 46).
UV-monitored titrations were then carried out treating CyOH at a fixed concentration (8 μM) with increasing amounts
of V7t1 or, in parallel experiments, of 3R02, previously annealed or not in HEPES/Na+ buffer, as described in the
experimental section, up to 8 μM. In the titration experiments, hypochromic effects were observed at very high
CyOH/aptamer ratios, with intensity reduction of the band at 504 nm, then followed by progressive bathochromic
shifts of the maxima to 516 nm for the N.A. and to 512 nm for the A. aptamers, and final hyperchromism, allowing to
essentially recover most of the original CyOH signal intensity at CyOH/aptamer 1:1 ratio (Fig. S6). G4-induced
hypochromicity in the UV spectrum of the dye is diagnostic of ligand binding to DNA through π-π stacking interactions
(47, 48). These results, in accordance with the behaviour of other cyanine dyes known to interact in a monomeric
form with G4 DNA, point to a binding with the aptamers in which CyOH - at CyOH/aptamer 1:1 ratio - targets the
terminal G-quartets of G4 structures and is not self-aggregated (49–51).

Binding studies on the interaction of CyOH with V7t1 and 3R02 by polyacrylamide gel electrophoresis (PAGE)
analysis
Native gel electrophoresis experiments were carried out to characterize the interaction of CyOH with N.A. and A. V7t1
in terms of number and molecularity of the species present in solution. All the experiments were performed by mixing
the DNA and the probe at 1:1 ratio in the selected HEPES/Na+ buffer. As previously observed (8), specific staining for
nucleic acids (GelGreen) showed two main bands for N.A. V7t1, attributable to the presence of monomeric and
dimeric G4 structures (Fig. 2, GelGreen, lane 1), whereas after annealing the retarded band disappeared, indicating
that the dimeric species did not reform in the V7t1 sample after the heating/cooling cycle (Fig. 2, GelGreen, lane 3), in
accordance with our previous findings (8). Interestingly, the addition of 1 eq. of CyOH to both N.A. and A. V7t1



samples produced no change in the molecularity of the systems as well as in the monomer/dimer ratio (Fig. 2,
GelGreen, lanes 2 and 4).
Noteworthy, by simply visualizing the same gel with a UV transilluminator before adding the staining solution, a strong
fluorescent signal was appreciated in correspondence to the retarded aptamer bands mixed with the probe (Fig. 2, No
GelGreen, lane 2). Thus, CyOH gave a marked fluorescence light-up but only upon binding to dimeric V7t1. This result
is particularly relevant considering that the dimeric form has a much higher affinity for VEGF165 than the monomeric
form, as demonstrated in our previous studies (8).
A titration experiment was also carried out adding increasing amounts of CyOH up to 2 eq. to N.A. V7t1 in HEPES/Na+,
showing increasing fluorescence intensity of the complex up to 1:1 CyOH-aptamer ratio, and then an essentially
constant fluorescence intensity when in excess of the probe (Fig. S7).

1 2 3 4

1 2 3 4 1 2 3 4

No GelGreen GelGreen
N.A.

- +
A. N.A.

- +
A.

- + - +

- = V7t1
+ =  V7t1-CyOH 1:1

1 2 3 4 1 2 3 4

Figure 2. Representative 20% polyacrylamide gel electrophoresis analysis under native conditions of 3.6 μM V7t1 in HEPES/Na+ buffer. The gel was
run at constant 80 V for 3 h at r.t. with TBE 1x as running buffer. N.A. and A. V7t1 samples were loaded in lanes 1 and 3, respectively, whereas the
1:1 complexes of N.A. and A. V7t1 with CyOH were loaded in lanes 3 and 4, respectively.

The same experiments were also carried out to characterize 3R02, in both N.A. and A. form, in its interaction with
CyOH at 1:1 DNA:probe ratio in HEPES/Na+. Specific staining for nucleic acids (GelGreen) showed a band related to the
presence of monomeric species for N.A. 3R02, along with multiple retarded bands, which is indicative of the presence
of both dimeric and multimeric G4 structures (Fig. 3, GelGreen, lane 1). In analogy to what was observed for V7t1, in
the A. 3R02 sample these retarded bands were not detected, indicating that after heating the dimeric and multimeric
species did not reform upon cooling (Fig. 3, GelGreen, lane 2). Also in the case of 3R02, in both N.A. and A. form, the
addition of 1 eq. of CyOH did not alter the molecularity and monomer/dimer ratio of the systems (Fig. 3, GelGreen,
lanes 3 and 4). Interestingly, by visualizing the gel under UV transilluminator before staining it, a strong fluorescence
signal was detected only in correspondence to the retarded bands, demonstrating a selective light-up of the probe
when bound to the dimeric and higher-order species of 3R02 (Fig. 3, No GelGreen, lane 3).
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- = 3R02 alone
+  = 3R02-CyOH 1:1
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Figure 3. Representative 20% polyacrylamide gel electrophoresis analysis under native conditions of 3.6 μM 3R02 in HEPES/Na+ buffer. The gel was
run at constant 80 V for 3 h at r.t. with TBE 1x as running buffer. N.A. and A. 3R02 samples were loaded in lanes 1 and 2, respectively, whereas the
1:1 complexes with CyOH of the N.A. and A. 3R02 were loaded in lanes 3 and 4, respectively.

In order to confirm that the same behaviour was observed also in other pseudo-physiological solutions, and not only
in the selected HEPES/Na+, we also tested DMEM, a buffer typically used for cell assays. We thus performed a native
gel loading N.A. V7t1 and 3R02 dissolved in DMEM, both with and without CyOH. The bands which appeared in this gel
were exactly the same ones as found in HEPES/Na+, demonstrating the predominant presence of the dimeric (and also
multimeric for 3R02) aptamers and their selective fluorescence light-up in the presence of CyOH also under these
solution conditions (Fig. S8).

Binding studies on the interaction of CyOH with V7t1 and 3R02 by fluorescence spectroscopy analysis
The interaction of CyOH with V7t1 and 3R02 was then studied by fluorescence spectroscopy analyzing both N.A. and A.
aptamer samples. Fluorescence titrations were carried out at a fixed concentration of CyOH (2 μM) by adding
increasing amounts of each aptamer, in the selected HEPES/Na+ buffer, up to 4 μM. By exciting at 504 nm, CyOH alone
showed a weak-to-null fluorescence signal (Fig. 4, black line), whereas, upon addition of the four aptamer systems in
parallel experiments, a fluorescence band, with the maximum at 534 nm, appeared and progressively increased in
intensity upon increasing the aptamer concentration (Fig. 4, colored lines). This result clearly confirmed that the probe
interacted with both V7t1 and 3R02 aptamers, in their N.A. and A. forms, i.e. in both dimeric (also multimeric for 3R02)
and monomeric forms. The fluorescence spectra had similar profiles in all cases (Fig. 4) suggesting a ligand-aptamer
binding via  stacking interactions, in agreement with the UV-vis titration results (Fig. S6). Noteworthy, a very
different fluorescence response of the probe was observed, with higher fluorescence light-up (around twice higher)
when the probe interacted with the dimeric/multimeric G4s over the monomeric ones, in accordance with the PAGE
analysis (Fig. 2 and 3).
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Figure 4. Representative fluorescence emission spectra obtained by adding increasing amounts of N.A. or A. V7t1 and 3R02 (from 0 to 2 eq.) to a 2
μM solution of CyOH (excitation wavelength: 504 nm, entrance and exit slit at 3 nm) in HEPES/Na+ buffer.

To quantitatively describe the fluorescence enhancement associated with the binding of the selected cyanine to the
studied aptamers, we determined the fluorescence quantum yield of CyOH alone and when bound in 1:1 ratio to N.A.
or A. V7t1 in HEPES/Na+, i.e. when the aptamer is mainly dimeric or only monomeric, respectively. By following the
procedure described in the experimental section, we found that the ligand alone in solution has a very low
fluorescence quantum yield (Φi = 0.02%), whereas relevant are the values obtained for the A. V7t1-CyOH (Φx = 14%)
and N.A. V7t1-CyOH (Φx = 27%) complexes (Fig. S9). Thus, the fluorescence quantum yield value relative to the N.A.
V7t1-CyOH 1:1 complex is ca. twice the one of the A. V7t1-CyOH complex, consistently with the fluorescence titration
data, demonstrating on a quantitative basis the selective fluorescence light-up of the probe upon interaction with
dimeric V7t1. Notably, the obtained fluorescence quantum yield for the N.A. V7t1-CyOH 1: 1 complex is perfectly in
line with the values reported for the best fluorescent G4 ligands described in the literature, proving the remarkable
efficiency of the here studied system (52, 53).

Competitive ThT binding assay
To further investigate the interaction mode of CyOH with the studied aptamers, we performed a fluorescence
spectroscopy-based displacement assay using ThT as a model ligand. ThT is a known dye with almost null fluorescence
when free in solution, able to give π-π stacking interactions on terminal G-quartets of G4 structures, which typically
determine a fluorescence light-up signal (54–56). By adding increasing amounts of CyOH up to 2 eq (8 μM
concentration) to the preformed N.A. or A. V7t1-ThT and 3R02-ThT 1:1 complexes, a dramatic decrease in the
fluorescence signal of ThT was observed, with concomitant appearance of new fluorescence bands in the 525-550 nm
region, compatible with the fluorescence emission of the aptamer-bound CyOH (Fig. S10). This finding clearly suggests
that CyOH binds to the investigated aptamers essentially via the same binding mode used by ThT. Assuming 
stacking interactions on terminal G-quartets of G4 structures as the main binding mode of CyOH on the target
aptamers in both the N.A. and A. aptamers, CyOH proved to recognize the target G4 with higher affinity than ThT,
displacing it from its preferred binding sites (57, 58).

Studies of the interaction between CyOH and V7t1/3R02 by CD spectroscopy analysis
To verify the effects of the probe binding on the aptamer G4 conformations CD analysis was performed. First, we
recorded for both V7t1 and 3R02, either in the N.A. or A. form, CD spectra in the selected HEPES/Na+ buffer (Fig. S11),



which, in the case of V7t1, agreed with those we previously reported in the same conditions (8). As far as 3R02 is
concerned, we evidenced, analogously to V7t1, CD profiles indicative of mostly parallel G4 structures when in N.A.
form, and mainly antiparallel G4 conformation after annealing, as confirmed by the deconvolution analysis reported in
Fig S11. Then, we carried out titration experiments by adding increasing amounts of CyOH, up to 10 eq., to V7t1 or
3R02 taken at a fixed concentration (2 μM). The N.A. oligonucleotides showed, upon CyOH addition, very slight-to-null
variation of the CD band centered at 263 nm, indicating that no detectable alteration of the parallel G4 folding of the
aptamers occurred in the presence of the probe (8, 59). In contrast, upon addition of the probe to both V7t1 and 3R02
in their annealed form, a progressive decrease of the CD band centered at 299 nm, typical of antiparallel G4 structures,
was observed, in concomitance with the increase of the maximum at 263 nm, thus indicating a net conformational
switch – induced by the ligand in a concentration-dependent mode – of the target aptamers from mainly antiparallel
to parallel G4 structures (Fig. 5 and S12) (59). This effect of CyOH on both monomeric A. aptamers, whose
conformations are converted from antiparallel to parallel G4 structures, has been already reported in the literature for
other ligands in the interaction with G4 structures. It is generally explained as the result of the more efficient ligand
binding to the terminal G-quartets, due to more intense - stacking interactions, better exposed and thus more
prone to binding in the case of parallel than antiparallel G4 structures (50, 60–62).
Interesting information on G-quadruplex/ligand interactions can be provided by verifying the presence of induced
circular dichroism (ICD) signals, detected when a CD-inactive non-chiral ligand binds to a chiral host, as is a G4
structure, thus acquiring a CD signal due to its chiral environment (24). Analyzing the CD spectra of the titration
experiments in the 225–600 nm range, marked ICD signals were evidenced only when CyOH was added in large excess
to both N.A./A. V7t1 or 3R02 samples (Fig. 5). The CD profiles for all the investigated systems with CyOH-aptamer
ratios higher than 2:1 showed a positive ICD band with a maximum centered at 516 nm and a negative ICD band with
a minimum at 475 nm, more pronounced for the A. than for the N.A. aptamers (Fig. 5). The bisignate ICD signals
indicate the aggregation of the dye when bound to the aptamers, with probably one type of aggregate, most likely
dimeric, as suggested by the presence of a well-defined isodichroic point in the ICD bands (51, 63). The lower intensity
of the ICD signals in the N.A. vs. A. V7t1/3R02 forms can be explained considering that when multiple ligand molecules
bind the aptamers, the interaction with the dimeric aptamers occurs essentially via end-stacking onto the outer G-
quartets of the dimer, whereas in the case of the monomeric ones, at high ligand ratios, in addition to end-stacking
also binding at loops and/or grooves could be operative (51).
Effects on the thermal stability of the V7t1 and 3R02 G4 structures produced by CyOH binding were then analyzed by
CD-melting experiments monitored at 263 nm at a 1:1 DNA:probe ratio (Fig. S13). N.A. V7t1 in HEPES/Na+ showed a
CD-melting profile with a clear stabilization effect in the presence of the ligand even though, similarly to the aptamer
alone, a complete denaturation of its G4 structure was not obtained even at 90 °C and T1/2 values could not be
determined (8). Also N.A. 3R02 was stabilized by the presence of CyOH, with apparent T1/2 > 80 °C. For both A. V7t1
and 3R02 aptamers in HEPES/Na+, a CD-melting profile could not be obtained since at 1:1 DNA:probe ratio both the
maxima, at 299 and 263 nm, were very low.
Taken together, the CD results demonstrated a strong interaction of CyOH with both V7t1 and 3R02, with a peculiar
ability of the ligand to induce a conformational switch in the monomeric A. aptamers, converting the G4 structures
from antiparallel into parallel, in excess of the probe, probably due to a more efficient stacking binding mode. The
binding of CyOH to the target aptamers at high probe:DNA ratios showed marked and always progressively increasing
ICD effects, which could be explained hypothesizing that additional ligand molecules can bind the preformed CyOH-
aptamer 1:1 or 2:1 complex via simple CyOH-CyOH aggregation on the aptamer. Thus, different binding modes can be
operative when the aptamers bind multiple CyOH molecules, and particularly loop/groove binding could be also
considered for monomeric A. G4 structures, which show the highest ICD effects though showing the lowest
fluorescence turn-on of the ligand.



Figure 5. Overlapped representative CD spectra obtained by adding increasing amounts of CyOH (up to 10 eq.) to a 2 μM solution of V7t1/3R02 in
HEPES/Na+ buffer.

Electrophoretic analysis of V7t1/3R02-CyOH binding with the target VEGF165
In order to verify if VEGF165 was able to bind V7t1 also in the presence of CyOH and if the selective fluorescence light-
up of the probe complexed with dimeric V7t1 was maintained upon protein binding, EMSA analyses under non-
denaturing conditions were carried out (39). Both N.A. and A. V7t1 samples were incubated with 1 eq. CyOH and 1.3
eq. VEGF165, analyzing the resulting mixtures by PAGE using the free oligonucleotide as control. GelGreen staining,
able to reveal nucleic acids, showed that upon addition of the target protein only the bands corresponding to dimeric
V7t1 completely disappeared, whereas no change was observed in both mobility and/or intensity of the faster
migrating bands of monomeric V7t1. Thus, the addition of CyOH to V7t1 did not perturb the protein recognition ability
of the aptamer (Fig. 6, GelGreen, lanes 3 and 4, and 9 and 10, respectively). Without gel staining, UV transilluminator
evidenced the strong fluorescence signal of CyOH only in correspondence of a new retarded band, attributable to the
aptamer-CyOH-protein complex in the sample containing N.A. V7t1, CyOH and VEGF165 (Fig. 6, No GelGreen, lane 3).
This result confirmed the strong preference of VEGF165 for dimeric over monomeric V7t1 (8) also when the aptamer
was bound to the selected cyanine probe.
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Figure 6. Representative unstained (No GelGreen) and GelGreen-stained EMSA of A. and N.A. V7t1 (30 pmol) incubated with CyOH (30 pmol) and
VEGF165 (40 pmol) in HEPES/Na+ buffer. N.A. V7t1 was loaded in lanes 1-4 and A. V7t1 in lanes 7-10. The gel was run at constant 45 V for 2.5 h with
TAE 1x as running buffer.

An EMSA experiment carried out under the same conditions described above was performed also on the biotinylated
V7t1 aptamer, here used for the experiments reported in Fig. 1 to determine the affinity for VEGF165, demonstrating
that the introduction of a biotin tag at the 3′-end of V7t1 did not impair the protein recognition abilities of the
aptamer (Fig. S14).
In parallel, an EMSA experiment was performed also on 3R02 to verify the behaviour of this aptamer in the presence
of the fluorescent probe and the target protein VEGF165 (7). Both N.A. and A. samples of the aptamer were analysed in
HEPES/Na+, to compare the aptamer when essentially in dimeric/multimeric G4 form and when only monomeric. Both
N.A. and A. 3R02 samples were incubated with 1 eq. CyOH and 1.3 eq. VEGF165 and the resulting mixtures were
analysed by PAGE using free 3R02 and V7t1 oligonucleotides as controls.
GelGreen staining showed the selective disappearance of all retarded bands of 3R02 (Fig. S15, GelGreen, cfr. lane 3
with 7, and lane 5 with 1), whereas only a very little change in the intensity of the faster-migrating bands of
monomeric 3R02 was observed (cfr. lane 4 with 8, and lane 6 with 2). This slight difference in the behaviour of A. 3R02
compared to V7t1 – which under the tested conditions never showed the detectable formation of complexes with the
protein by EMSA experiments – can be probably due to the higher affinity of 3R02 than V7t1 for the target protein (Kd
= 0.3 vs. 1.4 nM) (7). Without GelGreen staining, it was possible to appreciate, under UV transilluminator, a strong
fluorescence signal of the cyanine only in correspondence to the new retarded band attributable to the formation of
the cyanine-aptamer-protein complex in the system containing N.A. 3R02, CyOH and VEGF165 (Fig. S13, No GelGreen,
lane 3). The multiple bands observed in N.A. 3R02 sample are probably dimers and multimers that, similarly to the
dimeric V7t1, show a strong preference for VEGF165 over monomeric 3R02. Even considering the higher polymorphism
of 3R02 vs. V7t1, overall EMSA experiments showed similar behaviour for the two aptamers with the target protein. In
fact, for both V7t1 and 3R02, the formation of aptamer/protein complexes in the presence of CyOH was easily
revealed only with the dimeric or higher-order G4 structures of the selected aptamers.

Biological studies
To explore the effects on both cancer and normal cells of the V7t1/3R02-CyOH complexes, as well as their cellular
internalization and ability to recognize VEGF165 within the cells, cellular assays and confocal laser scanning microscopy
(CLSM) experiments were performed.

Analysis of the cytotoxic effects of CyOH and V7t1/3R02-CyOH complexes on human cancer and normal cell lines
To evaluate the antiproliferative activity of V7t1/3R02-CyOH complexes on cancer and healthy cells in comparison
with the free single compounds (i.e. V7t1, 3R02, CyOH), we performed in vitro experiments on the human breast



cancer MCF-7 cells, using the non-tumorigenic human MCF-10A cells as control, determining the cell viability by MTT
assays (see experimental part). The obtained results indicated that CyOH alone exerted significant dose-dependent
toxic effects on both cancer and normal cells, with similar IC50 values (28 and 30 μM, respectively) after 48 h
incubation. Interestingly, when the aptamer-CyOH complexes were tested on the same cell lines, these systems
proved to be much less toxic than the probe alone, particularly on the healthy cells. Cell viability of MCF-7 cells treated
with V7t1-CyOH at 30 μM was ca. 60% and with 3R02-CyOH at the same concentration was ca. 75%, whereas under
the same treatments MCF-10A cells always showed ca. 90% cell viability (Fig. 7). The aptamer-CyOH complexes overall
showed selectivity for cancer over non-cancer cells and in most cases reproduced the bioactivity trend of the
corresponding nude aptamer, indicating generally very high stability also in the cellular context, thus not releasing free
CyOH within the cells.

Compound (μM) Compound (μM)

Compound (μM) Compound (μM)

MCF-7 MCF-10A

Figure 7. Effects of increasing concentrations of CyOH, nude aptamers and aptamer-CyOH complexes (0 - 30 µM) on the viability of human breast
MCF-7 and non-tumorigenic breast MCF-10A cells upon 48 h of incubation. Cell viability values are expressed as the percentage of cell viability
obtained for treated vs. control cells grown in the absence of the tested molecules. Three independent experiments were performed and, for all the
experimental points, *P < 0.05, **P < 0.01 or ***P < 0.001 were obtained for treated vs control samples.

Analysis of CyOH and V7t1/3R02-CyOH complexes internalization into MCF-7 cells by CLSM
Time course experiments
To evaluate whether the effects detected on the tested cell lines were accompanied by effective cell internalization of
CyOH and V7t1/3R02-CyOH complexes, CLSM experiments were performed. For this purpose, MCF-7 cancer cells were
incubated at different times (3, 6, 9, 24, and 48 h) with each studied system at 5 µM, the concentration at which cell
viability was always above 70%, and then analysed by CLSM using proper settings. As shown in Fig. 8, cell visualization
performed by using settings suitable for Alexa Fluor 532 dye revealed that both CyOH and V7t1/3R02-CyOH complexes
were taken up into cancer MCF-7 cells. However, CyOH alone entered cells very rapidly and in an unspecific manner,
with clear toxic effects, in accordance with the MTT assay results. Indeed, upon this treatment, the cells appeared
stressed and the nuclei were damaged after 24 and even more after 48 h (Fig. 8b). On the other hand, N.A.
V7t1/3R02-CyOH were taken up by cells slower, with a significant internalization observed between 9 and 24 h
incubation (Fig. 8c-d), exerting poor toxic activity in agreement with the MTT assay. This clearly demonstrated that the
complexes were stable and did not dissociate within cells, allowing a selective transport of CyOH into cells bound to
V7t1 and 3R02 aptamers.



Figure 8. Confocal microscopy images relative to the internalization of CyOH and V7t1/3R02-CyOH complexes into MCF7 cells. a) control cells; b)
cells incubated with CyOH; c) and d) cells incubated, respectively, with V7t1-CyOH and 3R02-CyOH complexes. In each panel, column 1 shows the
visualization with the Alexa 532 filter suitable for the CyOH dye; column 2 the visualization with the Hoechst filter; column 3 the merge. Cells were
cultured on glass coverslips in 24-well plates, grown to semiconfluency and incubated for 3, 6, 9, 24 and 48 h. Cell nuclei were stained by incubating
the cells with 0.001 mg/mL Hoechst in PBS 1x for 20 min in the dark. After fixing the cells in 4% paraformaldehyde, these were analyzed by CLSM by
using a 63X oil immersion objective.

Cellular colocalization experiments of CyOH and V7t1/3R02-CyOH complexes with VEGF165
In order to evaluate whether the internalized aptamer complexes effectively target VEGF-A, cellular colocalization
experiments were performed by CLSM on both human breast cancer MCF-7 and non-tumorigenic MCF-10A cells. For
this purpose, immunofluorescence experiments were performed by incubating cells with 5 µM of V7t1/3R02-CyOH
complexes for 24 h (i.e., the incubation time which allowed the best internalization of the complexes, as showed in
the time course experiments in Fig. 8) and a fluorescently-labelled VEGF-A specific antibody to detect VEGF-A.
Interestingly, CLSM analyses revealed different expression levels and localization of VEGF-A in normal and cancer cells.
Indeed, in cancer MCF-7 cells, VEGF-A was found to be mainly present in the nuclei, whereas, in non-tumorigenic
MCF-10A cells, it was mainly localized in the cytoplasm (Fig. 9, CTRL). Remarkably, the same localization pattern was
found for both V7t1/3R02-CyOH complexes (Fig. 9, Alexa 532 columns), demonstrating a good colocalization with the
fluorescent anti-VEGF-A antibody (Fig. 9, MCF-7 and MCF-10A panels, merged columns, 2nd and 3rd lines) and thus with
the target VEGF-A. In the case of the MCF-7 cancer cells treated with V7t1/3R02-CyOH complexes, the fluorescence
signal associated with the complexes was found to be mainly present in the nuclei (white arrows) and a strong
colocalization with VEGF-A was detected (Fig. 9, yellow spots in MCF-7 panel, merged columns, 2nd and 3rd lines). For
the healthy MCF-10A cells, the fluorescence of the complexes appeared mainly localized in the cytoplasm, with a good
colocalization with the target VEGF-A (Fig. 9, yellow spots in MCF-10A panel, merged columns, 2nd and 3rd lines). In
contrast, the probe alone did not follow the localization pattern of VEGF-A, nor one of the aptameric complexes (Fig.
S16), corroborating the hypothesis that in these complexes, CyOH was tightly bound to V7t1 and 3R02 and was not
released as such upon binding to the target protein, in accordance with EMSA experiments.
Overall, particularly in MCF-7 cells, in which a mainly nuclear localization of VEGF-A was evidenced, the efficacy of the
V7t1/3R02-CyOH complexes as staining agents for VEGF-A detection appeared comparable to the one of the
commercially available anti-VEGF-A antibody, thus confirming the potential of these aptamers in diagnostic
applications.



Figure 9. Confocal microscopy images relative to the internalization experiments on V7t1-CyOH and 3R02-CyOH into MCF-7 cells (left panel) and
MCF-10A (right panel) cells. Cells were cultured on glass coverslips in 24-well plates, grown to semiconfluency and incubated for 24 h. VEGF-A was
revealed by immunofluorescence experiments by using a fluorescent VEGF-A-specific antibody. After fixing the cells in 4% paraformaldehyde, these
were analyzed by CLSM by using a 63X oil immersion objective.

Conclusions
We here described that the fluorescent cyanine probe CyOH is able to selective light-up when interacting with the
dimeric/multimeric forms of the G4-forming anti-VEGF aptamers V7t1 and 3R02 (prevailing in not-annealed aptamer
samples over their monomeric species, found in annealed samples), demostrating by gel electrophoresis and
fluorescence titrations experiments. Interestingly, these dimeric/multimeric forms are recognized by the target
protein with higher affinity than the monomeric species, as we demonstrated by EMSA and – representatively for
V7t1 – also by chemiluminescence-based protein binding experiments. An in-depth biophysical characterization of the
aptamer-CyOH complexes was carried out using a combination of spectroscopic (UV-vis, CD, and fluorescence
spectroscopy) and electrophoretic (native PAGE) techniques, which – notwithstanding the intrinsic complexity of the
aptamer systems – allowed defining their main features and particularly those of the 1:1 complexes, very stable and
with a high fluorescence response when bound to the target protein. Indeed, the strong fluorescence light-up of CyOH
upon interaction with dimeric aptamers vs. the modest fluorescence response observed with the monomeric
aptamers could be explained by the formation of different structural complexes. In all cases - stacking interactions
with the terminal G-quartets were responsible for the ligand binding but in the case of binding to monomeric
aptamers, which in 1:1 complexes are essentially antiparallel G4 structures, higher exposure of CyOH to the polar
solvent can be envisaged. In turn, more efficient stacking interactions and lower exposure to the polar solvent can be
considered in the binding of CyOH to dimeric parallel G4 aptamers. In addition, it should be considered that in the
case of the dimeric species, mixing the ligand and the oligonucleotide in 1:1 ratio would essentially provide complexes
in which 2 ligand molecules are terminally bound per each dimeric aptamer unit.
Cellular experiments showed that, while CyOH alone exerted significant and similar dose-dependent toxic effects on
both human MCF-7 cancer cells and non-cancerogenic MCF10-A cells, the aptamer-CyOH complexes proved to be
much less toxic than the probe alone, particularly on the healthy cells, as determined by MTT assays. Indeed, aptamer-
CyOH complexes showed selectivity for cancer over non-cancer cells and in most cases reproduced the bioactivity
trend of the corresponding nude aptamer, indicating generally very high stability of these complexes also in the
cellular context, not releasing free CyOH within the cells.
Time course experiments combined with CLSM revealed that these complexes were efficiently taken up into cancer
MCF-7 cells, with a significant internalization observed between 9 and 24 h incubation, exerting poor toxic activity at
the tested concentration (5 M) in agreement with MTT assays.



Colocalization experiments with a fluorescently-labelled anti-VEGF-A antibody finally confirmed the effective ability of
both V7t1-CyOH and 3R02-CyOH complexes to recognize the target protein, allowing its detection with high efficiency
by exploiting the strong fluorescence of the probe.
These findings provide fundamental information to develop valuable and highly selective targeting agents for both
diagnostic and theranostic applications. V7t1-CyOH and 3R02-CyOH complexes, in fact, represent an interesting proof-
of-concept, being a valuable alternative to fluorescent antibodies, as well as to aptamers covalently conjugated to
specific fluorescent probes, in which the insertion of the linker connecting the probe may affect the aptamer folding
and thus the protein recognition ability. Studies to further optimize non-covalent dimeric aptamer-based complexes
are currently underway in our laboratories to produce potential G-quadruplex-based drugs (64) and/or biosensors (65)
for, respectively, in vivo and ex vivo applications.
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