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Abstract: Herein, we report the synthesis of a new hybrid compound based on a 2/-deoxyuridine
nucleoside conjugated with a NO photo-donor moiety (dU-t-NO) via CuAAC click chemistry. Hybrid
dU-t-NO, as well as two previously reported 2’-deoxyadenosine based hybrids (dAdo-S-NO and
dAdo-t-NO), were evaluated for their cytotoxic and cytostatic activities in selected cancer cell lines.
dAdo-S-NO and dAdo-t-NO hybrids displayed higher activity with respect to dU-t-NO. All hybrids
showed effective release of NO in the micromolar range. The photochemical behavior of the newly
reported hybrid, dU-t-NO, was studied in the RKO colon carcinoma cell line, whereas the dAdo-t-
NO hybrid was tested in both colon carcinoma RKO and hepatocarcinoma Hep 3B2.1-7 cell lines
to evaluate the potential effect of NO released upon irradiation on cell viability. A customized
irradiation apparatus for in vitro experiments was also designed.

Keywords: nucleoside analogs; hybrid drugs; nitric oxide; photo-donor; anticancer activity; multitar-
get anticancer drugs

1. Introduction

Cancer is a multifactorial disease resulting from interactions of complex genetic and
environmental factors and, nowadays, is one of the most deadly diseases threatening the
health of populations globally [1]. Colorectal cancer is one of the most common malig-
nancies worldwide and can be recorded as the second leading cause of cancer-associated
deaths in women and the third most common disease in men [2]. According to a recent
estimation by the International Agency for Research on Cancer, liver cancer is the sixth
most frequently diagnosed cancer and the fourth leading cause of cancer death for both
sexes globally [3]. Indeed, more than 900 k people were diagnosed with liver cancer and
almost 800k died of liver cancer worldwide in 2020 [4]. Surgical approaches are the best
option for both colorectal and liver cancer treatment; however, for malignancies diagnosed
at advanced stages, systemic approaches including targeted therapy, immunotherapy, and
chemotherapy are necessary. Unfortunately, a significant fraction of cancers show resistance
to conventional chemotherapeutic agents [5]. In the last decades, significant efforts have
been directed towards the development of combination therapies, which involve the use
of different chemodrugs with diverse molecular mechanisms that can act cooperatively
and prevent cancer cells from developing resistance mechanisms [6-8]. However, the
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advantages of administering multiple agents are often limited by dose-limiting toxicities
and drug-drug interactions [7]. Therefore, the design of multitarget anticancer agents
able to simultaneously interfere with different enzymes or signaling pathways of cancer
progression is an urgent need.

Molecular hybridization is a relatively new strategy in drug discovery aimed at
designing new drugs by combining two or more pharmacophore units through covalent
bonds [9,10]. Therefore, hybrid drugs can provide combination therapies by exploiting a
single multi-functional unit, leading to a pharmacological effectiveness greater than the
sum of each individual component’s efficacy [11-13]. Over the last decades, the design and
synthesis of hybrid compounds as multitarget anticancer agents has been a research field
in great expansion [10,14].

Nitric oxide (NO), besides its well-known role in the bioregulation of physiological
processes [15], has emerged as an interesting molecule for cancer treatment [16-18]. NO’s
biological effects on cancer are markedly dependent on its concentration. While low
levels of NO (in the pM to nM range) can exert pro-tumor effects such as angiogenesis,
enhanced cell proliferation, migration, survival, invasiveness, and metastasis, high levels
of NO (in the pM range) exhibit a pro-oxidant cytotoxic effect by inducing cell apoptosis,
inhibition of angiogenesis, and mitochondrial respiration, as well as by sensitizing tumors
to therapeutics [19-23]. Due to its short lifetime (ca. 5 s in tissues) [24,25], NO’s region of
action is confined to a short distance from its production site inside the cell, thus reducing
systemic toxicity effects and improving treatment effectiveness. However, the critical
dependence of NO'’s biological effects on concentration, as well as its high reactivity, allows
only a limited usage of gaseous NO by direct inhalation in clinical medicine [26,27]. Thus,
extensive studies on the design of molecular and supramolecular NO donors for efficient
NO delivery to specific disease lesions have received much attention [28-31]. Among
others, small molecules able to release NO under a specific external stimulus, for instance,
photoactivated NO donors, have been considered quite attractive due to the possibility of
precisely controlling NO production and NO release at the target site [32].

Our interest in the study of multitarget hybrid compounds for pharmacological appli-
cations has prompted us to explore hybrids integrating a NO donor molecule in response
to specific stimuli, such as 4-nitro-3-(trifluoromethyl)aniline, which is able to release NO
upon irradiation through the mechanism depicted in Figure 1A [33]. The nitrobenzene unit
of 4-nitro-3-(trifluoromethyl)aniline is not toxic to the cells before and after the release of
NO [34], and the presence of a free NH, group, a chemical reactive moiety, can serve as a
conjugation point without interfering with light-triggering [33].

In the framework of a study on the conjugation of either nucleosides or bile acids with
4-nitro-3-(trifluoromethyl)aniline, we reported, in a previous paper [35], the photophysical
properties and the in vitro antiproliferative activity of a small library of hybrids presenting,
as conjugation partners, a nucleoside molecule such as 2’-deoxyadenosine or selected bile
acids such as urso- and cheno-deoxycholic acids in leukemic K562 and colon carcinoma
HCT-116 cell lines.

Photochemical experiments demonstrated the effective release of NO from all hybrids
under the exclusive control of visible light inputs. Moreover, in the case of hybrid dAdo-
S5-NO (Figure 1B), the antiproliferative activity against HCT-116 cells was tested both in
the dark and upon illumination. After 40 min light irradiation (A= 420 nm, 7 mW cm~2)
the ICs( value of the hybrid dAdo-S-NO was more than halved, decreasing from 66.2 uM
to 31.0 uM [35]. This result, being the first evidence of in vitro combined chemo- and
photo-therapeutic activities for the same molecule, prompted us to design some more
nucleoside-PD hybrids by changing the nucleobase and/or the linker unit (Figure 1B).

Nucleosides are small endogenous bioactive molecules characterized by different
chemical /biochemical reactive moieties. Therefore, they represent an interesting platform
for conjugation with functional molecules. From a biological point of view, several nucleo-
sides can behave as antimetabolites and can inhibit cellular division and viral replication
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by incorporation into DNA or RNA, resulting in potential therapeutic benefits. Numerous
nucleoside analogs have been developed as anticancer drugs over the past decades [36].

Herein, we reported the synthesis and the chemical and biological characterization
of a novel 2’-deoxyuridine-based hybrid (namely dU-t-NO, Figure 1B) obtained by con-
jugation via copper-catalyzed azide-alkyne cycloaddition (CuAAC) click chemistry of
N-(5-azidopentyl)-4-nitro-3-(trifluoromethyl)aniline 2 with 2’-deoxyuridine alkyne deriva-
tive 3 (Scheme 1). In addition, two hybrids based on 2’-deoxyadenosine that were pre-
viously reported by some of us, i.e., dAdo-5-NO [35] and dAdo-t-NO [37] (Figure 1B),
conjugated with the 4-nitro-3-(trifluoromethyl)aniline PD unit through different linkers
such as a thioalkyl chain and a triazole ring, respectively, were considered. All hybrids
underwent photophysical characterization, cytotoxicity investigation, and cell cycle anal-
ysis in human cells of different histopathological origin, such as RKO colon carcinoma
and Hep 3B2.1-7 hepatocarcinoma cell lines. The effect of NO release on cell viability was
also evaluated in RKO cancer cells for the dU-t-NO hybrid and in both RKO and Hep
3B2.1-7 cell lines for the dAdo-t-NO hybrid.
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Figure 1. (A): molecular structure of 4-nitro-3-(trifluoromethyl)aniline and mechanism of NO release;
(B) molecular structure of hybrids dAdo-S-NO [35], dAdo-t-NO [37], and dU-t-NO.
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OH dAdo-t-NO

Scheme 1. Synthesis of hybrids dU-t-NO and dAdo-t-NO. (a) NaN3, DME, 65 °C, 4 h (91% yield);
(b) CuSO4-5H,0, sodium ascorbate, THF/t-BuOH/H,O (1.5:1:1), microwaves: 80 °C, 30 min
(65—68% yield).

2. Results
2.1. Chemistry
2.1.1. Synthesis of Nucleoside-NO Photo-Donor Hybrids

The synthesis of the dU-t-NO and dAdo-t-NO hybrids is shown in Scheme 1. Al-
though compound dAdo-t-NO has been previously investigated for its biological activity
against several cellular lines [37], we report here, for the first time, its synthesis and its
chemical characterization. Alkynes 3 and 4 [38,39] and bromo derivative 1 [35] were
prepared as previously reported by some of us, whereas N-(5-azidopentyl)-4-nitro-3-
(trifluoromethyl)aniline building block 2 was prepared from the corresponding bromo
derivative 1 by reaction with NaN3 in an almost quantitative yield (Scheme 1). Azide
derivative 2 was reacted with alkynes 3 and 4 via CuAAC under microwave conditions to
obtain the corresponding pure hybrids dU-t-NO and dAdo-t-NO with good yields after
chromatographic purification (Scheme 1). Hybrid dAdo-5-NO was prepared as previously
reported by our group [35].

2.1.2. Chemical Stability in Cell Culture Medium

The chemical stability of all hybrids in cell culture medium (DMEM) at 37 °C was
established by means of HPLC-UV-MS analyses. A time course at 3, 6, and 14 h demon-
strated that the hybrids were stable up to 14 h. HPLC-UV-MS studies allowed us to detect,
in all cases, only trace amounts of the corresponding products derived from hydrolysis of
the N-glycosidic bond, as they were the only degradation products after up to 14 h in a cell
culture medium at 37 °C.

2.2. Photochemistry

In order to quantify the NO photorelease efficiency of the PD unit under specific
concentration and irradiation conditions, the photochemical reaction quantum yield for all
three hybrids was determined in a water solution. A pulsed laser source, with an emission
wavelength lying within the electronic absorption band of the PD unit, was chosen to
precisely control the number of photons delivered to the sample in each shot set. In a
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typical experiment, a volume of 3 mL of a 50 uM water solution of each hybrid, placed in a
fluorimetric fused silica cuvette, was irradiated at 1 Hz with laser pulses at 355 nm with
pulse energies in the range of 3-5 m]J/pulse. In all cases, zero-order kinetics was found to
lead to a linear absorbance drop within a 20% total absorbance change, as shown in Figure 2
for dAdo-5-NO. The number of absorbed photons was calculated from the measured pulse
energy and corrected for the 355 nm absorbance change.
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Figure 2. (a): Absorbance changes of a dAdo-S-NO 50 uM water solution irradiated with 355 nm
laser pulses; (b): linear fit of the absorbance drop at peak wavelength (409 nm).

The photoreaction quantum yield was obtained from the slope of the straight line
resulting from the plot of the number of reacted molecules vs. the number of absorbed
photons (Figure 3).
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Figure 3. Number of reacted molecules vs. number of absorbed photons for dAdo-S-NO in

water. Quantum yield values were found to be (6.7 £ 0.1) x 1073, (4.6 + 0.2) x 1073, and
(5.95 £ 0.08) x 1073 for dAdo-S-NO, dAdo-t-NO, and dU-t-NO, respectively.

In a preliminary set of experiments, a 380 nm LED matrix was used to irradiate the cell
cultures at radiant power densities ranging from 1 to 5 mW/cm? and for decreasing times,
starting from 4 h until 10 min. This particular peak wavelength was initially chosen to
reach an optimum spectral match with the absorption band of the PD unit, with the aim of
maximizing the photogeneration of NO. In all cases, the cells did not survive the treatment,
showing that the wavelengths were too short to irradiate them within a safe limit. This
result suggested the use of longer wavelengths and lower power densities, keeping in mind
the necessity of photogenerating a sufficient amount of NO to observe an effect on cells
upon irradiation. Subsequent experiments performed with a single LED source at a peak of
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420 nm showed that wavelengths shorter than 410 nm were still detrimental and filtering
them off was a necessity. With the use of a 420 nm cut-off filter, the LED spectral profile
was finally cleaned, leading to a cell-safe irradiating time of 40 min, which was maintained
for all in vitro tests.

The actual photogeneration of NO in a water solution was checked by evaluating,
through the Griess test, the amount of nitrite formed upon irradiation of the hybrids for
40 min with a 420 nm LED source. A volume of 3 mL of a 50 uM solution of each hybrid,
in a 1 cm path length cuvette, was uniformly irradiated with the apparatus described in
Materials and Methods (see Section 4.2.2.), held horizontally such as to have a radiant
power density of 1 mW /cm? on the entrance window of the cuvette. After irradiation,
1 mL of the solution was added to an equal volume of sulfanylamide (Promega) and
kept for 5 min in the dark. A 1 mL amount of NED (Promega) was then added, and the
resulting solution was placed in the dark for a further 5 min. The absorption spectrum
recorded showed the typical absorption band of the azo compound, with a maximum at
540 nm (Figure 4). A calibration curve was obtained using standard solutions of NaNO,
in water in the concentration range of 2-20 uM. Nitrite concentrations lower than 1 uM
were measurable.
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Figure 4. Absorption change upon 40 min irradiation of a 50 M aqueous solution of dU-t-NO with a
420 nm LED source at 1 mW/cm?. The spectrum after the addition of the Griess reagent is shown
(blue line).

All three hybrids produced results similar to those reported in Figure 4 for dU-t-NO,
showing the capability to generate a NO concentration of about 2 uM from a 50 uM hybrid
solution in the same irradiation time used for experiments on cells.

2.3. Biological Evaluation
2.3.1. Evaluation of the Biological Activity of dAdo-S-NO, dAdo-t-NO, and dU-t-NO on
Colon and Hepatocarcinoma Cancer Cells in the Dark

The biological effects of the three hybrids in the absence of irradiation were firstly
assayed on the RKO colon carcinoma cell line. As shown in Figure 5A,B, dAdo-5-NO, dAdo-
t-NO, and dU-t-NO induced a dose-dependent reduction in the number and proliferation of
RKO viable cells after 72 h of treatment, as demonstrated by the Trypan Blue dye exclusion
test and the MTT assay.
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Figure 5. Biological effects of dAdo-S-NO, dAdo-t-NO, and dU-t-NO on the RKO cell line. Cell
viability (A), proliferation (B), and apoptosis (C) evaluation in RKO cells treated for 72 h with three
different d Ado-S-NO concentrations (50; 25; 10 uM) or with four different concentrations (100; 50; 25;
10 uM) of each of the following hybrids: dAdo-t-NO or dU-t-NO. Incubations with the hybrids were
performed in the dark. Results are reported as mean + SD of at least three independent experiments.
Statistical analysis was performed using one-way ANOVA followed by the Bonferroni post-hoc test.
*p <0.05, *** p < 0.0001 with respect to untreated cells (UNT).

In particular, dAdo-5-NO was shown to cause a dose-dependent reduction in the
number and proliferation of RKO viable cells at all the tested concentrations, especially
when used at the concentrations of 25 and 50 uM. On the other hand, dAdo-t-NO was
significantly effective in the range of 25-100 pM; however, it induced only a slight reduction
in cell viability when used at the concentration of 10 uM. Conversely, the dU-t-NO hybrid
was able to significantly reduce the number of viable cells at 50 and 100 uM and only
slightly at 25 uM, but it seemed to be almost ineffective if used at 10 pM. The evaluation
of the apoptosis levels induced in the RKO cell line by dAdo-5-NO, dAdo-t-NO, and
dU-t-NO essentially reflected the dose-dependent effects exerted on cell viability. Indeed, a
significant apoptotic effect was achieved by dAdo-S-NO at 25 and 50 M, dAdo-t-NO at
50-100 uM, and dU-t-NO at 100 uM (Figure 5C).

Analogously, the analysis of the effect of the hybrids on the Hep 3B2.1-7 hepatocar-
cinoma cell line in the dark demonstrated their effectiveness in reducing cell viability
in a dose-dependent manner (Figure 6). The most important effects on this cell line in
terms of reductions in cell number and proliferation were shown by dAdo-S-NO at the
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concentrations of 25 and 50 pM and by dAdo-t-NO and dU-t-NO at 50-100 uM, even if
dU-t-NO was a little less effective when compared to dAdo-t-NO (Figure 6A-B).
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Figure 6. Biological effects of dAdo-S-NO, dAdo-t-NO, and dU-t-NO on the Hep 3B2.1-7 cell line.
Cell viability (A), proliferation (B), and apoptosis (C) evaluation in Hep 3B2.1-7 cells treated for 72 h
with three different dAdo-S-NO concentrations (50; 25; 10 uM) or with four different concentrations
(100; 50; 25; 10 uM) of each of the hybrids: dAdo-t-NO or dU-t-NO. Incubations with the hybrids were
performed in the dark. Results are reported as mean + SD of at least three independent experiments.
Statistical analysis was performed using one-way ANOVA followed by the Bonferroni post-hoc test.
*p <0.05, *p <0.01, ** p <0.001, *** p < 0.0001 with respect to untreated cells (UNT).

The differences in the effectiveness of the three hybrids on RKO and Hep 3B2.1-7 cells
could also be appreciated by observing their ICs; values, shown in Table 1, which also
reports the ICs values for Paclitaxel (used as a reference drug).

Table 1. ICs( values &+ SEM (standard error of the mean) of each hybrid and of Paclitaxel, reported
for the two studied cell lines, RKO and Hep 3B2.1-7.

RKO Hep 3B2.1-7

Compound 1Csp (M) 1Csp (M)
dAdo-S-NO 10.39 £ 0.13 17.64 £ 2.19
dAdo-t-NO 27.61 +£1.22 44.46 + 3.45
dU-t-NO 51.74 + 2.69 61.66 = 5.29

Paclitaxel 5.01 x 1073 £ 0.74 x 1073 0.41 +0.12
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In the case of Hep 3B2.1-7 cells, a significant but noteworthy rate of apoptosis was
induced only by higher concentrations of the three hybrids, as shown in Figure 6C. Of
note, we chose to use different ranges of concentrations for dAdo-5-NO (50-10 uM) and
dAdo-t-NO/dU-t-NO (100-10 pM) on the basis of the differing effectiveness on both the
RKO and Hep 3B2.1-7 cell lines.

In these first sets of experiments, performed without cell irradiation, we also analyzed
the effect of the hybrids on the cell cycle of RKO and Hep 3B2.1-7 cells. As shown in
Figures 7 and 8, all three compounds caused an arrest of the cell cycle in a dose-dependent
manner, an effect that was nearly ineffective at the concentration of 10 uM. Of note, a
concentration of 25 UM was demonstrated to be less effective on Hep 3B2.1-7 cells than on
the RKO cell line.
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Figure 7. Effects of the three hybrids on the cell cycle of RKO cells. Cells” distribution in the cell cycle
phases after treatment for 36 h with three different dAdo-S-NO concentrations (50; 25; 10 uM) or with
four different concentrations (100; 50; 25; 10 uM) of each of the hybrids, dAdo-t-NO or dU-t-NO, is
shown. Incubations with the hybrids were performed in the dark. Results are reported as mean =+ SD
of at least three independent experiments. Statistical analysis was performed by one-way ANOVA
followed by the Bonferroni post-hoc test. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001 with
respect to untreated cells (UNT).
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Figure 8. Effects of the three hybrids on the cell cycle of Hep 3B2.1-7cells. Cells” distribution in
the cell cycle phases after treatment for 36 h with three different dAdo-S-NO concentrations (50; 25;
10 uM) or with four different concentrations (100; 50; 25; 10 uM) of each of the hybrids (dAdo-t-NO or
dU-t-NO) is shown. Incubations with the hybrids were performed in the dark. Results are reported as
mean + SD of at least three independent experiments. Statistical analysis was performed by one-way
ANOVA followed by the Bonferroni post-hoc test. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001
with respect to untreated cells (UNT).

2.3.2. Evaluation of the Biological Activity of dU-t-NO on RKO Colon Carcinoma and
dAdo-t-NO on RKO Colon Carcinoma and Hep3B2.1-7 Hepatocarcinoma Cell Lines
after Irradiation

With the aim of generating NO levels able to exert anticancer activity through photo-
chemical release, we chose to test dAdo-t-NO and dU-t-NO at the highest concentrations
(50 and 100 uM) in RKO cells [20]. The analysis of the effects of dAdo-t-NO on viable
cell number showed that no significant difference could be detected between experiments
performed in the dark and those in which cells were irradiated accordingly with the experi-
mental design described in the Material and Methods section (Figure 9A). No difference
could be detected also in the analysis of apoptosis when cells were treated in the dark or
upon illumination. Similarly, the effect on the percentage of viable RKO cells induced by
dU-t-NO in the absence or presence of light showed no statistical difference (Figure 9B),
which was also the case for the induction of apoptosis. Of note, no significant difference has
been observed for both hybrids in terms of basal (untreated cells) viability and apoptosis
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rate when comparing untreated with irradiated cells after the total incubation time (72 h),
excluding the fact that irradiation could itself cause a basal reduction in cell viability.
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Figure 9. Comparative effects of dAdo-t-NO and dU-t-NO on reductions in RKO cell number in
the dark or after irradiation (light). The effects of 50 and 100 uM of dAdo-t-NO (A) and dU-t-NO
(B) hybrids are shown. Results are reported as mean =+ SD of at least three independent experiments.
Statistical analysis was performed by one-way ANOVA followed by the Bonferroni post-hoc test.
% p < 0.0001.

The d-Ado-t-NO hybrid was also tested upon irradiation in the Hep3B2.1-7 hepatocar-
cinoma cell line. The analysis of the effects of d Ado-t-NO on viable cell numbers showed
no significant difference between experiments performed in the dark and after irradiation
(Figure 10). Moreover, no difference could be detected regarding the induction of apoptosis
when cells were treated in the dark or upon illumination. Of note, also in the case of Hep
3B2.1-7 cells, as seen for the RKO cell line, no differences could be revealed between the
percentage of viable cells or the apoptosis rate of untreated or irradiated cells after the
overall time of the experiments at basal conditions (untreated cells).

100
75
50

kokokk

25

Viable cells (% vs Untreated)

UNT dark light dark light
L )

100 uM 50 uM

Figure 10. Effects of dAdo-t-NO on decreases in Hep3B2.1-7 cell numbers in the dark or after
irradiation (light). The effects of 50 and 100 uM of the dAdo-t-NO hybrid are shown. Results are
reported as mean =+ SD of at least three independent experiments. Statistical analysis was performed
by one-way ANOVA followed by the Bonferroni post-hoc test. **** p < 0.0001.
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3. Discussion

In the case of the hybrids dU-t-NO and dAdo-t-NO, the conjugation at the C-5 and
C-8 positions of 2’-deoxyuridine and 2’'-deoxyadenosine (Figure 1B), respectively, was
achieved through CuAAC (click chemistry). The 1,2,3-triazole ring, resulting from the
reaction of a terminal carbon—carbon triple bond with an azido group, can serve as both a
bioisostere and a linker. The triazole ring has been known to improve the pharmacological
profile of bioactive molecules thanks to its stability under physiological and enzymatic
conditions; thus, it can be considered a pharmacophore itself [40]. Click chemistry has
been recognized as a powerful tool for developing new structural motifs and it has been
extensively employed in the field of drug discovery [37-39,41]. Click chemistry has also
been recognized as an environmentally friendly reaction thanks to the formation of a
single product in high yield, favorable atom economy, elimination of byproducts, water
compatibility, and use of simple purification processes [42].

On the other hand, the dAdo-S-NO hybrid was prepared in a straightforward manner
by nucleophilic substitution at the C-8 position of 2’-deoxyadenosine through a reaction in
water [35].

Of note, the substitution at the C-5 and C-8 positions of pyrimidine and purine
nucleobases, respectively, allows us to preserve the intrinsic recognition characteristics of
natural nucleic acids through specific hydrogen bond patterns such as Watson—Crick and
Hoogsteen interactions.

dAdo-S-NO and dAdo-t-NO hybrids, both containing the 2’-deoxyadenosine moiety,
differ in the nature and length of their linkers: in the case of dAdo-S-NO, the nucleoside and
the PD unit are covalently linked through an S-alkyl chain, whereas, in the case of dAdo-t-
NO, a 1,2,3-triazole ring was introduced (Figure 1B). A comparison of the antiproliferative
activity of the two hybrids showed that dAdo-5-NO is ca. 2.5-fold more potent than
dAdo-t-NO in both RKO and Hep 3B2.1-7 cell lines (Table 1).

The dAdo-t-NO and dU-t-NO hybrids are characterized by the presence of 1,2,3-triazole
and an alkyl spacer of the same length; however, they differ in the nature of the nucleobase.
The data obtained for the antiproliferative activity indicated that the dAdo-t-NO hybrid,
containing the purine nucleobase 2’-deoxyadenosine, is 1.9- and 1.4-fold more active in the
RKO and Hep3B2.1-7 cell lines, respectively, than the dU-t-NO hybrid, which is characterized
by a pyrimidine 2’-deoxyuridine unit (Table 1).

Overall, the dAdo-S-NO hybrid was the most active of the series, being ca. 2.5-fold
more potent than the dAdo-t-NO hybrid in both cancer cell lines tested and 5- and 3.5-fold
more active than the dU-t-NO hybrid in the RKO and Hep3B2.1-7 cell lines, respectively
(Table 1).

Both hybrids, dAdo-S-NO and dAdo-t-NO, displayed some cytoselectivity towards
RKO cells with respect to Hep3B2.1-7 cells (SI = 1.7 and 1.6, respectively), whereas the
dU-t-NO hybrid showed similar antiproliferative/cytotoxic effects towards both cancer
cell lines tested (Table 1).

Mechanistic studies indicated that all hybrids considered induced G0/G1 cell cycle
arrest in RKO and Hep3B2.1-7 cell lines. In particular, dAdo-S-NO and d Ado-t-NO showed
a more marked effect in RKO cells with respect to the Hep3B2.1-7 cell line at a concentration
of 25 uM, whereas dU-t-NO showed a similar effect in both cancer cell lines. This may
partly account for the cytoselectivity observed in the case of dAdo-S-NO and dAdo-t-NO
towards the RKO cell line.

Accordingly, all hybrids tested showed a significant apoptotic effect in RKO cells,
whereas apoptosis was found less markedly in Hep 3B2.1-7 cells. These data reinforce the
idea of the hybrids’ cytoselective activity, which seems to act not only on cell cycle arrest
but also on their cytotoxic effect.

The photochemical behavior of the newly reported hybrid dU-t-NO and of the 2'-
deoxyadenosine-based dAdo-t-NO hybrid was also studied in the RKO cell line in order to
evaluate if NO released upon irradiation could affect cell viability.
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Cells were irradiated following the protocol reported in Materials and Methods (see
Section 4.3.3), assuring safe conditions for living cells. Indeed, prolonged irradiation
time (over 40 min) led to significant cell death that was not evaluable immediately after
irradiation but became clear after observing cells during the following hours of incubation
until the 72 h established for our experimental design.

On the basis of NO’s concentration-dependent impact on anticancer effects [20] and
the above-reported photochemical experiments that showed a release of NO of about 2 uM
(from a 50 uM hybrid concentration), both hybrids were tested in vitro at 50 and 100 uM
concentrations upon irradiation. Results showed no differences in the percentage of RKO
viable cells treated with both dU-t-NO and dAdo-t-NO in the presence of light with respect
to cells treated and kept in the dark at both concentrations. Analogous results were obtained
in Hep3B2.1-7 cells treated with dAdo-t-NO under the same conditions. Accordingly, light
did not improve apoptosis induction with respect to the treatment performed in the dark.
These results showed that the NO released did not play any additive role in determining the
cytotoxic effect of the hybrids tested in the RKO and Hep3B2.1-7 cell lines. These findings
might indicate that the levels of NO released could be insufficient to induce cell death.

4. Materials and Methods
4.1. Synthesis and Characterization
4.1.1. General

Commercial sodium azide (NaN3) and sodium ascorbate were purchased from Sigma-
Aldrich (St. Louis, MO, USA); copper sulphate (CuSO4.5H;0) was purchased from Fluka
(Buchs, Switzerland). All the chemicals were used without further purification. The re-
actions were monitored by TLC on pre-coated silica gel F254 plates (thickness 0.25 mm,
Merck, Darmstadt, Germany) developed with phosphomolybdic acid solution. Flash col-
umn chromatography was performed on silica gel (60 A, 230-400 mesh, Merck, Darmstadt,
Germany). Microwave irradiation was performed by using a Biotage Initiator appara-
tus (Biotage AB, Uppsala, Sweden). NMR spectra were recorded with a Varian Mercury
400 MHz instrument (Varian, Palo Alto, CA, USA) in the stated solvent. MS analyses were
performed on a triple quadrupole mass spectrometer TSQ Quantum Access Max and an
electrospray ionization source detector.

The synthesis of alkynes 3 and 4 was performed following the procedure previously
reported by our group [38,39]. NMR and MS analyses for both compounds were identical
to those reported in the literature [38,39]. 'H NMR and '3C NMR spectra of compounds
2 and hybrids dU-t-NO and dAdo-t-NO were reported in Supplementary Materials.

4.1.2. Synthesis of N-(5-Azidopentyl)-4-Nitro-3-(trifluoromethyl)aniline (2)

NaN3 (195 mg, 3.0 mmol) was added in one portion to a stirred solution of compound
1 (1.0 mmol, 355 mg) in dry DMF (10 mL). The reaction mixture was stirred in a sealed
tube at 60 °C for 4 h, then poured into water (10 mL) and extracted twice with Et,O
(12 mL). The combined organic layers were dried by using anhydrous NaySOy, filtered,
and evaporated under reduced pressure to produce the azide 2 as a light yellow amorphous
solid (290 mg, 91%) which was used without further purification. 'H NMR (400 MHz,
CDCl3) $8.01 (d,]=9.0Hz, 1H),6.87 (d,] =2.7 Hz, 1H), 6.64 (dd, ] =9.1,2.7 Hz, 1H), 4.65 (bs,
NH), 3.32 (t,] = 6.6 Hz, 2H), 3.24 (td, ] = 7.1, 5.5 Hz, 2H), 1.78-1.60 (m, 4H), 1.57-1.44 (m,
2H). 13C NMR (101 MHz, CDCl3) §. 151.9, 136.6, 129.3, 126.8 (q, Jcr = 32.5 Hz), 122.4 (q,
Jcr =280.0 Hz) 112.6, 111.3 (q, Jcr = 7.0 Hz), 51.3, 43.4, 28.7, 28.6, 24.3. MS (ES+): m/z calcd
for C12H14F3N502 + H* 318.28 [M + H]Jr found 318.06.

4.1.3. General Procedure for the Click Reaction

Sodium ascorbate (0.015 mmol), CuSOy4-5H,0 (0.005 mmol), and azide 2 (0.10 mmol)
were added to a solution of the appropriate alkyne 3 or 4 (0.10 mmol) in 1.5 mL of a
1:1:1.5 mixture of H,O/t-BuOH/THF (v/v). The resulting mixture was premixed for 30 s
and then heated in a sealed glass tube in a Biotage Initiator microwave apparatus at



Molecules 2024, 29, 3383

14 of 19

80 °C for 30 min. After cooling at room temperature, the solvent was removed in vacuo
and the crude material was partitioned between CH,Cl; (2 x 5 mL) and H,O (5 mL).
The combined organic layers were dried by using anhydrous NaySOy, filtered, and evap-
orated under reduced pressure to produce a crude compound which was purified by
flash chromatography.

Hybrid dU-t-NO flash chromatography: Cyclohexane/EtOAc 1:1; 68% yield. "H NMR
(400 MHz, CD3;0D) 6 8.24 (s, 1H,), 8.01 (d, ] =9.0 Hz, 1H), 7.78 (s, 1H), 6.95 (d, ] = 2.5 Hz,
1H),6.72(dd, ] =9.2,2.6 Hz, 1H), 6.23 (t, ] = 6.6 Hz, 1H), 4.44-4.34 (m, 3H), 3.96-3.83 (m,
1H), 3.88-3.67 (m, 2H), 3.18 (t, ] = 7.0 Hz, 2H), 2.71 (t, ] = 7.5 Hz, 2H), 2.40 (t, ] = 6.9 Hz,
2H,), 2.34-2.15 (m, 2H), 1.94 (p, ] = 7.1 Hz, 2H), 1.81 (p, ] = 7.6 Hz, 2H), 1.67 (p, ] = 7.0 Hz,
2H), 1.58 (p, ] = 6.9 Hz, 2H) 1.46-1.30 (m, 2H). '*C NMR (101 MHz, CD30D) § 164.7, 154.5,
151.2,149.0, 144.3, 136.0, 130.6, 127.3 (q, Jcr = 32.5 Hz), 124.0 (q, Jcr = 280.0 Hz), 123.3, 120.0,
112.6,112.2,101.2,94.7, 89.1, 86.8, 73.0, 72.0, 62.5, 51.1, 43.7, 41.7, 30.9, 29.5, 29.0, 28.9, 25.8,
24.9,19.9. MS (ES+): m/z caled for Co9H34F3N7O7 + H* 649.25 [M + H]* found 650.12.

Hybrid dAdo-t-NO: flash chromatography: Cyclohexane/EtOAc 1:1; 65% yield. 'H
NMR (400 MHz, CD3;0D) 6 8.14 (s, 1H), 7.98 (d, | = 9.2 Hz, 1H), 7.79 (s, 1H), 6.94 (d,
J=2.6 Hz, 1H), 6.69 (dd, ] = 9.2, 2.6 Hz, 1H), 6.59 (dd, | = 9.0, 5.9 Hz, 1H), 4.63 (dt, ] = 5.5,
1.8 Hz, 1H), 4.39 (t, ] = 7.0 Hz, 2H), 4.11 (td, ] = 2.9, 1.6 Hz, 1H), 3.88 (dd, ] = 12.5, 2.6 Hz,
1H), 3.74 (dd, ] = 12.5, 3.1 Hz, 1H), 3.17 (t, ] = 7.0 Hz, 2H), 3.03 (ddd, ] = 13.3, 9.1, 5.6 Hz,
1H), 2.77 (t, ] = 7.4 Hz, 2H), 2.63 (t, ] = 6.9 Hz, 3H), 2.28 (ddd, | = 13.3, 6.0, 1.7 Hz, 1H),
2.00-1.92 (m, 3H), 1.91-1.84 (m, 2H), 1.77-1.69 (m, 2H), 1.65 (dt, ] = 14.9, 7.2 Hz, 3H),
1.45-1.33 (m, 2H). 13C NMR (101 MHz, CD;0D) & 157.2, 154.5, 153.9, 149.5, 148.7, 136.1,
135.9,130.5, 127.3 (q, Jcr = 32.5 Hz), 124.0 (q, Jcr = 280 Hz), 123.3, 120.6, 112.6, 112.1, 100.0,
90.5, 88.3,73.8,70.6, 64.3, 51.1, 43.7, 40.3, 30.9, 29.7, 29.1, 28.4, 25.7, 24.9, 19.7. MS (ES+): m/z
calcd for C30H35F3N1005 + H* 672.27 [M + H]Jr found 673.11.

4.1.4. Chemical Stability of Hybrids

A DMSO mother solution of each hybrid at 20 mM concentration was prepared. The
solution was diluted in complete cell culture medium (DMEM) to a final concentration
of 50 or 100 uM. The solutions were kept at 37 °C in the dark. A time course at 3, 6, and
14 h was considered. Chromatograms at the relevant detection wavelength of 420 nm for
all hybrids were extracted from PDA data (600-200 nm). The experiment was performed
in duplicate.

HPLC-UV-MS analyses were performed on an Agilent 1260 Infinity HPLC equipped
with a triple quadrupole mass spectrometer TSQ Quantum Access Max and electrospray
ionization source detector. Samples of 0.5 mL were used as sources for the automated
injection. LC-MS grade methanol was purchased from Sigma-Aldrich (Merck, Italy) in
the highest available purity and was used without any further purification. Ultrapure
water (uH,O) was produced using a Sartorius Arium Pro® system (Goettingen, Germany).
The chromatographic separation was performed on a reverse phase Zorbax C8 column
4.6 x 150 mm, 5 um (Agilent Technologies, CA, USA), at a flow rate of 0.5 mL/min. Linear
gradient: mobile phases A (NH;OAc 5 mM and HCOOH 0.1% in uH,O v/v) and B (MeOH)
from 50:50 to 5:95. MS analyses were performed in full scan mode: scan range 250-1500,
positive ionization (ES+).

4.2. Photochemistry
4.2.1. Photochemical Quantum Yield Measurements

Photochemical quantum yield determinations were accomplished using the 2nd har-
monics (355 nm) of a Q-switched Continuum Surelite II Nd:YAG laser delivering pulses of
5 ns duration at a maximum repetition frequency of 10 Hz.

4.2.2. Trradiation Apparatus for In Vitro Experiments

The custom-made irradiation apparatus used in experiments on cells comprised an
aluminum frame support bearing at the base of a 100 mm x 80 mm matrix of 48 LEDs,
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derived from a SMD5050 UV LED strip and powered by a 24 V dc power supply Mean Well
model HLG-100H-24B. Each UV LED was capable of generating up to 10 mW of optical
radiant power at a peak wavelength of 380 nm. The frame could accommodate standard
cell culture plates positioned at an adjustable height to regulate the optical power density
at the desired value.

As an alternative, the device was provided with a source radiating from top to bottom
realized by coupling one of the six LEDs of an Intelligent LED strip Solutions model ILS-
XC06-5410-SD111 to an optical fiber mounting a collimating lens at the exit end fixed to the
support frame. The single LED source was horizontally and vertically adjustable to yield
uniform illumination over about a 5 cm diameter spot. The peak wavelength of the single
LED was at 420 nm and the power density was kept in the range of 0.5-1.5 m W/cm? over
the cell plane. A colored glass cut-off Schott GG420 filter was used to reshape the LED
spectral profile in order to eliminate wavelengths below 410 nm (Figure 11).

Figure 11. Custom-made irradiation apparatus for in vitro experiments.

4.2.3. Griess Assay

The photogeneration of NO was checked by evaluating the amount of nitrite formed
upon irradiation of the hybrids for 40 min with the 420 nm LED source using the Griess
Reagent System (Promega, Madison, WI, USA), following the manufacturer’s instructions.

4.3. Biological Evaluation
4.3.1. Cell Lines

The evaluation of the biological effects of the three hybrids was performed on the hu-
man RKO colon carcinoma cell line and on the human hepatocarcinoma cell line Hep 3B2.1-
7, both purchased from the American Type Culture Collection (ATCC, Manassas, VA, USA).
RKO and Hep 3B2.1-7 cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM,;
Corning, Glendale, AZ, USA) supplemented with 10% fetal bovine serum (FBS; Gibco,
Grand Island, NY, USA), 2 mM L-glutamine, 100 U/mL penicillin, and 100 mg/mL strepto-
mycin (L-Glutamine-Penicillin-Streptomycin solution from Sigma-Aldrich, St. Louis, MO,
USA). All the cell lines were maintained at 37 °C in an atmosphere of 5% CO; and 90%
relative humidity.

4.3.2. Evaluation of the Cytotoxic and Cytostatic Effects of the Hybrids

For the evaluation of the biological effects of the hybrids, the molecules were all
reconstituted in DMSQO, whose final concentration never exceeded 0.1%.
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In a first set of experiments, RKO and Hep 3B2.1-7 cell lines were treated for 36 or 72 h
with different concentrations of dAdo-S-NO, dAdo-t-NO, and dU-t-NO (range: 10-100 uM)
and maintained in the dark. After 36 h of treatment, cell cycle analysis was performed
by flow cytometry. For this purpose, 5-bromodeoxyuridine (BrdU) was incorporated into
newly synthesized DNA for 1.5 h at 37 °C; the incorporated BrdU was then detected using
a primary anti-BrdU antibody (BioLegend, San Diego, CA, USA) and the complex was
revealed using a FITC conjugated secondary antibody (Cytek Biosciences, Fremont, CA,
USA). Finally, cells were stained with propidium iodide (PI, 50 ug/mL, Sigma-Aldrich)
and analyzed using a FACSCalibur flow cytometer (BD Biosciences, San Jose, CA, USA).

The hybrid effects on RKO and Hep 3B2.1-7 cell viability and proliferation were
evaluated after 72 h of treatment by counting cells with Trypan blue and by an MTT
colorimetric assay (Roche Diagnostics Corporation, Indianapolis, IN, USA), following the
manufacturer’s instructions. MTT assay quantification was performed using a TECAN
Infinite® M Plex microplate reader (Tecan Trading AG, Ménnedorf, Switzerland, CH).
The cytotoxicity of the hybrids was also confirmed by the analysis of the percentage of
apoptosis by flow cytometry. For this purpose, cells were stained with annexin V-FITC
and PI (Beckman Coulter Inc., Brea, CA, USA). Cell cycle and apoptosis data analysis was
performed using the FloJo Software (Tree Star, Ashland, OR, USA).

For a comparative evaluation of the hybrids” ICs, values, the RKO cell line was also
treated with a scalar dose of Paclitaxel (range: 1-500 nM), used as a reference drug, follow-
ing the method previously described [43]. In particular, cells were incubated with Paclitaxel
for 4 h and then treatments were removed and replaced with fresh complete medium; after
a further 72 h, viable cell number and apoptosis were evaluated as described above.

4.3.3. Evaluation of the Effects of Irradiation on dAdo-t-NO and dU-t-NO Effectiveness

A second set of experiments was performed to evaluate the contribution of NO release
on cell viability. In this respect, RKO cells were treated for 72 h with 50 and 100 uM of
dAdo-t-NO or dU-t-NO hybrids, while Hep3B2.1-7 cells were treated with 50 and 100 uM of
the dAdo-t-NO hybrid. After 12 h of treatment, both cell lines were irradiated for 40 min by
using the custom-made apparatus described above (Figure 11). Irradiation was performed
at 37 °C in the presence of 5% CO, and 90% relative humidity. After irradiation, cells
were incubated until 72 h after the initial treatment, then they were analyzed to evaluate
dAdo-t-NO or dU-t-NO cytotoxicity using a Trypan blue dye exclusion count and apoptosis
analysis, as described above. Parallel to these experiments, cells were also subjected to the
same treatments in the dark, as a control.

4.3.4. Statistical Analysis

For the evaluation of the hybrids’ biological effects, data results, obtained from at least
three independent experiments, were analyzed by one-way ANOVA followed by the Bon-
ferroni post-hoc test (for multiple corrections) using GraphPad Prism software, version 8.4.2
(GraphPad Software, San Diego, CA, USA). Results were expressed as mean =+ standard
deviation (SD) of replicate experiments. Statistical significance was defined as almost
p <0.05.

ICs) values were calculated using GraphPad Prism software, version 8.4.2 (GraphPad Software).

5. Conclusions

In this work, we reported on the biological evaluation of the 2’-deoxyadenosine
derivatives dAdo-S-NO and dAdo-t-NO, as well as the newly synthesized 2’-deoxyuridine
hybrid dU-t-NO, prepared by click chemistry and endowed with a NO PD unit. The light-
triggered release of NO has been demonstrated by spectroscopic and photochemical studies.
All hybrids showed the effective release of NO in the uM range. The hybrids tested in the
dark in both RKO colon- and Hep3B2.1-7 hepatocarcinoma cell lines showed interesting
cytostatic and cytotoxic effects with IC5p values in the range of 10.39-61.66 pM with a
slight cytoselectivity towards the RKO colon carcinoma cell line. Moreover, all hybrids
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displayed a more marked pro-apoptotic effect in RKO cell line with respect to Hep 3B2.1-7.
The SAR study in the dark suggested that 2’-deoxyadenosine-based hybrids (dAdo-S-NO
and dAdo-t-NO) can be considered more interesting, showing higher cytotoxicity and
selectivity than the 2’-deoxyuridine derivative (dU-t-NO).

Attempts to improve the cytotoxic and antiproliferative effects of dU-t-NO in the
RKO cell line and dAdo-t-NO in both RKO and Hep3B2.1-7 cell lines by the light-triggered
release of NO failed under the photochemical conditions employed. Indeed, both dU-t-NO
and dAdo-t-NO hybrids showed no evidence of the effect of NO release in terms of both
cell viability and apoptotic effect in the selected cells upon illumination.

Specific NO donors such as NO PD units able to control NO production and release
specifically at the target site have been considered of particular interest due to the intrinsic
difficulties in the direct administration of NO [28]. In particular, the PD unit 4-nitro-3-
(trifluoromethyl)aniline was chosen not only because of its synthetic versatility but also
because it has been reported as being non-toxic to cells before and after the release of
NO [34]. Indeed, the mechanism of NO release leads to phenol-derivative photoprod-
ucts (Figure 1A) that, according to similar compounds, are potential antioxidants. This
represents a possible advantage with respect to other NO photo-generators in terms of
the photoproduct’s cytotoxicity [44,45]. However, the mechanism of action of 4-nitro-3-
(trifluoromethyl)aniline conjugated in light conditions has not been fully elucidated yet,
as also reported in the literature for other hybrid compounds [46]. Therefore, the hybrids
herein reported, also in consideration of the intrinsic cytotoxicity displayed towards colon-
and hepatocarcinoma cell lines, should be further investigated in order to clarify the missed
effectiveness of NO. In particular, a lack of bioavailability of dU-t-NO and dAdo-t-NO
hybrids might, at least in part, account for the unsuccessful results. Hence, further studies
focused on hybrid nano-based delivery systems will be planned.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /molecules29143383/s1, Figure S1: NMR spectra of (5-azido-
pentyl)-(4-nitro-trifluoromethyl-phenyl) amine (2); Figure S2: NMR spectra of hybrid dU-t-NO;
Figure S3: NMR spectra of hybrid dAdo-t-NO.

Author Contributions: Conceptualization M.L.N. and D.P,; compounds design M.L.N. and D.P,;
synthesis and characterization M.L.N., E.M. (Elena Marchesi) and L.P; photochemical experiments
and irradiation device set up: R.A.; biological experiments and data analysis E.M. (Elisabetta Melloni),
F.C. and E.P,; writing—original draft preparation, D.P. and M.L.N,; review and editing, D.P,, M.L.N.,
E.M. (Elena Marchesi), E.M. (Elisabetta Melloni), R.A. and C.D.R. All authors have read and agreed
to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are contained within the article and Supplementary Materials.

Acknowledgments: We gratefully acknowledge the University of Ferrara (fondi FAR) for finan-
cial support. Thanks are also given to Mr Paolo Formaglio for NMR experiments and Mr Marco
Carmosino for technical support.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.

Sung, H.; Ferlay, |.; Siegel, R.L.; Laversanne, M.; Soerjomataram, I.; Jemal, A.; Bray, F. Global Cancer Statistics 2020: GLOBOCAN
Estimates of Incidence and Mortality Worldwide for 36 Cancers in 185 Countries. CA Cancer | Clin. 2021, 71, 209-249. [CrossRef]
[PubMed]

Xi, Y.; Xu, P. Global Colorectal Cancer Burden in 2020 and Projections to 2040. Transl. Oncol. 2021, 14, 101174. [CrossRef] [PubMed]
Chidambaranathan-Reghupaty, S.; Fisher, P.B.; Sarkar, D. Hepatocellular Carcinoma (HCC): Epidemiology, Etiology and Molecular
Classification. In Advances in Cancer Research; Academic Press Inc.: Cambridge, MA, USA, 2021; Volume 149, pp. 1-61,
ISBN 9780128240304.


https://www.mdpi.com/article/10.3390/molecules29143383/s1
https://www.mdpi.com/article/10.3390/molecules29143383/s1
https://doi.org/10.3322/caac.21660
https://www.ncbi.nlm.nih.gov/pubmed/33538338
https://doi.org/10.1016/j.tranon.2021.101174
https://www.ncbi.nlm.nih.gov/pubmed/34243011

Molecules 2024, 29, 3383 18 of 19

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Rumgay, H.; Arnold, M,; Ferlay, J.; Lesi, O.; Cabasag, C.J.; Vignat, J.; Laversanne, M.; McGlynn, K.A.; Soerjomataram, I. Global
Burden of Primary Liver Cancer in 2020 and Predictions to 2040. ]. Hepatol. 2022, 77, 1598-1606. [CrossRef]

Longley, D.B.; Johnston, P.G. Molecular Mechanisms of Drug Resistance. J. Pathol. 2005, 205, 275-292. [CrossRef]

Mokhtari, R.B.; Homayouni, T.S.; Baluch, N.; Morgatskaya, E.; Kumar, S.; Das, B.; Yeger, H. Combination Therapy in Combating
Cancer. Oncotarget 2017, 8, 38022-38043. [CrossRef] [PubMed]

Jin, H.; Wang, L.; Bernards, R. Rational Combinations of Targeted Cancer Therapies: Background, Advances and Challenges. Nat.
Rev. Drug Discov. 2023, 22, 213-234. [CrossRef]

Doostmohammadi, A.; Jooya, H.; Ghorbanian, K.; Gohari, S.; Dadashpour, M. Potentials and Future Perspectives of Multi-Target
Drugs in Cancer Treatment: The next Generation Anti-Cancer Agents. Cell Commun. Signal. 2024, 22, 228. [CrossRef]

Meunier, B. Hybrid Molecules with a Dual Mode of Action: Dream or Reality? Acc. Chem. Res. 2008, 41, 69-77. [CrossRef]
Singh, A K.; Kumar, A.; Singh, H.; Sonawane, P,; Paliwal, H.; Thareja, S.; Pathak, P.; Grishina, M.; Jaremko, M.; Emwas, A.-H.;
et al. Concept of Hybrid Drugs and Recent Advancements in Anticancer Hybrids. Pharmaceuticals 2022, 15, 1071. [CrossRef]
Gediya, L.K,; Njar, V.C. Promise and Challenges in Drug Discovery and Development of Hybrid Anticancer Drugs. Expert Opin.
Drug Discov. 2009, 4, 1099-1111. [CrossRef]

Szumilak, M.; Wiktorowska-Owczarek, A.; Stanczak, A. Hybrid Drugs—A Strategy for Overcoming Anticancer Drug Resistance?
Molecules 2021, 26, 2601. [CrossRef] [PubMed]

Zimmermann, G.R.; Lehdr, J.; Keith, C.T. Multi-Target Therapeutics: When the Whole Is Greater than the Sum of the Parts. Drug
Discov. Today 2007, 12, 34—42. [CrossRef] [PubMed]

Shalini; Kumar, V. Have Molecular Hybrids Delivered Effective Anti-Cancer Treatments and What Should Future Drug Discovery
Focus On? Expert Opin. Drug Discov. 2021, 16, 335-363. [CrossRef] [PubMed]

Ignarro, L.J. Preface to This Special Journal Issue on Nitric Oxide Chemistry and Biology. Arch. Pharm. Res. 2009, 32, 1099-1101.
[CrossRef] [PubMed]

Korde Choudhari, S.; Chaudhary, M.; Bagde, S.; Gadbail, A.R.; Joshi, V. Nitric Oxide and Cancer: A Review. World J. Surg. Oncol.
2013, 11, 118. [CrossRef] [PubMed]

Mintz, J.; Vedenko, A.; Rosete, O.; Shah, K.; Goldstein, G.; Hare, ].M.; Ramasamy, R.; Arora, H. Current Advances of Nitric Oxide
in Cancer and Anticancer Therapeutics. Vaccines 2021, 9, 94. [CrossRef] [PubMed]

Sinha, B.K. Can Nitric Oxide-Based Therapy Be Improved for the Treatment of Cancers? A Perspective. Int. ]. Mol. Sci. 2023,
24,13611. [CrossRef]

Wink, D.A.; Mitchell, ].B. Chemical Biology of Nitric Oxide: Insights into Regulatory, Cytotoxic, and Cytoprotective Mechanisms
of Nitric Oxide. Free Radic. Biol. Med. 1998, 25, 434—456. [CrossRef] [PubMed]

Miranda, K.M.; Ridnour, L.A.; McGinity, C.L.; Bhattacharyya, D.; Wink, D.A. Nitric Oxide and Cancer: When to Give and When
to Take Away? Inorg. Chem. 2021, 60, 15941-15947. [CrossRef]

Poderoso, ].J.; Helfenberger, K.; Poderoso, C. The Effect of Nitric Oxide on Mitochondrial Respiration. Nitric Oxide 2019, 88, 61-72.
[CrossRef]

Moncada, S.; Erusalimsky, J.D. Does Nitric Oxide Modulate Mitochondrial Energy Generation and Apoptosis? Nat. Rev. Mol. Cell
Biol. 2002, 3, 214-220. [CrossRef] [PubMed]

Wink, D.A.; Vodovotz, Y.; Laval, J.; Laval, E; Dewhirst, M.W.; Mitchell, J.B. The Multifaceted Roles of Nitric Oxide in Cancer.
Carcinogenesis 1998, 19, 711-721. [CrossRef] [PubMed]

Laneri, F; Graziano, A.C.E.; Seggio, M.; Fraix, A.; Malanga, M.; Béni, S.; Longobardi, G.; Conte, C.; Quaglia, F.; Sortino, S.
Enhancing the Anticancer Activity of Sorafenib through Its Combination with a Nitric Oxide Photodelivering 3-Cyclodextrin
Polymer. Molecules 2022, 27, 1918-1930. [CrossRef] [PubMed]

Thomas, D.D,; Liu, X.; Kantrow, S.P.; Lancaster, ]J.R. The Biological Lifetime of Nitric Oxide: Implications for the Perivascular
Dynamics of NO and O,. Proc. Natl. Acad. Sci. USA 2001, 98, 355-360. [CrossRef] [PubMed]

Roberts, ].D.; Fineman, J.R.; Morin, EC.; Shaul, PW.; Rimar, S.; Schreiber, M.D.; Polin, R.A.; Zwass, M.S.; Zayek, M.M.; Gross,
I; et al. Inhaled Nitric Oxide and Persistent Pulmonary Hypertension of the Newborn. N. Engl. |. Med. 1997, 336, 605-610.
[CrossRef] [PubMed]

Bloch, K.; Ichinose, F.; Robertsjr, J.; Zapol, W. Inhaled NO as a Therapeutic Agent. Cardiovasc. Res. 2007, 75, 339-348. [CrossRef]
[PubMed]

Wang, Z.; Jin, A.; Yang, Z.; Huang, W. Advanced Nitric Oxide Generating Nanomedicine for Therapeutic Applications. ACS
Nano. 2023, 17, 8935-8965. [CrossRef] [PubMed]

Huang, Z; Fu, J.; Zhang, Y. Nitric Oxide Donor-Based Cancer Therapy: Advances and Prospects. J. Med. Chem. 2017, 60,
7617-7635. [CrossRef] [PubMed]

Pieretti, ].C.; Pelegrino, M.T.; Nascimento, M.H.M.; Tortella, G.R.; Rubilar, O.; Seabra, A.B. Small Molecules for Great Solutions:
Can Nitric Oxide-Releasing Nanomaterials Overcome Drug Resistance in Chemotherapy? Biochem. Pharmacol. 2020, 176, 113740.
[CrossRef]

Alimoradi, H.; Greish, K.; Gamble, A.B.; Giles, G.I. Controlled Delivery of Nitric Oxide for Cancer Therapy. Pharm. Nanotechnol.
2019, 7, 279-303. [CrossRef]

Wimalawansa, S.J. Nitric Oxide: New Evidence for Novel Therapeutic Indications. Expert Opin. Pharmaco. 2008, 9, 1935-1954.
[CrossRef] [PubMed]


https://doi.org/10.1016/j.jhep.2022.08.021
https://doi.org/10.1002/path.1706
https://doi.org/10.18632/oncotarget.16723
https://www.ncbi.nlm.nih.gov/pubmed/28410237
https://doi.org/10.1038/s41573-022-00615-z
https://doi.org/10.1186/s12964-024-01607-9
https://doi.org/10.1021/ar7000843
https://doi.org/10.3390/ph15091071
https://doi.org/10.1517/17460440903341705
https://doi.org/10.3390/molecules26092601
https://www.ncbi.nlm.nih.gov/pubmed/33946916
https://doi.org/10.1016/j.drudis.2006.11.008
https://www.ncbi.nlm.nih.gov/pubmed/17198971
https://doi.org/10.1080/17460441.2021.1850686
https://www.ncbi.nlm.nih.gov/pubmed/33305635
https://doi.org/10.1007/s12272-009-1800-2
https://www.ncbi.nlm.nih.gov/pubmed/19727601
https://doi.org/10.1186/1477-7819-11-118
https://www.ncbi.nlm.nih.gov/pubmed/23718886
https://doi.org/10.3390/vaccines9020094
https://www.ncbi.nlm.nih.gov/pubmed/33513777
https://doi.org/10.3390/ijms241713611
https://doi.org/10.1016/S0891-5849(98)00092-6
https://www.ncbi.nlm.nih.gov/pubmed/9741580
https://doi.org/10.1021/acs.inorgchem.1c02434
https://doi.org/10.1016/j.niox.2019.04.005
https://doi.org/10.1038/nrm762
https://www.ncbi.nlm.nih.gov/pubmed/11994742
https://doi.org/10.1093/carcin/19.5.711
https://www.ncbi.nlm.nih.gov/pubmed/9635855
https://doi.org/10.3390/molecules27061918
https://www.ncbi.nlm.nih.gov/pubmed/35335280
https://doi.org/10.1073/pnas.98.1.355
https://www.ncbi.nlm.nih.gov/pubmed/11134509
https://doi.org/10.1056/NEJM199702273360902
https://www.ncbi.nlm.nih.gov/pubmed/9032045
https://doi.org/10.1016/j.cardiores.2007.04.014
https://www.ncbi.nlm.nih.gov/pubmed/17544387
https://doi.org/10.1021/acsnano.3c02303
https://www.ncbi.nlm.nih.gov/pubmed/37126728
https://doi.org/10.1021/acs.jmedchem.6b01672
https://www.ncbi.nlm.nih.gov/pubmed/28505442
https://doi.org/10.1016/j.bcp.2019.113740
https://doi.org/10.2174/2211738507666190429111306
https://doi.org/10.1517/14656566.9.11.1935
https://www.ncbi.nlm.nih.gov/pubmed/18627331

Molecules 2024, 29, 3383 19 of 19

33.
34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Sortino, S. Photoactivated Nanomaterials for Biomedical Release Applications. |. Mater. Chem. 2012, 22, 301-318. [CrossRef]
Sharma, N.; Dhyani, A.K.; Marepally, S.; Jose, D.A. Nanoscale Lipid Vesicles Functionalized with a Nitro-Aniline Derivative for
Photoinduced Nitric Oxide (NO) Delivery. Nanoscale Adv. 2020, 2, 463—469. [CrossRef] [PubMed]

Navacchia, M.L.; Fraix, A.; Chinaglia, N.; Gallerani, E.; Perrone, D.; Cardile, V.; Graziano, A.C.E.; Capobianco, M.L.; Sortino, S.
NO Photoreleaser-Deoxyadenosine and -Bile Acid Derivative Bioconjugates as Novel Potential Photochemotherapeutics. ACS
Med. Chem. Lett. 2016, 7, 939-943. [CrossRef] [PubMed]

Guinan, M.; Benckendorff, C.; Smith, M.; Miller, G.J. Recent Advances in the Chemical Synthesis and Evaluation of Anticancer
Nucleoside Analogues. Molecules 2020, 25, 2050. [CrossRef]

Perrone, D.; Marchesi, E.; Preti, L.; Navacchia, M.L. Modified Nucleosides, Nucleotides and Nucleic Acids via Click Azide-Alkyne
Cycloaddition for Pharmacological Applications. Molecules 2021, 26, 3100. [CrossRef]

Navacchia, M.L.; Marchesi, E.; Mari, L.; Chinaglia, N.; Gallerani, E.; Gavioli, R.; Capobianco, M.L.; Perrone, D. Rational Design of
Nucleoside-Bile Acid Conjugates Incorporating a Triazole Moiety for Anticancer Evaluation and SAR Exploration. Molecules 2017,
22,1710. [CrossRef]

Perrone, D.; Bortolini, O.; Fogagnolo, M.; Marchesi, E.; Mari, L.; Massarenti, C.; Navacchia, M.L.; Sforza, F.; Varani, K.; Capobianco,
M.L. Synthesis and in Vitro Cytotoxicity of Deoxyadenosine-Bile Acid Conjugates Linked with 1,2,3-Triazole. New J. Chem. 2013,
37, 3559-3567. [CrossRef]

Xu, Z.; Zhao, S.-J.; Liu, Y. 1,2,3-Triazole-Containing Hybrids as Potential Anticancer Agents: Current Developments, Action
Mechanisms and Structure-Activity Relationships. Eur. . Med. Chem. 2019, 183, 111700. [CrossRef]

Pasieka, A.; Diamanti, E.; Uliassi, E.; Laura Bolognesi, M. Click Chemistry and Targeted Degradation: A Winning Combination
for Medicinal Chemists? ChemMedChem 2023, 18, €202300422. [CrossRef]

Gupta, S.; Ameta, C.; Ameta, R.; Punjabi, P.B. Click Chemistry: A Tool for Green Chemical Organic Synthesis. In Green Sustainable
Process for Chemical and Environmental Engineering and Science; Elsevier: Amsterdam, The Netherlands, 2020; pp. 13-48.

Melloni, E.; Marchesi, E.; Preti, L.; Casciano, F; Rimondi, E.; Romani, A.; Secchiero, P.; Navacchia, M.L.; Perrone, D. Synthesis and
Biological Investigation of Bile Acid-Paclitaxel Hybrids. Molecules 2022, 27, 471. [CrossRef] [PubMed]

Stochel, G.; Wanat, A.; Kulis, E.; Stasicka, Z. Light and Metal Complexes in Medicine. Coord. Chem. Rev. 1998, 171, 203-220.
[CrossRef]

Bordini, J.; Hughes, D.L.; Da Motta Neto, ].D.; Jorge da Cunha, C. Nitric Oxide Photorelease from Ruthenium Salen Complexes in
Aqueous and Organic Solutions. Inorg. Chem. 2002, 41, 5410-5416. [CrossRef] [PubMed]

Fallica, A.N.; Barbaraci, C.; Amata, E.; Pasquinucci, L.; Turnaturi, R.; Dichiara, M.; Intagliata, S.; Gariboldi, M.B.; Marras, E.;
Orlandi, V.T;; et al. Nitric Oxide Photo-Donor Hybrids of Ciprofloxacin and Norfloxacin: A Shift in Activity from Antimicrobial
to Anticancer Agents. |. Med. Chem. 2021, 64, 11597-11613. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1039/C1JM13288A
https://doi.org/10.1039/C9NA00532C
https://www.ncbi.nlm.nih.gov/pubmed/36133998
https://doi.org/10.1021/acsmedchemlett.6b00257
https://www.ncbi.nlm.nih.gov/pubmed/27774133
https://doi.org/10.3390/molecules25092050
https://doi.org/10.3390/molecules26113100
https://doi.org/10.3390/molecules22101710
https://doi.org/10.1039/c3nj00513e
https://doi.org/10.1016/j.ejmech.2019.111700
https://doi.org/10.1002/cmdc.202300422
https://doi.org/10.3390/molecules27020471
https://www.ncbi.nlm.nih.gov/pubmed/35056786
https://doi.org/10.1016/S0010-8545(98)90033-9
https://doi.org/10.1021/ic011273d
https://www.ncbi.nlm.nih.gov/pubmed/12377035
https://doi.org/10.1021/acs.jmedchem.1c00917

	Introduction 
	Results 
	Chemistry 
	Synthesis of Nucleoside–NO Photo-Donor Hybrids 
	Chemical Stability in Cell Culture Medium 

	Photochemistry 
	Biological Evaluation 
	Evaluation of the Biological Activity of dAdo-S-NO, dAdo-t-NO, and dU-t-NO on Colon and Hepatocarcinoma Cancer Cells in the Dark 
	Evaluation of the Biological Activity of dU-t-NO on RKO Colon Carcinoma and dAdo-t-NO on RKO Colon Carcinoma and Hep3B2.1-7 Hepatocarcinoma Cell Lines after Irradiation 


	Discussion 
	Materials and Methods 
	Synthesis and Characterization 
	General 
	Synthesis of N-(5-Azidopentyl)-4-Nitro-3-(trifluoromethyl)aniline (2) 
	General Procedure for the Click Reaction 
	Chemical Stability of Hybrids 

	Photochemistry 
	Photochemical Quantum Yield Measurements 
	Irradiation Apparatus for In Vitro Experiments 
	Griess Assay 

	Biological Evaluation 
	Cell Lines 
	Evaluation of the Cytotoxic and Cytostatic Effects of the Hybrids 
	Evaluation of the Effects of Irradiation on dAdo-t-NO and dU-t-NO Effectiveness 
	Statistical Analysis 


	Conclusions 
	References

