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a b s t r a c t

A conjugate of triphosphorylated 20 ,30-dideoxyuridine (ddU) with SiO2 nanoparticles was obtained via the
CuAAC click chemistry between a c-alkynyl ddU triphosphate and azido-modified SiO2 nanoparticles.
Assessment of cytotoxicity in human breast adenocarcinoma MCF7 cells demonstrated that ddU triphos-
phate conjugated to SiO2 nanoparticles exhibited a 50% decrease in cancer cell growth at a concentration
of 183 ± 57 mg/mL, which corresponds to 22 ± 7 mM of the parent nucleotide, whereas the parent nucle-
oside, nucleotide and alkynyl triphosphate precursor do not show any cytotoxicity. The data provide
an example of remarkable potential of novel conjugates of SiO2 nanoparticles with phosphorylated nucle-
oside analogues, even those, which have not been used previously as therapeutics, for application as new
anticancer agents.

� 2018 Elsevier Ltd. All rights reserved.

Nucleoside analogues are commonly used in medicine for anti-
cancer or antiviral chemotherapy. Amongst these, 20,30-dideoxynu-
cleosides (ddN) have been extensively investigated in the last two
decades. Such compounds as 30-azido-20,30-dideoxythymidine
(AZT), 20,30-dideoxycytidine (ddC) or lamivudine are the examples
that have undergone thorough clinical investigation.1 Usually,
ddNs act as DNA chain elongation terminators. In cells they have
to be metabolized by virus-encoded or, in most cases, by host cell
kinases into active 50-mono-, di-, and triphosphates.2,3

In contrast to some other dideoxynucleosides, 20,30-dideoxyuri-
dine is not currently used for either anticancer or antiviral therapy.
It is a poor substrate for cellular nucleoside kinases.4 In addition, it
was shown that ddU diphosphate is a particularly bad substrate for
nucleoside diphosphate kinase (NDP-K). Thus, the conversion of
NDP to NTP could be in fact the rate-limiting step in the eventual
activation of other nucleoside analogues as well.5

To overcome the phosphorylation bottleneck, in a recent work
by Meyer et al.6 some membrane-permeable NTP prodrugs have
been obtained by masking the c-phosphate group by two
biodegradable benzyl groups. However, this approach, while suc-
cessful, requires a complicated multi-step synthesis. In a work by
Zelphati et al.4 the anti-HIV effects of 20,30-dideoxyuridine 50-mono
and triphosphate encapsulated in immunoliposomes were studied.
Unfortunately, the preparation of liposomes loaded with

triphosphates is also quite laborious. In addition, they are unstable
during storage.

An alternative to complex synthetic procedures is the use of
recent advances in nanotechnology, which have provided a num-
ber of biocompatible nanomaterials for cellular delivery of nucleo-
tides such as SiO2 nanoparticles. In our previous studies7–9 we have
proposed a system for the efficient delivery of nucleosides triphos-
phates into cells using their covalently linked conjugates with SiO2

nanoparticles. We studied anticancer and antiviral activity of such
conjugates of nucleoside analogues commonly used in therapy,
such as AZT, lamivudine, ddC and showed that in most cases con-
jugates of nucleotides with SiO2 nanoparticles were more active
than the parent nucleoside. They were also stable during long-term
storage at �20 �C.

We report herein the synthesis of a conjugate of 50-phosphory-
lated ddU with SiO2 nanoparticles of, analysis of its stability and
preliminary assessment of its cytotoxicity to human breast adeno-
carcinoma MCF7 cells. Copper(I)-catalyzed azide-alkyne cycloaddi-
tion reaction was used to conjugate a c-alkynyl ddU triphosphate
with azido-modified SiO2 nanoparticles.

Synthesis of a c-alkynyl dideoxyuridine triphosphate (3, l-
pppddU) was carried out according to Scheme 1.

A bifunctional reagent 4-(prop-2-yn-1-yloxy)butylamine
containing both terminal alkynyl group and primary amino group
furnished the linker between ddU triphosphate and SiO2 nanopar-
ticle.10 Terminal alkynyl group is needed for CuAAC reaction and
primary amino group for the formation of phosphoramidate bond
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to preserve the acceptance of ddNTP substrate by a range of poly-
merases. Synthesis starts from commercially available dideoxyuri-
dine. The 50-triphosphate 2 (pppddU) was obtained by the same
way as in our earlier work.11 The bifunctional linker was intro-
duced onto the c-phosphate of ddNTP according to the procedure
described by Serdjukow et al.12 Isolated yields of alkynyl triphos-
phate 3 were in the range of 40–50%. The compounds 2, 3 have
been fully characterized.

Synthesis of ddU triphosphate conjugate with SiO2 nanoparti-
cles (5, SiO2�L6�pppddU) was carried out using CuAAC click
chemistry. The procedure outlined in Scheme 2 was similar to
the one we described earlier.9 Nanoparticles containing alkyl azide
groups 4 (SiO2-L6-N3, 0.43 mmol N3 groups/mg nanoparticles) were
prepared by treatment of SiO2-NH2 (0.5 mmol NH2 groups/mg
nanoparticles) with N-hydroxysuccinimide ester of 6-azidohex-
anoic acid.7

The pppddU content in the conjugate was calculated from UV
absorbance of 5 and SiO2�L6 dissolved in 0.2 M NaOH using the
nucleotide extinction coefficient k max/nm (e): 260 (1883). It
was found to be 0.124 mmol/mg SiO2 conjugate. It was possible to

obtain the drug content of 0.400 mmol/mg by increasing the com-
pound 3 excess to eight equiv.

To remove copper ions, the conjugate was washed carefully
with 10% Na2EDTA in water. The same method was used to purify
oligonucleotide conjugates from Cu(II) in earlier works.13,14 In this
case, we observed no blue color in the last washing solution as well
as no decomposition of the conjugate. To verify that the SiO2

nanoparticles loaded with ddU triphosphate are really free of Cu
(II), the conjugate was dissolved in 0.2 M NaOH followed by cen-
trifugation. In the absence of Na2EDTA wash, residual Cu(II)
remained and we observed some precipitate of blue Cu(OH)2 at
the bottom of a test tube. Usually 3–5 washes were sufficient to
remove Cu(II) nearly completely (no precipitate formed).

The particle size and zeta potential values of 5 were similar to
the obtained in our preliminary studies of the conjugates of SiO2

nanoparticles with nucleoside triphosphates.7–9

The chemical stability of SiO2�L6�pppddU conjugate (nucleo-
tide content 0.400 mM/mg) was studied in three buffers with differ-
ent pH values, which corresponded to the pH in blood (pH 7.3), in
mouth (pH 6.5) and in stomach (pH 1.5–2.0). Degradation products

Scheme 1. Synthesis of a c-alkynyl ddU triphosphate (3, L-pppddU).

Scheme 2. Synthesis of the conjugate of ddU triphosphate with SiO2 nanoparticles 5 (SiO2�L6�pppddU) (A) and the control conjugate 6 (SiO2�L6) without nucleotide (B) via
the CuAAC reaction.
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