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A B S T R A C T   

One of the most appealing approaches for cancer treatment is targeted therapy, which is based on the use of 
drugs able to target cancer cells without affecting normal ones. This strategy lets to overcome the major limi-
tation of conventional chemotherapy, namely the lack of specificity of anticancer drugs, which often leads to 
severe side effects, decreasing the therapy effectiveness. Delivery of cell-killing substances to tumor cells is one- 
way targeted drug therapy can work. Generally, monoclonal antibodies are combined with chemotherapeutic 
drugs, allowing cellular uptake through the binding to their targets on the surface of cancer cells. Aptamer-drug 
conjugates represent a promising alternative solution to antibodies to minimize off-target effects, considering the 
remarkable selective binding capabilities of aptamers. In this study, to enhance the therapeutic efficacy of the 
antineoplastic agent 5-fluoro-2′-deoxyuridine (FdU) in various cancer cells, we focused on the development of a 
novel conjugate using the antiproliferative aptamer T30923 (INT) as a drug vehicle. Three derivatives composed 
of T30923 conjugated with a different number of FdU units were synthesized, and their structural and biological 
properties were thoroughly characterized, highlighting their potential for targeted and synergistic anticancer 
responses.   

1. Introduction 

Targeted drug delivery within tumor-specific sites has garnered 
significant interest in cancer therapy because of the life-threatening 
toxic effects often associated with the lack of specificity in conven-
tional chemotherapy. In recent years, considerable efforts have been 
devoted to delivering cell-killing substances to tumor cells without 
harming the rest of the organism. For this reason, ligand-drug conjugates 
such as antibodies, lipids, peptides, small molecules, and aptamers have 
been designed to increase selectivity and reduce off-target effects [1]. 

Therapeutic nucleoside and nucleobase analogs represent an 

attractive class of antineoplastic drug candidates. Among them, 5-fluo-
rouracil (5-FU) and 5-fluoro-2′-deoxyuridine (floxuridine, FdU) have 
been widely used in various cancer types with proven efficacy [2]. FdU, 
in particular, has been evaluated as an alternative to 5-FU proving 
increasing cytotoxic activity [3]. 

Despite its advantages, the clinical utility of FdU has been hindered 
by its short half-life in vivo, uncertain drug resistance, and, most 
significantly, its non-selective targeting, affecting both tumor and 
normal cells [4]. In recent years, several approaches have been devel-
oped to tackle these challenges, including its incorporation into DNA 
nanostructures [5,6] and its conjugation to lipids or proteins [7,8]. 
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A novel alternative strategy, that has shown promise in minimizing 
the side effects of nucleotide analog drugs, involves the development of 
aptamers intrinsically comprised of various units of 5-fluoro-2′-deoxy-
uridine [9,10] or aptamer-FdU conjugates [11–13]. Aptamers, also 
known as “chemical antibodies”, are an innovative class of molecules 
selected from a library of DNA or RNA sequences by a process called 
SELEX (Systematic Evolution of Ligands by Exponential Enrichment) 
[14]. These molecules are artificial single-chain DNA or RNA oligonu-
cleotides typically 20- to 80-nucleotides-long, that can adopt distinctive 
three-dimensional structures and recognize and bind their targets with 
high affinity and specificity [15]. Aptamers not only have the advan-
tages of antibodies, such as high affinity, excellent specificity, and low 
toxicity and immunogenicity, but they are also stable and easy to syn-
thesize, modify, and manipulate [16]. Due to their targeting properties 
and high specificity for different types of tumor cells, aptamer-drug 
conjugates (ApDCs) have demonstrated several advantages in 
enhancing the efficacy of numerous conventional antitumor drugs [17]. 

A significant subset of aptamers, characterized by G-rich sequences, 
adopts G-quadruplex structures (G4s) [18]. G4 structures, composed of 
planar squared arrangements of four guanines (G-tetrads) inter-
connected by eight Hoogsteen hydrogen bonds and stabilized by cations 
accommodated in their central cavity, offer outstanding polymorphism 
and stability [19,20]. G-quadruplexes naturally occur in specific human 
genomic regions, such as telomeres and promoters, participating in 
several cellular processes, making them interesting molecular targets for 
drugs [21]. Additionally, as aptamer scaffolds, certain exogenous G4 
structures can interact with a wide variety of biological targets. These 
properties make G4 aptamers a highly investigated class of compounds 
for therapeutic purposes. 

Recent advances in anticancer agents have highlighted the potential 
of G4-aptamers in clinical applications [22]. Several G4-forming se-
quences have exhibited remarkable antiproliferative properties against 
various types of cancer cells, suggesting that this biological property 
may be a general characteristic of G-rich ODNs [23]. Among these, the 
nucleolin-targeting aptamer AS1411 has proven particularly promising, 
showing encouraging results in phase 2b clinical trials for acute myeloid 
leukemia and renal cell carcinoma [24]. T40214 (STAT) and a newly 
discovered closely related structure, STATB [25,26], have also demon-
strated antiproliferative activity by modulating the STAT3 pathway, 
frequently activated in many human cancers. 

Another noteworthy G4-aptamer is T30923 (INT), which is able to 
bind to the HIV-1 integrase (HIV-IN), thus showing remarkable antiviral 
activity [27–29]. INT has also demonstrated a high affinity for another 
protein, the interleukin-6 receptor (IL-6R) which, in turn, activates 
STAT3 [30]. Furthermore, several studies have indicated that this 
aptamer possesses interesting anticancer properties [23,31,32]. Partic-
ularly, a thorough screening of six different tumor cell lines has proved 
that INT consistently inhibits cell proliferation in all tested tumor cell 
lines in a time- and dose-dependent manner [33]. INT sequence folds 
into a head-to-head 5′-5′ dimer composed by the stacking of two iden-
tical parallel G4 structures, each formed by three G-tetrads and three 
propeller loops, consisting of only one thymidine [34]. 

Recently, parallel tetramolecular quadruplexes have been used to 
enhance the transport of the FdU in FU-resistant colorectal cancer cells 
[35]. Furthermore, to overcome the drawbacks associated with the use 
of 5-FU and FdU, an oligomer consisting of 10 units of FdUMP (5-fluoro- 
2′-deoxyuridylate) nucleotides serially connected, was designed. This 
construct can generate floxuridine monophosphate inside cells after 
nuclease digestion and exhibits higher cytotoxicity than conventional 
fluoropyrimidine drugs against proliferating malignant cells by a unique 
mechanism that involves dual targeting of thymidylate synthase and 
Top1 [36]. However, this system did not prove non-specificity for 
normal cells. 

With the aim to explore a novel drug delivery vehicle for 5-fluoro-2′- 
deoxyuridine (floxuridine, FdU), a different number of FdU units has 
been conjugated to the T30923 (INT) aptamer sequence. This strategy 

seeks to enhance the efficiency of FdU, eliciting a targeted and syner-
gistic anticancer response in multiple cancer cell types. To this end, 
T30923 conjugated with one, five, or ten units of FdU at the 3′ ends was 
synthesized. We thoroughly analyzed the structural and biological 
properties of the conjugates in comparison to the parent sequence INT, 
the drug oligomers (FdU5 and FdU10) alone and the sequence INT-T10, 
containing a 10mer-thymidine tail at the 3′ end of INT, used as a refer-
ence of an INT/not-drug oligomer conjugated system (Fig. 1 and 
Table 1). 

2. Material and methods 

2.1. Synthesis and characterization of the oligonucleotides 

All the oligonucleotide sequences detailed in Table 1 were synthe-
sized on an H-8 DNA synthesizer (K&A Laboratories, Germany) at the 1 
µmol scale (CPG synthesis) using standard DMT-off protocols. FdU 
phosphoramidites and Fluorescein (FAM) were positioned at the 3′ end 
of the sequences. The oligomers were detached from the support and 
deprotected by treatment with concentrated aqueous ammonia (32 %) 
overnight, followed by 1 h at 55 ◦C and subsequently desalted using a 
NAP-10 column (GE Healthcare, Little Chalfont, UK). The length and 
homogeneity of the oligonucleotides were checked by HPLC (Supple-
mentary Fig. S1, S2, S3, S4, S5), on a Nucleogel SAX column (Macherey- 
Nagel, 1000–8/46) using buffer A (20 mM NaH2PO4/Na2HPO4 aqueous 
solution (pH 7.0) containing 20 % (v/v) CH3CN) and buffer B (1 M NaCl, 
20 mM NaH2PO4/Na2HPO4 aqueous solution (pH 7.0) containing 20 % 
(v/v) CH3CN); a linear gradient from 0 % to 100 % B for 45 min and a 
flow rate of 1 mL/min were used. The isolated oligomers proved to be >
98 % pure by NMR and the expected mass was confirmed by MALDI-TOF 
(Table 1, Supplementary Fig. S6, S7, S8, S9, S10, S11, S12, S13). 

2.2. NMR spectroscopy 

NMR samples were prepared at a concentration of approximately 1 
mM in 0.2 mL (H2O/D2O 9:1 v/v) of buffer solution with 10 mM 
KH2PO4/K2HPO4, 70 mM KCl, and 0.2 mM EDTA (pH 7.0). All the 
samples were heated for 5–10 min at 90 ◦C and slowly cooled (10–12 h) 
to room temperature. The solutions were equilibrated for several hours 
at 4 ◦C. The annealing process was assumed to be complete when the 1H 
NMR spectra were superimposable on changing time. NMR spectra were 
recorded at 25 ◦C by employing a 700 MHz Bruker spectrometer 
(Bruker-Biospin, Billerica, Massachusetts, US). Proton chemical shifts 
were referenced to the residual water signal, resonating at 4.78 ppm 
(25 ◦C, pH 7.0). Water suppression was achieved using the excitation 
sculpting with the gradient routine included in the “zgesgp” pulse 
sequence [37]. NMR data processing was done by using the vendor 
software TOPSPIN 4.1.4 (Bruker Biospin Gmbh, Rheinstetten, 
Germany). 

2.3. Circular dichroism spectroscopy 

CD samples of INT and its conjugated derivatives were prepared at a 
concentration of 3 μM using either a potassium phosphate buffer (10 mM 
KH2PO4/K2HPO4, 70 mM KCl, pH 7.0) or a sodium phosphate buffer (10 
mM NaH2PO4/Na2HPO4, 5 mM NaCl, pH 7.0) and submitted to the 
annealing procedure (heating at 90 ◦C and slowly cooling at room 
temperature). All quadruplexes’ CD spectra and melting curves were 
recorded on a Jasco 1500CD spectrophotometer at 20 ◦C with the 
temperature maintained constant using a thermoelectrically controlled 
cell holder (Jasco PTC-517). The spectra were obtained over a range of 
220–320 nm with a scanning speed of 100 nm/min, a response time of 4 
s, a 0.1-nm data pitch, and normalized by subtraction of the background 
scan with the potassium or sodium buffer. 

CD melting curves were registered as a function of temperature 
(20–95 ◦C) for all quadruplexes at their maximum Cotton effect 

D. Benigno et al.                                                                                                                                                                                                                                



European Journal of Pharmaceutics and Biopharmaceutics 201 (2024) 114354

3

wavelengths. The data were recorded in a 1 cm pathlength cuvette with 
a scan rate of 30 ◦C/h. The melting temperature (Tm) values provided 
the best fit of the experimental melting data. 

2.4. Polyacrylamide gel electrophoresis (PAGE) 

All oligonucleotides were analyzed by polyacrylamide gel electro-
phoresis (PAGE) under native conditions. All oligonucleotide samples 
were prepared at the same concentration of 1 mM in potassium phos-
phate buffer and underwent the annealing procedure as described pre-
viously. For all samples, a solution of glycerol/TBE 10 × was added just 
before loading. Each sample was loaded onto a 15 % polyacrylamide gel 
containing TBE 2.5 × and 20 mM KCl. The running buffer was TBE 1 ×
supplemented with 50 mM KCl. Electrophoresis was carried out at 100 
V/cm, for at least 1 h at 20 ◦C. Subsequently, bands were visualized by 
staining with Stains-All (Sigma-Aldrich, Madrid, Spain). 

2.5. Nuclease degradation assay 

Nuclease stability assay of modified oligonucleotides was conducted 
in a 10 % fetal bovine serum (FBS) solution diluted with Dulbecco’s 

Modified Eagle’s Medium (DMEM) at 37 ◦C. Approximately 6 nmol of 
stock solution of each ODN was evaporated to dryness under reduced 
pressure and then incubated with 200 μl 10 % FBS at 37 ◦C. At 0, 24 and 
48, 50 μl of samples were collected and stored at –20 ◦C for at least 20 
min. Subsequently, the samples were dried, and 5 μl of gel loading buffer 
consisting of glycerol/TBE 10 × was added. PAGE was carried out at 
room temperature using a 20 % polyacrylamide gel in 1 × TBE buffer. 
The patterns on the gel were visualized by UV shadowing. 

2.6. Cell culture 

HeLa and HCC2998 cells were purchased from the American Type 
Culture Collection (Manassas, VA, USA). HCT116 and Fibroblasts cells 
were kindly provided by IQAC, Barcelona, Spain. All cell lines were 
maintained in high-glucose DMEM supplemented with 10 % FBS. The 
cells were cultured at 37 ◦C, 5 % CO2 and were routinely tested for 
mycoplasma contamination. 

2.7. Internalization by flow cytometry 

To investigate the internalization of INT-FdU10 and its corresponding 
control sequences, cells were initially seeded at a density of 80,000 cells 
per well in 24-well plates. On the following day, samples labeled with 
FAM were dissolved in fresh medium, resulting in a final 1 µM con-
centration, and incubated for 24 h. Then, cells were washed with PBS, 
followed by harvesting through trypsin treatment. After harvesting, the 
cells were taken up in cell culture and centrifuged at 1,000 rpm for 8 
min. This process was repeated twice, and the remaining supernatant 
was resuspended in cold PBS. Two independent experiments were con-
ducted, and each condition was measured in duplicate. 

2.8. Internalization pathway studies 

Cells were seeded at a density of 80,000 cells per well within 24-well 
plates. The next day, to inhibit specific endocytic pathways, cells were 

Fig. 1. (A) Schematic representation of the G4 structures adopted by the conjugated INT/FdU sequences studied. The large circles represent the thymidines, small 
circles represent the guanosines, and triangles represent floxuridine (FdU) oligomers. (B) Chemical structures of FdU oligomers composed of one, five, and ten 
monomer units. 

Table 1 
Sequences, melting temperatures in sodium buffer (Tm) and MALDI-TOF char-
acterizations of the investigated ODNs. Expected (exp) and found (f) molecular 
weights are listed for comparison.  

Name Sequences MWf MWexp Tm (◦C) ± 1 

INT GGGTGGGTGGGTGGGT 5094 5102 60 ◦C 
INT-FdU GGGTGGGTGGGTGGGT-(FdU) 5403 5411 59 ◦C 
INT-FdU5 GGGTGGGTGGGTGGGT-(FdU)5 6634 6647 55 ◦C 
INT-FdU10 GGGTGGGTGGGTGGGT-(FdU)10 8195 8192 52 ◦C 
INT-T10 GGGTGGGTGGGTGGGT-(T)10 8144 8142 53 ◦C 
FdU5 (FdU)5 1477 1479 — 
FdU10 (FdU)10 3017 3017 — 
T10 (T)10 2978 2978 —  
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pretreated separately as follows: 0.25 μM, Cytochalasin D (to inhibit 
phagocytosis and macropinocytosis) for 15 min, 625 nM Methyl- 
β-Cyclodextrin (to inhibit caveolin-dependent endocytosis) for 30 min, 
or 100 nM sucrose (to inhibit clathrin-dependent endocytosis) for 30 
min. 

Following these pretreatments, 1 µM of every oligonucleotide was 
added in a final volume of 500 µl and incubated for 24 h. Subsequently, 
the cells were washed with PBS, harvested through trypsin treatment, 
suspended in cell culture medium, and centrifuged at 1,000 rpm for 5 
min. This process was repeated twice using PBS, and the remaining 
supernatant was resuspended in cold PBS. Two independent experi-
ments were conducted, and each experiment was performed in 
duplicate. 

2.9. Fluorescence microscopy 

For fluorescence microscopy studies, cells were first seeded the day 
before at a density of 2,500 cells per well. Then, samples were incubated 
at a concentration of 1 µM for 24 h. Following the incubation period, the 
cells underwent a PBS wash. To fix the cells, a 4 % paraformaldehyde 
solution was employed, and the nuclei were stained using DAPI. Image 
analysis was performed using ImageJ (U. S. National Institutes of Health, 
Bethesda, Maryland, USA). The fluorescence microscopy images pre-
sented are representative of the many images acquired during the 
experiments. 

2.10. Cell proliferation assay (MTT) 

The cytotoxicity of the prepared oligonucleotides was evaluated 
using the MTT (1-(4,5-dimethylthiazol-2-yl)-3,5-diphenylformazan) 
assay. Cells were seeded at a density of 5,000 cells per well in 96-well 
plates and allowed to culture overnight. Subsequently, samples at 
different concentrations (500 nM, 1 µM, and 5 µM) were added and 
incubated for 48 h. Following this incubation period, cells were washed 
with PBS and MTT reagent was added to each well, resulting in a final 
concentration of 0.5 mg/mL. After 2 h of incubation, the medium was 
carefully removed, and formazan crystals were dissolved by the addition 
of DMSO. Absorbance values were subsequently measured at 570 nm. 
This experiment was repeated independently three times, each time in 
triplicate and the data was normalized to the value of untreated cells 
(100 % viability). 

2.11. Statistical analysis 

Statistical analysis was conducted using GraphPad Prism 8 (Graph-
Pad Software, Inc., La Jolla, CA, USA). The quantified data is expressed 
as the mean ± standard deviation (SD). To assess statistical differences, 
a one-way ANOVA with the Tukey post hoc test was employed, with 
significance levels indicated as follows: (*p ≤ 0.0332, **p ≤ 0.0021, 
***p ≤ 0.0002, **** p ≤ 0.0001). 

3. Results and discussion 

To evaluate the synergistic anticancer effects, produced by the 
conjugation of T30923 with a different number of FdU residues, a series 
of oligodeoxynucleotides (ODN) was prepared by solid-phase phos-
phoramidite chemistry and their purity was checked by HPLC (Supple-
mentary Fig. S1, S2, S3, S4, S5). The ODN sequences, melting 
temperatures in sodium buffer and mass spectrometry characterization 
data are listed in Table 1 and in Supplementary Fig S6, S7, S8, S9, S10, 
S11, S12 and S13. 

3.1. NMR spectroscopy 

To confirm the ability of the conjugated G-rich ODNs reported in 
Table 1 to preserve the characteristic G4 folded structure of INT, despite 

the presence of a variable number of FdU units at the 3′ ends, the sam-
ples, properly annealed, were analyzed by 1H NMR and compared with 
the parent INT sequence (Fig. 2 and Supplementary Fig. S14). The imino 
proton regions (10.5–12.0 ppm) diagnostic of the presence of G-quad-
ruplexes are almost superimposable, indicating that the presence of a 
variable number of FdU or T units at the 3′ end of the INT sequence does 
not prevent INT from adopting its typical G-quadruplex structure. In 
particular, the close similarity of the imino regions of all 1H NMR spectra 
confirms that all conjugates maintain unaffected the INT capacity to fold 
in 5′-5′ end-to-end staked dimers of parallel G-quadruplexes. Instead, the 
presence of unstructured 3′ end tails constituted by a different number of 
monomers is confirmed by a major complexity of the aromatic region 
signals of the conjugates compared to that of INT (Supplementary 
Fig. S14). 

3.2. Circular dichroism spectroscopy 

The ability of all conjugated ODNs to fold into parallel G-quadruplex 
structures similar to INT was also evaluated using circular dichroism 
(CD) (Fig. 3). Most of the conjugated derivatives exhibited CD profiles 
nearly identical to that of the parent sequence and comparable to each 
other. Specifically, they displayed a minor negative band at 242 nm and 
a major positive band at 263 nm, characteristic of a parallel folding 
pattern where all guanosines adopt anti-glycosidic conformations. Only 
the long-tailed conjugates, INT-FdU10 and INT-T10, showed slight dif-
ferences in their CD spectra, particularly in the region between 270 and 
300 nm, while both retained the typical profile of parallel G- 
quadruplexes. 

3.3. Melting denaturation analysis by circular dichroism 

To evaluate the effect of varying numbers of FdU units on the thermal 
stability of these structures, CD thermal denaturation experiments were 
performed using a potassium phosphate buffer (10 mM KH2PO4/ 
K2HPO4, 70 mM KCl, pH 7.0). The heating curves for all sequences 
indicated that the melting process starts around 80 ◦C, suggesting that 
the different tails do not dramatically influence the G4 thermal stability 
(Supplementary Fig. S15). These data clearly indicate that under bio-
logical assay conditions (37 ◦C) all G4 structures exhibit remarkable 
stability. Furthermore, to obtain well-defined sigmoidal CD heating 
profiles of INT-FdU derivatives and determine their melting tempera-
tures (Tm), CD experiments for all samples were conducted at very low 
sodium ion concentrations (10 mM NaH2PO4/Na2HPO4, 5 mM NaCl, pH 
7.0) (Supplementary Fig. S16, S17). Under these conditions, all conju-
gated derivatives showed a lower Tm than that of INT, although not to a 

Fig. 2. Imino proton regions of the 1H NMR spectra (700 MHz) of the inves-
tigated ODNs. 
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drastic extent. 

3.4. Polyacrylamide gel electrophoresis (PAGE) 

It has been previously reported that the INT aptamer folds into a 
dimeric parallel-stranded G4 structure [34]. Polyacrylamide gel elec-
trophoretic techniques provide information about the molecular sizes 
and molecularity of complexes, especially when studying monomer-
–dimer equilibrium. To confirm the ability of INT conjugates to form 
dimers, all investigated G-quadruplexes were studied by 15 % native 
polyacrylamide gel electrophoresis (PAGE) in the presence of 50 mM 
KCl (Supplementary Fig. S18). In all G4 samples, a predominant slower- 
migrating band, characteristic of dimeric structures, was observed, with 
retardation in gel mobility as G-quadruplex structure size increased. The 
PAGE results confirm the presence of dimeric G4 structures in the 
modified sequences, strictly resembling the structure adopted by the 
parent ODN, consistent with the NMR and CD data. 

3.5. Nuclease stability assay 

The resistance of the designed INT-FdUn conjugates in biological 
environments was evaluated through a degradation assay in 10 % fresh 
fetal bovine serum (FBS) at 37 ◦C followed by gel electrophoresis anal-
ysis. The ODNs resistance was evaluated during the same range of time 
as the MTT assays evaluating cell viability, which were conducted up to 
48 h. Importantly, according to previous studies [33], under these 
conditions, INT showed remarkable stability to serum nucleases being 
resistant for up to 48 h under these conditions. The electrophoretic 
profiles indicated that the aptamer-drug conjugates underwent the 
complete degradation of the entire oligomeric tail into FdU monomers 
already at 24 h, since in all cases at both 24 and 48 h only the fastest 
migrating band corresponding to the stable INT quadruplex persisted 
(Supplementary Fig. S19). These data are very interesting for evaluating 
the pharmacological potential of these INT-FdU conjugates, since, as 
previously reported, oligomeric FdU exerts its cytotoxic activity by un-
dergoing oligomer degradation through nucleases, resulting in the 
production of FdU and FdUMP [36]. The exceptional resistance of INT in 
the biological environment ensures the synergistic effect of G-quad-
ruplex and drug conjugation even up to 48 h. These results suggest that 
following endocytosis, INT-FdUn conjugates trafficked to the lysosomes 
and underwent degradation to release the active therapeutic compound. 
At this stage, the oligomeric FdU prodrug becomes active, while the INT 
structure, having shed all FdU units, remains intact, allowing it to sus-
tain its cytotoxic activity. 

3.6. Antitumor synergy of INT-FdUn conjugates 

While there has been an improvement in response rates and disease- 
free survival across various types of cancers, the most significant impact 
of 5-FU and FdU has been reported in colorectal cancer (CRC). In light of 
this, for the cellular studies, we selected two colorectal cancer cell lines, 
HCT116 and HCC2998, which have different sensitivity levels to 5-FU, 
with the latter demonstrating higher resistance [38]. Additionally, to 
broaden the scope of our research to another type of cancer, we 
extended our investigations to HeLa cells. Finally, a healthy non-tumor 
cell line named Fibroblasts was studied. We explored the antitumor 
activity of INT-FdUn conjugates on cell proliferation by conducting the 
MTT assay (Fig. 4). Cells were treated with three different concentra-
tions of oligonucleotides (0.5, 1, and 5 µM) over 48 h. 

Our findings indicated that by increasing the number of FdU units 
added to the 3′ end of INT, the cytotoxic activity of conjugates, against 
all cancer cell lines and at all concentrations, is enhanced compared to 
the not conjugated sequence, INT. Notably, in almost all cases, INT-FdUn 
outperformed the bare oligomeric forms of FdU (FdU5 and FdU10). INT- 
FdU10 exhibited the highest level of antiproliferative activity, resulting 
in the most substantial reduction in the percentage of viable cells. At the 
highest concentration, viability in both HCT116 and HeLa cells was 
significantly reduced by 65 %. In HCC2998, treatment with nucleobase 
drugs alone led to only a 20 % inhibition, as anticipated, highlighting its 
resistance and the different sensitivity to FdU between the two studied 
colorectal cancer cell lines. Meanwhile, conjugation with INT effectively 
diminished the growth rate in these cancer cells (a 50 % decrease with 
INT-FdU10 at approximately 5 µM), circumventing the resistance 
observed in HCC2998. These results indicate that the studied aptamer- 
drug conjugates truly possess enhanced cytotoxicity toward cancer 
cells. Moreover, the cytotoxicity of INT-T10 and T10 was also evaluated 
in all cell lines, resulting in almost 100 % of viability (Supplementary 
Fig. S20, S21, S22, S23). In a previous study [33], we demonstrated that 
at 10 µM and 50 µM, INT can develop antitumor activity in certain 
cancer cell lines. It is important to highlight that in this case, by acting 
synergistically, INT and FdU oligomers, are able to achieve antitumor 
activity in the range of 500 nM and 5 µM. 

Finally, the targeting efficacy of the aptamer was assessed on healthy 
human fibroblast cells. FdU5 and FdU10 inhibited fibroblast cell growth 
by 65 % and 70 %, respectively, demonstrating a lack of specificity for 
cancer cells. Cell viability values of 80 % for INT-FdU5 and 70 % for INT- 
FdU10 were observed, halving the cell death caused by oligomeric drugs 
alone. These data confirm that the coexistence of INT and (FdU)n not 
only strengthens the killing effect of free FdU by a synergistic effect, but 

Fig. 3. Circular Dichroism spectra of the investigated ODNs at 20 ◦C in a potassium phosphate buffer.  
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also enables the conjugates to selectively target and kill cancer cells, 
thereby minimizing nonspecific adverse effects. 

3.7. INT aptamer with fluorine atoms improves cellular internalization 

Given the potential correlation between improved drug function and 

better internalization, we examined the cellular uptake of the aptamer- 
drug conjugate with the highest antiproliferative activity, 

INT-FdU10 in comparison to the parent sequence INT and to the drug 
oligomer FdU10. To follow the intracellular uptake, the oligonucleotides 
were labelled with fluorescein (FAM) at the 3′ end. 

As expected, the cellular uptake is more efficient for all three tumor 

Fig. 4. Cellular viability studies after 48 h determined by MTT assay. Three different concentrations (0.5 µM, 1 µM and 5 µM) of INT-FdUn conjugates were tested in 
(A) HCT116; (B) HCC2998; (C) HeLa and (D) Fibroblasts. Dotted line represents 50 % mortality (IC50). The most relevant estimated IC50 values are inserted in each 
panel and for more information see Supplementary Table S1. Error bars represent standard deviation (SD) of three independent experiments in triplicate. See 
Supplementary Fig. S20, S21, S22, and S23 for statistical differences. 

Fig. 5. Flow cytometry analysis of the uptake of INT, INT-FdU10, FdU10 labeled with fluorescein by (A) HCT116; (B) HCC2998; (C) HeLa and (D) Fibroblasts cell 
lines. Nontreated cells were included as negative controls. The plots are the result of two independent experiments and each condition was measured in duplicate. See 
Supplementary Fig. S24 for statistical differences. 
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cell lines when INT is conjugated with FdU10 (Fig. 5 and Supplementary 
Fig. S24). Moreover, INT-FdU10 showed a better internalization than the 
control sequences INT with 10-thymidine tail (INT-T10) and T10 (Sup-
plementary Fig. S25) in agreement with previous studies suggesting that 
the presence of fluorine atoms in oligonucleotides improves internali-
zation compared to non-fluorinated counterparts [39]. Notably, among 
the three cancer cell lines studied, HeLa cells exhibited the lowest 
internalization of INT conjugate, while HCT116 was the cell line in 
which it was more efficiently internalized implicating a potential dif-
ference in the number of G-quadruplex receptors between these two 
cancer cell lines. Our results also indicate that, despite INT and FdU10 
being internalized similarly in terms of the percentage of cellular up-
take, the two compounds exhibit different IC50 values, probably 
attributable to alternative mechanisms of action implied in cellular 
cytotoxicity. 

Importantly, the cellular specificity was confirmed by differences in 
the efficiency between all tumor cell lines and fibroblasts. In good 
agreement with the MTT results, FdU10 is the only oligomer efficiently 
internalized in healthy cells. These data indicate that the internalization 
process of INT and the conjugate INT-FdU10 is more favorable in cancer 
cells due to the presence of the aptamer, which specifically facilitates the 
uptake of these compounds in tumor cells possibly through protein- and 
receptor-recognition [40–42]. 

Furthermore, we proceeded to examine INT and INT-FdU10 by 
fluorescence microscopy in HCT116, the cell line in which they showed 
higher internalization. Fluorescence microscopy images further 
confirmed the efficient internalization of both INT and INT-FdU10 in 
HCT116 (Fig. 6). 

3.8. Endocytosis mechanisms 

Once the efficiency of internalization of our compound in different 
cell lines was determined, we investigated the endocytosis mechanisms 
for the three tumor cell lines: HCT116, HCC2998, and HeLa. The 
objective was to identify the uptake pathways involved in this process, 
aiming to discern whether variations in the efficiency of internalization 
and cytotoxicity could be due to differences in endocytosis mechanisms. 
Cells were pretreated with compounds inhibiting specific endocytosis 
pathways: an inhibitor of clathrin-mediated endocytosis (sucrose), an 
inhibitor of caveolin-mediated endocytosis (Methyl-β-cyclodextrin), or 
an inhibitor of clathrin-independent endocytosis (lactose). After pre-
treatment, the cells were incubated with the corresponding INT, INT- 

FdU10, or FdU10, and the samples were analyzed by flow cytometry. 
Interestingly, as shown in Fig. 7, the lack of inhibition of any endo-

cytosis mechanism during FdU10 uptake suggests that, in all three cell 
lines, it undergoes internalization via gymnosis, as indicated in several 
previous studies [43]. Notably, the internalization mechanism of INT 
varies across cell lines. In HeLa, it is predominantly internalized through 
caveolin-mediated endocytosis, while in HCT116, it is clathrin- 
independent, and in HCC2998, it occurs through clathrin-mediated 
endocytosis. Conversely, INT-FdU10 exhibits internalization via 
caveolin-mediated endocytosis in HeLa, while in HCT116 and HCC2998, 
it is predominantly taken up through clathrin-mediated endocytosis. 
These findings are in good agreement with recent examples in the 
literature, indicating that the endocytic pathways involved in the 
internalization of the same compound are largely dependent on the cell 
type [44]. 

Moreover, results regarding endocytosis mechanisms are closely 
related to the cytotoxicity of the studied INT conjugates. When the 
aptamer or aptamer-drug conjugate is internalized through caveolin- 
dependent endocytosis, the cytotoxicity is higher, as it facilitates en-
dosome escape, as demonstrated by the high cytotoxicity exhibited by 
all compounds in HeLa. 

4. Conclusion 

With the aim to enhance the therapeutic efficacy of the antineo-
plastic agent 5-fluoro-2′-deoxyuridine (FdU) and to minimize its off- 
target effects, we designed and synthesized three G4-aptamer/drug 
conjugates. In particular, the G4 forming aptamer T30923 (INT) was 
conjugated at the 3′ end with oligomers containing one, five, or ten units 
of FdU and the structural and biological properties of these compounds 
were analyzed. Similar to their unconjugated sequence, the resulting 
aptamer-drug conjugates showed the ability to fold into a dimeric G4 
structure formed by the same G-quadruplexes, characterized by parallel 
strands, three all-anti-G-tetrads and three one-thymidine propeller 
loops. 

Moreover, the unique stability against nucleases exhibited by this 
aptamer makes it highly promising as a vehicle for other drugs in future 
research. Interestingly cellular uptake data indicated that aptamer-drug 
conjugates are rapidly taken up by tumor cells, undergoing diverse 
endocytosis mechanisms. Unlike the G-quadruplex, the FdU oligomers 
are digested to release the active form of the drug, inhibiting prolifer-
ation in cancer cells, especially in HCT116 cells. The internalization 

Fig. 6. Fluorescence microscopy images of cellular uptake of (A) INT and (B) INT-FdU10 in HCT116. Scale bar is 75 µm. Images are representative of several mi-
crographs taken during independent experiments. 
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process of INT and the conjugate INT-FdU10 is more favorable in cancer 
cells compared to healthy ones. Furthermore, in cancer cell lines the 
conjugates are internalized more effectively than the FdU10 oligomer 
alone. These data suggest that the aptamer specifically facilitates the 
uptake of these compounds in tumor cells possibly through protein- and 
receptor-recognition. 

MTT assay performed on the oligomeric forms of FdU, INT and INT- 
FdUn conjugates revealed that INT-FdU10 possesses the best anti-
proliferative activity in all cancer cell lines tested, but a lower cytotoxic 
activity in fibroblasts compared to unconjugated FdU oligomers. 

In summary, the conjugation of the INT aptamer with antimetabolite 
nucleosides such as floxuridine results in a synergistic cytotoxic activity 
in tumor cells. Both compounds benefit from the antiproliferative 
characteristics and targeting capabilities for cancer treatment, avoiding 
side effects that may arise from the non-specificity and cellular resis-
tance of FdU alone or enhancing the efficacy of the INT aptamer by 
conjugating it with an FdU tail, thereby increasing its antiproliferative 
activity. In the future, aptamer-drug conjugates may be expanded to 
other tumor-targeting aptamer sequences and/or conjugated with other 
antitumor drugs. Aptamer-drug conjugates are easy to synthesize, have 
precise and simple structures and high targeting capabilities which may 
expand their scope for novel and improved cancer therapies. 
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