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First evidence for N7-Platinated Guanosine derivatives cell uptake 
mediated by plasma membrane transport processes 

Federica De Castro a, Erik De Luca a, Chiara Roberta Girelli a, Amilcare Barca a, 
Alessandro Romano b, Danilo Migoni a, Tiziano Verri a,*, Michele Benedetti a,*, 
Francesco Paolo Fanizzi a 

a Dipartimento di Scienze e Tecnologie Biologiche ed Ambientali, Università del Salento, Via Monteroni, I-73100 Lecce, Italy 
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A B S T R A C T   

Nucleos(t)ide analogues (NA) belong to a family of compounds widely used in anticancer/antiviral treatments. 
They generally exhibit a cell toxicity limited by cellular uptake levels and the resulting nucleos(t)ides metabolism 
modifications, interfering with the cell machinery for nucleic acids synthesis. We previously synthesized purine 
nucleos(t)ide analogues N7-coordinated to a platinum centre with unaltered sugar moieties of the type: [Pt(dien) 
(N7-dGuo)]2+ (1; dien = diethylenetriamine; dGuo = 2′-deoxy-guanosine), [Pt(dien)(N7-dGMP)] (2; dGMP = 5′- 
(2′-deoxy)-guanosine monophosphate), and [Pt(dien)(N7-dGTP)]2− (3; dGTP = 5′-(2′-deoxy)-guanosine 
triphosphate), where the indicated electric charge is calculated at physiological pH (7.4). In this work, we 
specifically investigated the uptake of these complexes (1–3) at the plasma membrane level. Specific experiments 
on HeLa cervical cancer cells indicated a relevant cellular uptake of the model platinated deoxynucleos(t)ide 1 
and 3 while complex 2 appeared unable to cross the cell plasma membrane. Obtained data buttress an uptake 
mechanism involving Na+-dependent concentrative transporters localized at the plasma membrane level. 
Consistently, 1 and 3 showed higher cytotoxicity with respect to complex 2 also suggesting selective possible 
applications as antiviral/antitumor drugs among the used model compounds.   

1. Introduction 

Despite the advances in medicine and science, cancer remains 
worldwide a major cause of death [1] and the most common treatments 
for cancer (consisting in the administration of chemotherapeutic agents) 
are often associated with serious adverse side effects and/or resistance 
phenomena [2,3]. For these reasons, the search for new chemothera-
peutic agents is highly desired and nowadays still remains an open field 
of research [4]. Among the important classes of chemotherapeutic 
agents used in cancer treatment there are platinum-based drugs and 
alkylating agents, both acting in a similar way with alteration of the 
DNA structure [5], and the important class of nucleos(t)ide analogues 
(NA), working as antimetabolites [6]. These drugs are generally used 
alone or in combined therapeutic protocols involving two or more of 
them in a synergistic way [7,8]. 

Since its approval as anticancer drug in 1978, operated by the US 
Food and Drug Administration (FDA), cisplatin (cis-[PtCl₂(NH₃)₂]) is 
considered one of the most-successful inorganic compounds for anti-
cancer chemotherapy [9]. Despite its high effectiveness, in many cases 
both the intrinsic or acquired resistance of some tumours to cisplatin and 
its severe side effects strongly limit its clinical use [10]. For these rea-
sons, many platinum compounds have been synthesized after cisplatin in 
order to improve anticancer and/or pharmaceutical properties [11]. 
After cisplatin discovery, more than thirty new platinum complexes 
have entered clinical trials, but unfortunately only few of them (carbo-
platin, oxaliplatin, etc.) have finally been approved, and are currently 
used for the clinical treatment of cancer diseases [2]. 

Nucleos(t)ide analogues (NA) constitute a class of compounds 
currently used both as antiviral and anticancer drugs [6,12–18]. 
Generally, NA work as antimetabolites able to interfere with the nucleic 

* Corresponding authors. 
E-mail addresses: federica.decastro@unisalento.it (F. De Castro), erik.deluca@unisalento.it (E. De Luca), chiara.girelli@unisalento.it (C.R. Girelli), amilcare. 

barca@unisalento.it (A. Barca), romano.alessandro@hsr.it (A. Romano), danilo.migoni@unisalento.it (D. Migoni), tiziano.verri@unisalento.it (T. Verri), michele. 
benedetti@unisalento.it (M. Benedetti), fp.fanizzi@unisalento.it (F.P. Fanizzi).  

Contents lists available at ScienceDirect 

Journal of Inorganic Biochemistry 

journal homepage: www.elsevier.com/locate/jinorgbio 

https://doi.org/10.1016/j.jinorgbio.2021.111660 
Received 4 August 2021; Received in revised form 3 November 2021; Accepted 3 November 2021   

mailto:federica.decastro@unisalento.it
mailto:erik.deluca@unisalento.it
mailto:chiara.girelli@unisalento.it
mailto:amilcare.barca@unisalento.it
mailto:amilcare.barca@unisalento.it
mailto:romano.alessandro@hsr.it
mailto:danilo.migoni@unisalento.it
mailto:tiziano.verri@unisalento.it
mailto:michele.benedetti@unisalento.it
mailto:michele.benedetti@unisalento.it
mailto:fp.fanizzi@unisalento.it
www.sciencedirect.com/science/journal/01620134
https://www.elsevier.com/locate/jinorgbio
https://doi.org/10.1016/j.jinorgbio.2021.111660
https://doi.org/10.1016/j.jinorgbio.2021.111660
https://doi.org/10.1016/j.jinorgbio.2021.111660
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jinorgbio.2021.111660&domain=pdf


Journal of Inorganic Biochemistry 226 (2022) 111660

2

acids synthesis or modify the nucleos(t)ides metabolism [19,20]. 
Indeed, anticancer NA are widely used in the treatment of different types 
of tumours, ranging from low-grade malignant blood disorders to highly 
invasive solid tumours [10,12]. However, the toxicity and lack of 
specificity in the cancer treatment, observed for this class of antime-
tabolites, highlighted the importance of understanding the complexity 
of NA metabolism [21–23]. 

New strategies concerning the merging of the chemotherapeutic 
properties of platinum drugs and NA were also developed. Some of the 
previously reported platinum complexes containing a single coordinated 
nucleobase showed an interesting anticancer activity both in vitro and in 
vivo [24,25]. Relevant examples are the platinum(II) antitumor agents, 
of the type cis-[Pt(Am)Cl(NH3)2]+ (Am = heterocyclic N-donor, i.e. 
pyridine, pyrimidine, purine or piperidine substituent), first studied by 
Hollis et al. and exhibiting a good antitumor activity against Sl80, P388, 
and L1210 cancer cells in mice [26]. Further studies involving the Lip-
pard's group showed that one of the action mechanisms attributable to 
the Hollis' compounds is related to interference with the cells meta-
bolism consequent to the interaction with purines at the DNA level 
[27–29]. 

In recent works, we could demonstrate that the complex [Pt(dien) 
(N7-dGTP)]2− (3; dien = diethylenetriamine; dGTP = 5′-(2′-deoxy)- 
guanosine triphosphate), used as model complex, can be recognized by 
DNA polymerases and consequently incorporated into newly- 
synthesized DNA [30,31]. We also demonstrated that the [Pt(dien) 
(N7-dGTP)]2− (3) can actively be transported, with high affinity, by the 
mitochondrial membrane deoxynucleotide carrier (DNC) and then 
incorporated into mtDNA by action of the mitochondrial DNA poly-
merase ϒ [32,33]. On the other hand, [Pt(dien)(N7-GTP)]2− (GTP = 5′- 
guanosine triphosphate) is not incorporated by RNA polymerases into 
newly-synthesized RNA [34]. Moreover, there are papers showing both 
enhanced or decreased antiviral/antitumor activity for platinated 
nucleotide analogues with respect to the original drugs. Nevertheless, 
the observed variation in antiviral/antitumor activities resulted strongly 
influenced by ancillary ligands [35,36]. 

Drug uptake across the cell membrane is one of the pivotal steps of 
the mechanisms responsible for both pharmacological activity and 
induced resistance processes. [37] For this reason, the transport of Pt 
drugs (e.g. cisplatin, oxaliplatin, etc.) via mechanisms involving 
different sets of transporters continues to be studied [27,38–42]. The 
ability of platinated nucleos(t)ide derivatives to mimic physiological cell 
substrates, acting as antimetabolites into target cells, clearly depends on 
the availability of suitable cell membrane transporters. This work is, 
therefore, focused on the cellular uptake of a set of platinated deoxy-
nucleos(t)ides to be considered as possible substrates for human trans-
porters in the HeLa cervical cancer cell model. 

In the present paper we have focused the investigation on platinated 
nucleos(t)ides. In this respect, a specific direct comparison between the 
cellular uptake of structurally similar [Pt(dien)(dGuo)]2+ (dGuo = 2′- 
deoxy-guanosine), [Pt(dien)(dGMP)] (dGMP = 5′-(2′-deoxy)-guanosine 
monophosphate) and [Pt(dien)(dGTP)]2− complexes (whose electric 
charges are determined only by the number of guanosine bonded 
phosphates) has been studied and is reported. Indeed, the specificity of 
NA uptake by transmembrane transporters may determine their access 
to selected cell types and/or intracellular compartments [43]. There-
fore, it cannot be excluded the direct involvement in the cell membrane 
crossing process of transporters suitable for the uptake of platinated 
nucleos(t)ides. 

2. Experimental section 

2.1. Reagents and methods 

All solvents and reagents, unless otherwise stated, were purchased 
from Aldrich Chemical Company and used as received. [PtCl(dien)]Cl 
was prepared following the synthesis reported by Annibale and co- 

workers [44]. NMR spectra were recorded on a Bruker AVANCE III - 
400 spectrometer using deuterated solvents. 

2.2. Synthesis of [Pt(dien)(N7-G)] complexes, G = dGuo, dGMP, dGTP 

The considered [Pt(dien)(N7-dGuo)]2+ (1), [Pt(dien)(N7-dGMP)] 
(2) and [Pt(dien)(N7-dGTP)]2− (3) complexes were synthesized by a 
previously reported method [30,45]. In a typical reaction to a 10 mM 
D2O solution of the [PtCl(dien)]Cl complex it was gradually added the 
stoichiometric amount of dGuo, dGMP or dGTP (1:1 M ratio). The 
progress of the reaction was monitored at ambient temperature within 
completion by 1H NMR spectroscopy. The pH (uncorrected) was main-
tained in the 3–5 interval and adjusted by DNO3 or KOD addition, as 
required. The final products 1–3 were lyophilized and redissolved in 
H2O before their use in biological assays. 

2.3. Cell culture and treatments 

HeLa cells (human cervical adenocarcinoma epithelial cells) derived 
from frozen stocks purchased from the American Type Cell Culture 
(ATCC, Manassas, MA; ATCC® CCL-2™). In brief, cells were cultured in 
standard conditions according to ATCC protocols, in Dulbecco's Modi-
fied Eagle's Medium (D-MEM; Sigma-Aldrich), supplemented with FBS 
(fetal bovine serum; 10% v/v), L-glutamine (2 mM), penicillin (100 U/ 
ml) and streptomycin (100 ng/ml), in a water-saturated atmosphere of 
5% CO2 and 95% air at 37 ◦C. Cells were routinely propagated and 
transferred to new flasks or petri dishes, when reaching 70–80% 
confluence (~ every 3 days). The culture medium was replaced with 
fresh medium 24 h prior to experiments. For propagation, cells were 
detached and harvested with a 0.3% (v/v) trypsin solution in D-PBS 
(Dulbecco's Phosphate Buffer Saline). All experiments with cells were 
conducted between passage 3 and 6 of propagation. 

2.4. MTT proliferation assay 

The MTT (3-[4,5-dimethylthiazole-2-yl]-2,5-diphenyltetrazolium 
bromide) assay was used to evaluate the effects of the investigated 
complexes on mitochondrial activity as reference of cellular viability. 
Cells were seeded in 96-well plates (20 × 103 cells per well) and incu-
bated for 24 h at 37 ◦C. After incubation, the medium was removed and 
replaced with fresh medium containing complexes at concentrations 
ranging from 1 to 1000 μM, obtained by serial dilutions. After 48 h 
treatment, MTT solution (in sterile filtered PBS, pH 7.4) was added to 
each well at final concentration of 0.5 mg/mL MTT, and plates were 
incubated at 37 ◦C for 3 h. The dark-blue formazan crystals were then 
solubilized, by cell lysis with 200 μL/well of 2-propanol/HCl 4 N, and 
the absorbance was measured at 550 nm with a microplate reader. Data 
were reported as % of control and were the mean (± SD) of eight sample 
replicates of each treatment, for each of three independent experiments. 

2.5. Uptake studies 

Uptake experiments were performed in HeLa cells 2–3 days after 
plating, i.e. at 80–90% confluence, on 35-mm diameter dishes. The 
following standard uptake procedures were adapted according to liter-
ature reported protocols [46–50]. 

2.5.1. Time- and dose-dependent uptake studies 
Growth medium was removed, and dishes were washed three times 

in 1 ml of prewarmed (37 ◦C) sodium or choline medium (137 mM NaCl 
or 137 mM choline chloride, respectively; 5.4 mM KCl; 2.8 mM CaCl2; 
1.2 mM MgSO4; 10 mM HEPES/Tris, pH 7.4, where HEPES = 4-(2- 
hydroxyethyl)-1-piperazineethanesulfonic acid and Tris = tris-hydrox-
ymethyl- aminomethane). Uptake media (sodium or choline) were ob-
tained by adding the platinated nucleotides and nucleosides (50 μM final 
concentration). Uptake was started by adding 1 ml of uptake medium (at 
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37 ◦C) to the plate and incubating for different times (t = 0, 5, 15, 30 
min); finally, the uptake was blocked by removing uptake medium from 
the plate and by three washings in a cold (4 ◦C) stop solution (132 mM 
NaCl, 14 mM Tris/HCl, pH 7.4). Nonspecific binding was assessed by 
measuring the uptake at t = 0 (that is adding the uptake medium and 
removing it immediately, then stopping the uptake with stop solution). 
Cell lysates were obtained by adding 1 ml of 0.5% Triton X-100 in D-PBS 
(Dulbecco's phosphate-buffered saline) per dish and subsequent orbital 
agitation overnight. 100 μl of the final lysates were removed for protein 
determination according to the method of Lowry et al. [51]. The 
remaining lysate volume was used for platinum amount determination 
by ICP-AES. Pt uptake was finally expressed as picomoles per milligram 
of cellular protein content. 

For dose-dependent uptake studies, uptake media were prepared by 
adding the platinated nucleotides and nucleosides with increasing con-
centrations of the synthesized complexes (ranging between 0.5 and 500 
μM, obtained by serial dilutions for each respective sample). Uptake was 
started by adding 1 ml of uptake medium (at 37 ◦C) to each plate and 
incubating for 10 min, and finally terminated by removing uptake me-
dium from the plate and by washing it three times in cold stop solution. 

2.5.2. Analysis by ICP-AES 
For the platinum amount determination, each sample was previously 

treated with 0.5 ml of 67% Suprapur® nitric acid. The samples were 
then diluted with Suprapur® water to a 5 ml final volume in order to 
obtain a suitable dilution of acid used for the mineralization process and 
to avoid damage to the system. Before injection into the instrument, 
each sample was filtered (0.45 μm) to avoid the insertion of any 
remaining suspension inside. The platinum concentration in analyzed 
samples was determined by a Thermo Scientific iCAP 6300 Duo ICP-OES 
spectrometer. The spectrophotometer was calibrated with a calibration 
line consisting of four points each one corresponding to Pt concentration 
of 1 μg/L, 10 μg/L, 100 μg/L and 1000 μg/L. 

3. Results and discussion 

In this work, we investigated the possible transport of three types of 
platinum deoxynucleos(t)ides: [Pt(dien)(N7-dGuo)]2+ (1), [Pt(dien) 
(N7-dGMP)] (2), [Pt(dien)(N7-dGTP)]2− (3). The electric charge of the 
considered platinum complexes is pH-dependent; for this reason, we 
considered (and report) the electric charge expected for the species 
prevailing at physiological pH ≈ 7.4 in water solution, on the basis of the 
pKa values known for the free nucleos(t)ides [52–54] (7.4 is also the pH 
at which our uptake experiments were performed), Scheme 1. 

The uptake experiments were performed by incubating (at four 
increasing times) cells in sodium medium (NaCl 137 mM) or choline 
medium (choline chloride 137 mM), both supplemented with the syn-
thesized [Pt(dien)(N7-dGuo)]2+ (1), [Pt(dien)(N7-dGMP)] (2) and [Pt 
(dien)(N7-dGTP)]2− (3) complexes (50 μM). The accumulation of N7- 
platinated purines was therefore analyzed in the treated HeLa cells (by 
ICP-AES measure of the Pt accumulation). 

The quantitative analysis of the Pt content in HeLa cells lysates 
assessed a strong prevalence of a Na+-dependent component of the up-
take process for the N7-platinated deoxynucleos(t)ides: [Pt(dien)(N7- 
dGuo)]2+ (1), and [Pt(dien)(N7-dGTP)]2− (3), Fig. 1. Interestingly, the 
amount of transport detected for the first complex (1) is about ten times 
more pronounced than that for the second one (3). Moreover, in the 
presence of choline, no statistically significant uptake could be revealed 
for all the investigated complexes. Instead, the platinated nucleotide [Pt 
(dien)(N7-dGMP)] (2) seems to be faintly transported by HeLa cells 
plasma membranes, without any difference either in sodium or choline 
containing uptake medium. 

The time course analyses for the two transported platinated com-
plexes, [Pt(dien)(N7-dGuo)]2+ (1) and [Pt(dien)(N7-dGTP)]2− (3), 
confirm that the uptake in HeLa cells in both cases depends on the 
presence of sodium in the experimental medium also showing a time- 

Scheme 1. General structure of the considered platinated nucleos(t)ides: [Pt 
(dien)(N7-dGuo)]2+ (1; R = H), [Pt(dien)(N7-dGMP)] (2; R = PO3

2− ) and [Pt 
(dien)(N7-dGTP)]2− (3; R = P3O9

4− ). The electric charge of the phosphates is 
referred to a water solution at the 7.4 physiologic pH. 

Fig. 1. Transport into HeLa cells of the newly-synthesized complexes [Pt(dien) 
(N7-dGuo)]2+ (1), [Pt(dien)(N7-dGMP)] (2) and [Pt(dien)(N7-dGTP)]2− (3) in 
the presence of sodium or choline (50 μM concentration and 15 min incuba-
tion). Data points are means ± SEM (Standard Error of the Mean) of three in-
dependent determinations. Uptake in HeLa cells is expressed as picomoles of 
substrate/mg of cellular protein content (pmol/mg protein). 

Fig. 2. Time course of [Pt(dien)(N7-dGuo)]2+ (1), and [Pt(dien)(N7-dGTP)]2−

(3). Data points are means ± SEM (Standard Error of the Mean) of three in-
dependent determinations. 
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dependent saturation kinetic trend, Fig. 2. 
Dose-dependent uptake experiments were further performed. At this 

scope the sodium medium (NaCl 137 mM) was supplemented with 
increasing concentrations of the studied Pt-complexes (concentrations 
ranging between 0.5 and 500 μM, incubation time 5 min). The accu-
mulation of N7-platinated purines was analyzed in HeLa cells by 
measuring Pt accumulation (by ICP-AES) after incubation of the cells 
with each single tested platinated deoxynucleos(t)ide. As shown in 
Fig. 3, the platinated deoxynucleoside [Pt(dien)(N7-dGuo)]2+ (1) seems 
to be more abundantly accumulated vs. the respective triphosphate form 
[Pt(dien)(N7-dGTP)]2− (3) up to a concentration of 50 μM. At higher 
concentration (i.e. at 500 μM), higher uptake occurs for [Pt(dien)(N7- 
dGTP)]2− (3) with respect to [Pt(dien)(N7-dGuo)]2+ (1). Nevertheless, 
for both complexes, data suggest an overall dose-dependent trend of 
uptake, as in Fig. 3. Although the uptake of platinated deoxynucleos(t) 
ides appeared to be based on a Na+-dependent transport component, the 
dose-dependence data suggest that a non-saturable (diffusion) and/or 
Na+-independent component might also be contributing, becoming 
prevalent at high concentrations (500 μM) and favorable to complex 3 
over 1, Fig. 3. 

The reported results confirm that the uptake of platinated nucleo-
tides can be mediated by specific transporters [52–59]. All cells are 
generally characterized by the presence of multiple transport systems 
where each transmembrane transporter often exhibits broad substrate 
specificity. Specific secondary active Na+-dependent transporters seem 
to be involved in the uptake of complex 1 although, according to our 
observations, a secondary contribution from other kinds of (Na+-inde-
pendent) transporters might also play a role. In the case of complex 3 we 
observe a Na+-dependent transport with a saturation pattern suggesting 
secondary active transport processes. The negligible cellular uptake 
observed for complex 2 suggests that the lack of charge results in the loss 
of involvement of the transporter-mediated mechanisms observed for 
complexes 1 and 3. 

In human cells a group of secondary Na+-dependent organic cation 
transporters (OCTN, belonging to the SLC22 family) has been shown to 
be involved in the transport of nucleoside analogues [55] and, in gen-
eral, both organic cation transporters (OCT) and organic anion trans-
porters (OAT) of the SLC22 family have been claimed to mediate the 
transport of nucleoside analogues [56]. In addition, a member of the 
Na+-dependent ascorbic acid transporters group (SLC23A4, belonging to 
the SLC23 family) and a member of the Na+-independent, system-L-like 
amino acid transporters group (SLC43A3, belonging to the SLC43 

family) have been shown to interact with nucleobases [56]. Moreover, 
two groups of nucleoside transporters have been discovered: the equi-
librative nucleoside transporters (ENT, belonging to the SLC29 gene 
family) and the concentrative nucleoside transporters (CNT, belonging 
to the SLC28 gene family) [57]. The ENT operate the transport of 
nucleoside analogues according to the substrate concentration gradient 
formed across the plasma membrane of the cells. This concentration 
gradient enables the ENT-mediated Na+-independent transport of 
nucleoside analogues to promote concentration equilibration across the 
membranes [58]. Differently, the CNT operate the uptake of nucleoside 
analogues against the concentration gradients in a Na+-dependent 
manner [59]. It has been reported that permeant specificity, tissue dis-
tribution and cellular localization of these transporters contribute to the 
antineoplastic activity of the purine nucleoside analogues [60]. The 
uptake of nucleoside analogues is the first key step of tissue-specific 
nucleoside analogue-induced toxicity. In some cases, nucleoside trans-
porters themselves were found to be directly involved in the tissue- 
specific nucleoside analogues toxicity [16,43,61]. Interestingly, trans-
port results are consistent with the higher cytotoxicity of complexes 1 
and 3, with respect to complex 2, suggesting a possible application of 
type 1 and 3 compounds as antiviral/antitumor drugs, Fig. 4. It should 
be also considered that NA antitumor/antiviral activity is generally 
related to the efficiency of their cellular membrane crossing and the 
subsequent ability to interfere with nucleobases metabolism rather than 
to a specific massive uptake increase [62,63]. In previous work, we 
studied the uptake of platinated nucleotides into rat liver mitochondria 
mediated by the deoxynucleotide carriers. Nucleotide transporter af-
finity, for [Pt(dien)(N7-dGTP)] complexes [32,33] clearly resulted 
related to the N7-bonded group steric hindrance. The overall observed 
variation (found within a four-fold range) also suggests possible use-
fulness of these molecular systems for pharmacologic applications. On 
the other hand, the present work specifically focused on the platinated 
nucleos(t)ides analogue transport, and the overall low cytotoxicity 
exhibited (with respect to cisplatin) by the most active compounds 1 and 

Fig. 3. Dose-dependence (0.5, 5, 50 and 500 μM concentration and 10 min 
incubation) of [Pt(dien)(N7-dGuo)]2+ (1) and [Pt(dien)(N7-dGTP)]2− (3). Up-
take in HeLa cells is expressed as picomoles of substrate normalized per milli-
gram of cellular protein content (pmol/mg protein). Data points are the mean 
values ± SEM (Standard Error of the Mean) of three independent biological 
replicates; statistical analysis: Student t-test (* p < 0,05; ** p 〈0,01). 

N7
N7
N7

cis

Fig. 4. HeLa cells survival measured by MTT test after 48 h incubation. The 
tested [Pt(dien)(N7-dGuo)]2+ (1), [Pt(dien)(N7-dGMP)] (2), and [Pt(dien)(N7- 
dGTP)]2− (3) complexes were administered in concentrations ranging from 1 to 
1000 μM. The data were the results of three different experiments (n = 8) 
presented as means ± SD. 
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3 clearly indicates the need of further structure modifications to improve 
the activity. 

The possible involvement of some of the above-mentioned trans-
porters (and possibly others) in the transport of complexes 1 and 3, 
could have important implications in the side effects shown by this type 
of complexes if used as antiviral/antitumor drugs. Indeed, the involve-
ment of both Na+-dependent and Na+-independent secondary active 
transporters in the eukaryotic cells and kidney detoxification subsequent 
to many drugs administration is well known [64]. The occurrence of 
carrier-mediated transport mechanisms for our molecules is even more 
interesting if we consider the generally lower reactivity of the here re-
ported platinum complexes [45] compared to the commonly used 
platinum drugs (cisplatin, carboplatin, oxaliplatin, etc.) often depleted 
by unspecific interactions with targets different than DNA. 

4. Conclusions 

The research results reported in this work suggest that platinum 
coordination of nucleos(t)ides do not necessarily compromise their 
possible cellular uptake at the plasma membrane level. This is highly 
relevant since platinum coordinated nucleobases can be thus considered 
as nucleoside analogues (NA), a family of compounds widely used in 
anticancer/antiviral treatments. 

In this work, we considered platinum N7-coordinated model purine 
nucleos(t)ide analogues with unaltered sugar moieties of the type [Pt 
(dien)(N7-dGuo)]2+ (1), [Pt(dien)(N7-dGMP)] (2), and [Pt(dien)(N7- 
dGTP)]2− (3) where the indicated electric charge is calculated at phys-
iological pH. For these species, which are potential good substrates for 
DNA polymerases (as already demonstrated for complex 3), the mech-
anism of cell membrane crossing has been here investigated. The 
occurrence of a transporter mediated transfer at the plasma membrane 
level has been observed on the HeLa cervical cancer cells system, one of 
the cell models most commonly used for preclinical studies on human 
cancer diseases. As a result, we observed the most relevant cellular 
uptake with the electrically charged [Pt(dien)(N7-dGuo)]2+ (1) and [Pt 
(dien)(N7-dGTP)]2− (3) platinated nucleos(t)ides. In particular, we 
could show that Na+-dependent concentrative transporters are involved 
in the uptake of both type of complexes 1 and 3, while complex 2 ap-
pears unable to cross the plasmatic cell membrane. The possible 
involvement of more than one carrier system in the transport of com-
plexes 1 and 3, respectively has been also discussed. Transport results 
consistency with the higher cytotoxicity exhibited by complexes 1 and 3, 
with respect to complex 2, also suggests a possible application of type 1 
and 3 compounds as antiviral/antitumor drugs. 

A better comprehension of the molecular mechanisms that allow 
cellular processing of the N7-platinated nucleos(t)ide molecules pro-
posed in this study would be pivotal for the correct design of new 
platinum-based drugs with antitumor/antiviral activity aimed to the 
development of more effective therapeutic strategies. 
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[4] (a) H. Shi, J. Kasparkova, C. Soulié, G.J. Clarkson, C. Imberti, O. Novakova, M. 
J. Paterson, V. Brabec, P.J. Sadler, Chem. Eur. J. 27 (2021) 10711–10716; 
(b) F. De Castro, M. Benedetti, G. Antonaci, L. Del Coco, S.A. De Pascali, 
A. Muscella, S. Marsigliante, F.P. Fanizzi, Molecules. 23 (2018) 2301; 
(c) M. Benedetti, F. De Castro, A. Romano, D. Migoni, B. Piccinni, T. Verri, 
M. Lelli, N. Roveri, F.P. Fanizzi, J. Inorg. Biochem. 157 (2016) 73–79; 
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