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11 ABSTRACT: This contribution reports the synthesis of some novel bioconjugates
12 with anticancer activity and able to release nitric oxide (NO) under visible light
13 excitation. The 4-nitro-2-(trifluoromethyl)aniline derivative, a suitable NO photodonor,
14 was conjugated with 2′-deoxyadenosine and urso- and cheno-deoxycholic acid
15 derivatives, through a thioalkylic chain or the 4-alkyl-1,2,3-triazole moiety. Photo-
16 chemical experiments demonstrated the effective release of NO from 2′-
17 deoxyadenosine and ursodeoxycholic acid conjugates under the exclusive control of
18 visible light inputs. Studies for the in vitro antiproliferative activity against leukemic
19 K562 and colon carcinoma HCT116 cell lines are reported for all the compounds as
20 well as a case study of photocytotoxicity against HCT116.
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22 The biological relevance of nitric oxide (NO) in many
23 bioregulatory systems such as neurotransmission, vaso-
24 dilatation, hormone secretion, and immune stimulation is
25 nowadays well-established.1,2 Recent studies demonstrated that
26 NO is a very efficient antimicrobial and antioxidant agent that
27 can be employed to tackle bacterial infections and cardiovas-
28 cular diseases.3,4 Moreover NO can be used as an anticancer
29 agent or as a chemosensitizer enhancing the effect of traditional
30 cancer therapies.3−7 In this view, some conventional drugs may
31 be in principle modified with a NO releasing moiety in order to
32 produce synergistic effects due to the combined active species.
33 Although several therapies are based on the regulation of NO
34 synthase activity responsible for the endogenous NO
35 concentration,7−9 there is an increasing interest in innovative
36 therapies based on exogenous NO releasing agents.10 The effect
37 of a NO releasing drug is strongly related to the concentration
38 and dose of NO delivered. For instance, NO concentrations in
39 the micromolar range inhibit the growth of tumor cells, whereas
40 picomolar NO concentrations encourage cell proliferation.11−13

41 Strategies to control the NO release can be based on the use of
42 an external trigger that allow the NO release under a specific
43 stimulus (luminous, chemical, or electrochemical).14,15 Among
44 these, light is the most appealing due to its peculiar advantages
45 of not perturbing the physiological values of parameters such as
46 temperature, pH, and ionic strength, fundamental prerequisites
47 for biomedical applications.16 These unique features make
48 photoactivated NO donors (photocages) a powerful arsenal in

49the burgeoning field of nanomedicine with intriguing potential
50to tackle cancer diseases in a noninvasive way.17−20 In the last
51years we have developed a number of molecular and
52supramolecular systems with anticancer activity based on the
531-nitro-2-(trifluoromethyl)aniline as suitable photocage releas-
54ing NO upon irradiation with visible light.16,17,21−23 The
55mechanism of NO release involves a nitro-to-nitrite photo-
56rearrangement followed by the rupture of the O−NO bond
57with formation of NO and a phenoxy radical intermediate.21

58Our interest in the study of bioconjugate functional compounds
59for biosensoring and pharmacological applications prompted us
60to scout new molecules integrating a photocaged NO radical
61with 2′-deoxyadenosine and bile acid derivatives in the same
62molecular skeleton. This was motivated by the already assessed
63cytotoxic activity of 2′-deoxyadenosine and bile acid based
64compounds as well as on their chemical properties. It is well
65established that modified 2′-deoxyadenosines are important
66cytotoxic agents against lymphoid and myeloid tumors.24,25 Bile
67acid derivatives, with particular regard to chenodeoxycholic
68(CDC) and ursodeoxycholic (UDC) bile acids, are well-known
69to inhibit the growth cells and to induce apoptosis in many
70human cancer cell lines.26−29 From the chemical point of view,
712′-deoxyadenosine can be modified at different positions; C-8
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72 position keeping unchanged its intrinsic characteristic of
73 recognition of natural nucleic acids through specific hydrogen
74 bond patterns (Watson−Crick and Hoogsteen). However, the
75 intrinsic properties of bile acids such as rigidity, chirality,
76 amphiphilicity, etc., can be fine-tuned. Moreover, 2′-deossiade-
77 nosine/bile acid conjugates embodying the 1,2,3-triazole ring as
78 well as a S-alkyl unit were found to exhibit a good
79 antiproliferative activity selectively toward both leukemic T
80 Jurkat and K562 cells.30 Along these lines, we adopted similar
81 molecular skeletons but we changed one by one the 2′-
82 deoxyadenosine and bile acid derivatives with a photocage unit.
83 Therefore, we designed the synthesis of some novel
84 bioconjugates of 4-nitro-3-(trifluoromethyl)-aniline with 2′-
85 deoxyadenosine, UDC and CDC bile acid moieties, namely,
86 photocage-SdAdo, photocage-UDC, and photocage-CDC
87 that can be considered as progenitors of large variety of new
88 bioconjugates and, combining the intrinsic characteristics of the
89 biological components with that of NO could be powerful tools
90 in cancer therapy. Photochemical studies on the effective
91 release of NO are also reported. A biological screening for the
92 cytotoxic effects toward a selection of two cancer cell lines,
93 leukemic K562 and colon carcinoma HCT116, as well as the
94 normal fibroblast skin cells was reported together with a

95photobiological study on photocage-SdAdo toward the
96HCT116 cancer cell line.
97Recently we have set up a new methodology for the
98preparation of 2′-deoxyadenosine modified at C-8 position
99enabling the conjugation with a variety of functional molecules
100such as chromophores fluorophores, intercalators, alkylating
101agents, and functional groups for the click chemistry.31,32 The
1022′-deoxyadenosine derivatives synthesized have been demon-
103strated to be quite powerful derivatives for further applica-
104tions.30,31,33 Following the procedure previously described31,32

105the conjugate photocage-SdAdo was prepared by reaction
106between the commercial 8-bromo-2′-deoxyadenosine 1 and 5-
107(4-nitro-3-trifluoromethyl)phenylamino-pentane-1-thiol 2
108through a water reaction mediated by triethylamine (TEA)
109 s1(Scheme 1, part A). The reaction was performed in a sealed
110tube at 100 °C for 2 h. A simple and very efficient work up
111based on the extraction of the warm reaction mixture with ethyl
112acetate led to the pure target bioconjugate photocage-SdAdo
113in 20% yield. The thiol 2 was prepared through a multistep
114synthesis as depicted in Scheme 1, part C, starting from
115commercial 4-chloro-1-nitro-2- trifluoromethyl-benzene 3 in
11634% overall yield. Starting from the same nitrobenzene
117derivative 5 the terminal alkyne 4 was obtained in good yield
118(Scheme 1, part C; for details see SI).

Scheme 1. Synthesisa

aReagents and conditions: (a) H2O, TEA, 100 °C, 2 h (20% yield); (b) CuSO4·5H2O, sodium ascorbate, THF/tBuOH/H2O (1.5:1:1), microwaves:
80 °C, 30 min (70−80% yield); (c) DMSO, K2CO3, 85 °C, 24 h (90% yield); (d) DCM, 20 °C, 16 h (50% yield); (e) DMSO, 50 °C, 16 h (80%
yield); (f) MeOH, −78 °C, 4 h (95% yield); (g) DMSO, K2CO3, 85 °C, 24 h (65% yield).
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119 The synthesis of photocage-CDC and photocage-UDC was
120 performed via a Cu(I) mediated 1,3-dipolar cycloaddition
121 reaction starting from the appropriate 3-azidobile acid 3a,b with
122 the alkyne 4 (Scheme 1, part B).30 In both cases the reaction
123 performed by reacting under microwave irradiation at 80 °C for
124 30 min, a 1:1.5:0.4:2 molar ratio of the alkyne 4, the
125 appropriate azide 3a,b, CuSO4·5H2O, and sodium ascorbate,
126 respectively, in THF/tBuOH/H2O mixture (1.5:1:1, v/v)
127 provided the target compound in 70−80% yield after
128 chromatographic purification.
129 The photochemical experiments were focused on photocage-
130 SdAdo and photocage-UDC. Photocage-CDC was not studied
131 in consideration of its high cytotoxicity against normal

t1 132 fibroblast cells at low micromolar concentrations (see Table
t1f1 133 1). Figure 1 shows the absorption spectra of photocage-SdAdo

134 and photocage-UDC. As expected, the nitroaniline chromo-
135 genic unit strongly dominates the absorption in the visible
136 range, whereas the UV region is characterized by the typical
137 absorption band of the deoxyadenosine fragment in the case of
138 photocage-SdAdo.
139 Note that the molar absorbivity of the visible band for both
140 conjugates is ca. 10.000 M−1 cm−1. This value is basically the
141 same to that already reported for the NO photocage alone,21,34

142 ruling out any significant interaction, in the ground state,
143 between the nitroaniline chromophores and the other func-
144 tional molecular components in both photocage-SdAdo and
145 photocage-UDC. To exploit the cytotoxicity effects of NO
146 along with those of 2′-deoxyadenosines and bile acids, the NO
147 photoreleasing capability of the NO photocage needs to be
148 preserved after its covalent conjugation. Note that, in contrast
149 to nonphotoresponsive compounds, the preservation of the

150photobehavior of a photoactive center after its covalent linking
151with other molecular components is not a “trivial result”. In
152some cases, the response to light of the photoactive unit can be
153considerably influenced, in both nature and efficiency, by the
154occurrence of competitive photoprocesses (i.e., photoinduced
155energy and/or electron transfer, nonradiative deactivation, etc.),
156occurring upon light absorption. The most convenient
157methodology to demonstrate the NO generation from the
158molecular conjugates under visible light stimuli is the direct and
159in real-time monitoring of this radical species. To this end, we
160have used an ultrasensitive NO electrode, which directly detects
161NO, with nanomolar concentration sensitivity, by an
162amperometric technique.35

163 f2The results illustrated in Figure 2 provide unambiguous
164evidence that both photocage-SdAdo and photocage-UDC are
165stable in the dark but supply NO upon illumination with visible
166light.

167The release process is strictly regulated by the external light
168inputs, as confirmed by the linear NO generation, which
169promptly stops as the light turns off and restarts as the
170illumination turns on again. From the slopes of the photo-
171amperograms obtained, one can note that the NO photorelease
172by photocage-UDC is almost 30% larger than that of
173photocage-SdAdo.
174In principle, one can tentatively attribute this different
175photoreactivity to side reactions occurring in the case of
176photocage-SdAdo, competitive with NO photorelease. How-
177ever, this is not the case. In fact, the absorption spectral changes
178of photocage-SdAdo as a function of the irradiation time show
179a photobleaching of the visible band without any significant
180 f3shift in the absorption maximum (Figure 3A).
181This spectral behavior is in excellent agreement with the
182photochemical pathway leading to the NO release previously
183proposed in the case of the single NO photodonor unit.21

184Comparative photolysis experiments carried out with an
185optically matched solution of photocage-UDC (Figure 3B)
186show that the kinetics of the photobleaching in the case of
187photocage-UDC is faster than that observed for photocage-
188SdAdo, in good agreement with the NO photoreleasing
189behavior. On the basis of these results, the higher photo-
190chemical reactivity of photocage-UDC could be probably due
191to an active role of the bile acid substituent in the pathways
192following the NO release and leading to the steady state
193coproduct via the intermediate phenoxy radical21 (i.e., intra-
194molecular H-abstraction).

Table 1. IC50 Values after 72 h Incubation Time in the Dark
and upon Irradiationa

IC50 (μM)

compound K562 HTC116 fibroblast

dark photocage-CDC 24.0 ± 1.2 21.0 ± 0.8 32.0 ± 1.0
photocage-UDC 31.6 ± 1.6 14.0 ± 1.0 ≫100
photocage-SdAdo 68.1 ± 1.3 66.2 ± 3.3 ≫100

light photocage-SdAdo 31.0 ± 2.5
cisplatin 5.40 ± 1.0 8.5 ± 1.2 25.4 ± 3.5

aIC50 values were determined from the dose−response curves using
MTT assay after 72 h incubation time in the dark and also upon
irradiation in the case of photocage-SdAdo. Results are expressed as
the mean of three independent experiments ± SD. Cisplatin was used
as a reference compound.

Figure 1. Absorption spectra of photocage-SdAdo (solid) and
photocage-UDC (dotted) in phosphate buffer (10 mM, pH = 7.4)
with DMSO 0.5%.

Figure 2. NO release profiles observed upon visible light irradiation (λ
= 420 nm, 1.5 mW cm−2) of solutions of photocage-SdAdo (a) and
photocage-UDC (b) (50 μM) in phosphate buffer (10 mM, pH = 7.4)
with DMSO 0.5%.
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195 All the biological trials were performed first of all in the dark.
196 All bioconjugates were tested in vitro against a selection of two
197 human cancer cell lines such as K562 leukemia cells and the
198 colon cancer cell line HCT116 and normal human skin
199 fibroblast cells as a control. Cisplatin was chosen as a reference
200 compound. The cytotoxicity was evaluated using MTT assay
201 (see SI).
202 Cell growth inhibition was determined at concentrations of
203 10, 25, and 50 μM for the cancer cells and up to 100 μM for
204 fibroblast cells after 72 h. No cytotoxicity was observed with
205 both photocage-SdAdo and photocage-UDC bioconjugates on
206 the fibroblast cells since the percent cell growth inhibition was
207 found under the detection limit up to 100 μM (Table 1). In
208 contrast, a significant concentration-dependent antiproliferative
209 effect was found with both conjugates against the K562 and
210 HCT116 cancer cells lines (Table 1) with photocage-UDC
211 exhibiting a higher cytotoxic effect than photocage-SdAdo and
212 some cytoselectivity. In the case of photocage-CDC, IC50
213 values similar to photocage-UDC against K562 and HTC116
214 cancer cells were found. However, the IC50 value of 32.0 μM
215 against fibroblast cells prompted us to exclude this compound
216 from further studies. Based on these results we evaluated the
217 photocage-SdAdo conjugate, with lower, but still good,
218 cytotoxic activity with respect to photocage-UDC, the best
219 candidate to highlight the cytotoxic effect of the light, resulting
220 in the production of NO, toward the HTC116 cancer cells.

f4 221 Figure 4 shows the cytotoxicity observed for different
222 concentrations of the conjugate photogage-SdAdo at 72 h in
223 the case of samples irradiated for 40 min with visible light and,
224 for comparison, kept in the dark.

225The data obtained show an increase of the growth inhibition
226at all concentrations. In particular, the percent of growth
227inhibition observed for 50 μM solution of photocage-SdAdo
228upon irradiation was around double that observed in the dark.
229In conclusion, we have demonstrated that the covalent
230linking of a NO photoreleaser with modified 2′-deoxyadenosine
231as well as CDC and UDC bile acid derivatives leads to
232molecular conjugates displaying an interesting cytotoxicity
233toward both leukemia K562 and colon carcinoma HCT116
234cancer cells. In particular, photocage-SdAdo and photocage-
235UDC, with no significant cytotoxicity to the human fibroblast
236skin cells and good antiproliferative effect against both K562
237and HCT116 cells, were found to preserve the NO photo-
238releasing capability of the NO photodonor after its covalent
239conjugation. In fact, although with different efficiency, both the
240synthesized compounds exhibited NO delivery exclusively
241regulated by visible light inputs. This feature offers the
242possibility to enhance the cytotoxic effects of the conjugates
243upon light irradiation, combining the chemotherapeutic action
244with the cytotoxic activity of the photogenerated NO. This was
245clearly demonstrated in the case of photocage-SdAdo for
246which, upon illumination, the IC50 value after 72 h of
247incubation was found more than halved, decreasing from 66.2
248μM to 31.0 μM. This result, being the first evidence in vitro of
249combined chemo- and phototherapeutic activities in the same
250molecule, represents an intriguing starting point toward the
251development of a larger number of molecular hybrids.
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