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6 ABSTRACT: As FDA-approved chemotherapeutic agents, cisplatin,
7 oxaliplatin, and 5-�uorouracil are widely used in clinic but limited by
8 severe side-e�ects. To ameliorate their respective defects, a series of
9 “dual-prodrug” by linking oxoplatin and 5-FU were designed and

10 synthesized. The assembled compounds 10�17, named Fuplatin,
11 exhibited much higher cytotoxicity against the tested cancer cells while
12 lower cytotoxicity toward the human normal lung cells than free drugs
13 or their combinations. Among them, 14 exhibited enhanced cellular
14 accumulation with 62- and 825-fold than that of oxaliplatin and 8 at 9
15 h, signi�cantly induced DNA damage and cell apoptosis, and inhibited
16 migration and invasion in HCT-116 cells. Compound 14 arrested the
17 cell cycle at S and G2 phases and up-regulated thymidylate synthase
18 and p53, consistent with the results of the combination, suggesting 14
19 adopted a collaborative mode of 5-FU and oxaliplatin to kill cancer
20 cells. In vivo, compound 14 showed high antitumor e�ect and no observable toxicity in NOD/SCID mice bearing HCT-116
21 tumors.

22 � INTRODUCTION
23 The occurrence of cancer is increasing because of the growth
24 and aging of the population and environmental pollution. The
25 research and development of new chemotherapeutic drugs
26 with high-e�ciency and low-toxicity has been an enduring
27 subject in the scienti�c �eld.1�3 A large number of tumor
28 biological studies has shown that signal transduction associated
29 with tumor cell growth, proliferation, di�erentiation, and
30 metastasis is an extremely complex, multi-factor, and multi-
31 pathway protein network system.4 Therefore, the chemo-
32 therapeutic treatment at one target is often not enough to
33 restrain the progress of the tumor. It is necessary to block the
34 signal transduction and inhibit the growth of the tumor by
35 multi-target drugs combined with di�erent action pathways
36 and mechanisms.5 Clinically, the combination of drugs is
37 usually used to improve the e�cacy, reduce toxicity, delay or
38 prevent drug resistance, and so on. However, the study of
39 combined use of drugs might fail to achieve the expected
40 clinical results owing to the pharmacokinetic di�erence and
41 not overcome the respective defects of the drugs.6

42 Cisplatin (CDDP), carboplatin and oxaliplatin, the classical
43 DNA-targeted drugs, plays important roles in treating various
44 malignant tumors in clinics.7 These compounds interact with
45 DNA purine bases to form Pt�DNA adducts,8 consequently to
46 hinder DNA replication and transcription, and to activate the
47 signal transduction pathways that control cell proliferation,
48 di�erentiation, and apoptosis-related stress responses, includ-
49 ing p53, ATR, and MAPK.9 However, the Pt(II) drugs are
50 clinically restricted by severe side-e�ects, such as nephrotox-

51icity, neurotoxicity, ototoxicity, myelosuppression, and the
52intrinsic or acquired resistance.10

53In the past decade, various Pt(IV) compounds derived from
54the fusion of small bioactive molecules and oxoplatin have
55been developed.11�15 These Pt(IV) compounds are usually
56considered as prodrugs because they could be converted to the
57active Pt(II) congeners and be released as axial ligands under
58the reduction condition of the cells.16 Pt(IV) compounds are
59kinetically more inert than Pt(II) drugs, avoiding the reactions
60with o�-target biological substances before attacking DNA.17

61Most importantly, two hydroxyl groups at axial positions of
62oxoplatin may provide in�nite possibilities by introducing
63functional groups to possess multi-targeting properties or to
64�ne-tune pharmacokinetic e�ects such as the reduction
65parameters, kinetic stability, and lipophilicity.18�21 For
66example, Cx-platin, using CX-4945 as a ligand, inhibited
67extensive DNA damage repair and exhibited a low toxic e�ect
68on liver and kidney compared to CDDP.22

695-Fluorouracil (5-FU), a pyrimidine analogue with a �uorine
70atom instead of hydrogen at the C-5 position, is one of
71antimetabolite drugs to treat various solid malignant tumors in
72clinics.23 5-FU is intracellularly converted to three major active
73metabolites: �uorouridine triphosphate (FUTP), �uorodeox-
74yuridine triphosphate (FdUTP), and �uorodeoxyuridine
75monophosphate (FdUMP).24 The mechanism of 5-FU
76cytotoxicity has been ascribed to the following aspects: (1)
77incorporation of FUTP into RNA, disrupting normal RNA
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78 processing, (2) incorporation of FdUTP into DNA, resulting
79 in DNA damage, and (3) inhibition of the activity of
80 thymidylate synthase (TS) by FdUMP.25 TS is a key enzyme
81 that catalyzes the reductive methylation of deoxyuridine
82 monophosphate (dUMP) to deoxythymidine monophosphate
83 (dTMP), utilizing the N5,N10-methylene tetrahydrofolate
84 (CH2THF) as the methyl donor. This process is the sole de
85 novo source of dTMP, subsequently converted to thymidine
86 triphosphate (dTTP), which is necessary for DNA synthesis
87 and repair processes.26 The active metabolite FdUMP of 5-FU,
88 competitively replacing dUMP, irreversibly binds to TS and
89 forms a stable complex with the methyl donor, thereby
90 restraining dTMP synthesis. This leads to deoxynucleotide
91 (dNTP) pool imbalances and elevates levels of deoxyuridine
92 triphosphate (dUTP), both which bring about DNA damage
93 during replication and impede DNA repair.27,28 In summary, 5-
94 FU exerts its antineoplastic e�ects by inhibiting the activity of
95 TS and incorporating its metabolites into DNA and RNA.
96 However, 5-FU is also seriously limited in clinical
97 applications owing to its severe toxic side-e�ects, drug

98resistance, and rapid degradation.29�31 Therefore, various
99prodrugs of 5-FU were synthesized to improve e�ectiveness
100and minimize toxicity, such as tegafur,32 carmofur,33 and
101capecitabine.34 A common way for designing 5-FU prodrugs is
102that active molecules are attached to the N-1 of 5-FU via a
103succinate or glutarate chain, o�ering an e�ective and practical
104strategy for developing new candidates.35�37 Recently, HA-5-
105Fu, a polymeric prodrug of 5-FU, showed an extended
106circulation time and enhanced tumor targeting, exhibiting
107much better anticancer activity than 5-FU.35

108Oxaliplatin in combination with 5-FU has been employed
109against colorectal cancer in clinics since 1992, which is
110regarded as one of the milestones in the development of
111platinum drugs for cancer therapy.38 Although the combina-
112tion application was e�ective, the common side-e�ects of both
113drugs still remained.39�41 Therefore, we designed and
114synthesized a series of “dual-prodrug”, Pt(IV)-5-FU com-
115pounds, in which the hydroxyl group of oxoplatin was linked to
116the N-1 of 5-FU via a succinate or glutarate chain, in attempt
117to intracellularly release 5-FU and Pt(II) counterpart to regain

Figure 1. Chemical structures of CDDP, oxaliplatin, 5-FU and its derivatives 4�5, and dual-prodrugs 6�17.

Scheme 1. Synthetic Route to Dual-Prodrug Molecules
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118 their individual activities to target DNA, RNA, and TS,
119 elevating the e�cacy and mitigating the side-e�ects of both 5-
120 FU and Pt(II) drugs at the same time. On the other hand,
121 because both 5-FU metabolites and Pt(II) drugs �nally attack
122 DNA, leading to DNA damage, we investigated whether such
123 dual-prodrugs had a cooperative cytotoxicity against cancer
124 cells.

125 � RESULTS AND DISCUSSION
126 Synthesis and Structural Characterization of Dual-
127 Prodrug Molecules 6�9. The synthetic routes of com-

f1s1 128 pounds 1�9 (Figure 1) are illustrated in Scheme 1. Pt(IV)
129 precursors 1�2 were prepared according to previously
130 reported procedures.42,43 5-FU was reacted with formaldehyde
131 to yield intermediate 3 and then treated with succinate
132 anhydride or glutarate anhydride in the presence of 4-
133 dimethylaminopyridine (DMAP) to obtain 4 or 5.35 Dual-
134 prodrugs 6�9 were synthesized in accordance with the former
135 methods.44 In short, compounds 6�9 were obtained by
136 esteri�cation between 4 or 5 and 1 or 2 in the presence of 2-
137 (1H-benzotriazole-1-yl)-1,1,3,3-tetramethyluronium tetra�uor-
138 oborate (TBTU) and triethylamine (TEA).
139 The structures of compounds 4�9 were con�rmed by NMR
140 and HRMS techniques. In the 1H NMR spectrum of those
141 compounds, methylene protons at the N-1 of 5-FU were
142 observed with the resonance signals at approximately 5.5 ppm
143 (s, 2H, DMSO-d6). In the 13C NMR spectrum of all molecules,
144 5-FU signals were located at near 157.4, 149.2, 139.4, and
145 129.4 ppm. Among them, the purity of compounds 4�5 and
146 8�9 was over 95% by HPLC (Figures S1�S24 and Table S1).
147 Low Cytotoxicity of Compound 8 Results from Its
148 Poor Intracellular Accumulation. The cytotoxicity of 8
149 (Figure 1) was evaluated by the 3-(4,5-dimethylthiazol-2-yl)-
150 2,5-diphenyl tetrazolium bromide (MTT) assay against human
151 cancer cell lines including HeLa, MCF-7, CaCo-2, LoVo,
152 HCT-116, and A549, using oxaliplatin, 5-FU, and their
153 combination administration (1:1 molar ratio) as the reference
154 groups. The corresponding IC50 values obtained after 72 h

t1 155 exposure are summarized in Table 1. Unexpectedly, the
156 antiproliferative potency of 8, a “combo” derivative of
157 oxaliplatin and 5-FU, was much lower than the combination
158 administration and oxaliplatin. To explore the reason for the
159 low cytotoxicity of 8, Pt accumulation in HCT-116 cells upon
160 treatment with 10 �M compound 8 was assessed by

161inductively coupled plasma mass spectrometry (ICP�MS).
162 f2As shown in Figure 2, there was a small amount of Pt

163accumulation after 9 h incubation with 8, only account for
1647.6% of that for oxaliplatin, indicating that poor intracellular
165accumulation of 8 led to low cytotoxicity. A similar result was
166con�rmed in LoVo cells (Figure S25).
167Introducing Hydrophobic Chain to Compounds 6�9
168Signi�cantly Increased Cytotoxicity. It has been reported
169that long hydrophobic chains can tune the lipophilicity of the
170Pt(IV) compounds to improve the ability of cellular uptake
171and intracellular accumulation, resulting in elevated cytotox-
172icity.45 Therefore, we introduced a long-chain hydrophobic
173group (C16 or C18) to compounds 6�9 and obtained a class
174of lipophilic dual-prodrugs 10�17 (Scheme 1 and Figures
175S26�S57), named Fuplatin. As expected, Fuplatin 10�17
176(Figure 1) exhibited signi�cant antitumor activity, and IC50
177values were strikingly lower than those of mono- or co-therapy
178against all the cancer cell lines studied (Table 1). Interestingly,
179dual-prodrugs 10�17, especially 14�17, displayed low
180cytotoxicity toward human normal cells MRC-5 compared to
181CDDP and oxaliplatin, suggesting that these compounds might
182be selective against tumor cells. For example, IC50 values of
183compound 14, a derivative of 8, were decreased 64- and 41-
184fold in comparison to those of oxaliplatin and the combination
185administration in HCT-116 cells. Inspiringly, compound 14
186showed less cytotoxicity toward normal cells MRC-5 with IC50

Table 1. Cytotoxicity Pro�les of 5-FU and Platinum Compounds in Seven Human Cell Lines

HeLa MCF-7 CaCo-2 LoVo HCT-116 A549 MRC-5

5-FU 11.81 ± 0.43 11.58 ± 0.07 18.16 ± 3.17 15.17 ± 0.25 7.56 ± 0.37 16.43 ± 1.41 3.40 ± 0.85
8 6.66 ± 0.11 3.55 ± 0.22 25.96 ± 2.82 9.06 ± 0.19 7.77 ± 2.88 11.41 ± 0.23 1.66 ± 0.09
10 0.14 ± 0.09 0.28 ± 0.02 0.44 ± 0.08 0.17 ± 0.01 0.11 ± 0.02 0.36 ± 0.02 2.17 ± 0.25
11 0.15 ± 0.07 0.30 ± 0.05 0.47 ± 0.04 0.24 ± 0.03 0.12 ± 0.03 0.47 ± 0.23 2.07 ± 0.38
12 0.54 ± 0.02 0.30 ± 0.02 0.49 ± 0.08 0.18 ± 0.01 0.13 ± 0.02 0.43 ± 0.22 1.44 ± 0.44
13 0.55 ± 0.03 0.32 ± 0.08 0.61 ± 0.02 0.30 ± 0.02 0.14 ± 0.02 0.72 ± 0.03 1.23 ± 0.27
14 0.64 ± 0.06 0.27 ± 0.02 0.86 ± 0.06 0.19 ± 0.02 0.13 ± 0.07 1.44 ± 0.26 4.51 ± 0.26
15 0.77 ± 0.05 0.42 ± 0.02 1.33 ± 0.22 0.26 ± 0.02 0.14 ± 0.06 1.54 ± 0.13 8.75 ± 0.08
16 0.65 ± 0.09 0.33 ± 0.01 1.19 ± 0.14 0.28 ± 0.03 0.15 ± 0.03 1.63 ± 0.27 5.46 ± 0.43
17 0.72 ± 0.08 0.47 ± 0.02 1.42 ± 0.23 0.34 ± 0.06 0.17 ± 0.04 1.75 ± 0.35 8.10 ± 0.62
CDDP 7.07 ± 0.98 8.86 ± 0.12 7.62 ± 0.16 8.14 ± 0.05 5.70 ± 0.02 7.49 ± 0.70 1.18 ± 0.08
oxaliplatin 4.63 ± 0.13 5.49 ± 0.31 4.51 ± 0.86 2.35 ± 0.25 8.34 ± 0.38 3.19 ± 0.25 1.69 ± 0.43
CDDP + FUa 3.01 ± 0.25 4.85 ± 0.25 2.69 ± 0.33 4.32 ± 0.99 3.37 ± 0.19 1.81 ± 0.12 1.15 ± 0.20
Oxa + FUb 2.13 ± 0.16 2.90 ± 0.24 3.05 ± 0.16 1.20 ± 0.27 5.40 ± 0.10 1.29 ± 0.14 1.49 ± 0.62

aAn equimolar mixture of CDDP and 5-FU. bAn equimolar mixture of oxaliplatin and 5-FU.

Figure 2. The accumulation of Pt in HCT-116 cells which were
treated with 8, 14, and oxaliplatin at 10 �M for 3, 6, and 9 h,
respectively.
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187 value of 4.51 �M than those of the positive control drugs,
188 oxaliplatin (IC50 = 1.69 �M), 5-FU (IC50 = 3.40 �M) and the
189 combination of oxaliplatin and 5-FU (IC50 = 1.49 �M).
190 Improved Intracellular Accumulation of Compound
191 14 Is Correlated with Its High Lipophilicity. ICP�MS
192 assay was employed to investigate if the cytotoxic responses
193 produced by compounds 8 and 14 correlate with the platinum
194 content in cells. As shown in Figure 2, compound 14 rapidly
195 accumulated in HCT-116 cells in a time-dependent manner
196 compared to compound 8. For example, after a 9 h incubation
197 period, the intracellular accumulation of 14, introducing a
198 hexadecyl chain to compound 8, was massively enhanced to
199 3692.5 ng Pt/106 cells, presenting 825- and 62-fold higher than
200 that of 8 (4.5 ng Pt/106 cells) and oxaliplatin (59.6 ng Pt/106

201 cells), respectively. A similar result was obtained in LoVo cells
202 (Figure S25). These data indicated that the existence of a
203 hexadecyl chain dramatically promoted the transmembrane
204 entrance of compound 14 into cells.
205 Liposolubility could be an important factor in regulating
206 cellular uptake of drugs.46 The log P values of oxaliplatin, 8 and
207 14 were calculated with Molinspiration miLogP and examined
208 by the traditional octanol�water shake-�ask method.47,48

209 Usually, log P values between 0.5 and 3.5 can be considered
t2 210 as optimal for drug absorption.49 As shown in Table 2, the

211lipophilicity of compound 8 was very poor with the
212experimental log P = �1.29 ± 0.27, which was lower than
213oxaliplatin (log P = �0.60 ± 0.08). By contrast, the
214experimental log P value of 14 was 1.43 ± 0.02, suggesting
215that the high intracellular accumulation of compound 14
216should arise from its high lipophilicity.
217Compound 14 Signi�cantly Inhibited Invasion and
218Migration of HCT-116 Cells. The invasion and migration of
219the primary tumor are the main cause of cancer progression
220and mortality globally.50,51 In this study, wound healing assay
221was carried out to assess the inhibitory e�ect of 14 on cell
222 f3migration using HCT-116 cells. As demonstrated in Figure
223 f33a,c, compound 14 signi�cantly suppressed the migration of
224HCT-116 cells by 12.0%, much lower than that of 69.8% for
225control, 46.2% for oxaliplatin, 67.5% for 5-FU, and 29.8% for
226the combination of oxaliplatin and 5-FU (1:1 molar ratio) at 5
227�M,. For further evaluation of cell metastasis ability, cell
228invasion assay was performed on HCT-116 cells (Figure 3b,d).
229Compared with the control group (100%), 14 reduced the
230invasion rate to 43.5 and 29.8% at 2.5 and 5 �M, oxaliplatin to
23156.9% at 5 �M, while the combination group (1:1 molar ratio,
2325 �M) reduced the rate to 41.6% for 24 h. The results above
233showed that compound 14 had much better inhibitory e�cacy
234on the migration and invasion of cancer cells.
235Compound 14 Markedly Induced DNA Damage and
236Cell Apoptosis. The phosphorylation of H2AX on its S139
237site, �H2AX, is a sensitive marker of DNA double-strand
238breaks (DSBs) repair and DNA damage response.52 In order to
239evaluate the DNA-damage induced by 14, �H2AX signal was
240detected by immuno�uorescence assay. Compound 14
241obviously increased the �uorescence intensity of �H2AX
242 f4more than mono- or co-therapy after 4 h treatment in HCT-

Table 2. Calculated and Experimental log P Values of Pt
Compounds

compound oxaliplatin 8 14
cal. log P �2.45 �3.52 4.13
exp. log P �0.60 ± 0.08 �1.29 ± 0.27 1.43 ± 0.02

Figure 3. (a) Migration inhibition (wound-healing assay) of HCT-116 untreated or treated with the tested compounds for 24 h at the indicated
concentrations. Typical images were taken at 0 and 24 h. (b) Cell invasion of HCT-116 after incubation with the tested compounds at the
indicated concentrations for 24 h. (c) Statistical analysis of cell migration. (d) Statistical analysis of cell invasion. ***P < 0.001, **P < 0.01, *P <
0.05, compared with the control group. Mixture 1 stands for the combination of oxaliplatin (2.5 �M) and 5-FU (2.5 �M); mixture 2 stands for the
combination of oxaliplatin (5 �M) and 5-FU (5 �M).
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f4 243 116 cells (Figure 4a). In addition, the appearance of �H2AX
244 foci is also an indicator of apoptosis,53 and Pt-based drugs and
245 5-FU could induce DNA damage and activate the cell
246 apoptotic pathway.8,21 To test whether 14 could activate
247 apoptosis, HCT-116 cells were co-stained with Annexin-V
248 FITC and propidium iodide (PI) after 36 h treatment of 14,
249 and the number of apoptotic cells was estimated by �ow
250 cytometry. As shown in Figure 4b, compound 14 exhibited the
251 strongest apoptosis induction rate of 32.51% (including the
252 early and late apoptosis), in contrast to 10.93% for 5-FU,
253 14.49% for oxaliplatin, and 11.64% for the combination of 5-
254 FU and oxaliplatin (1:1 molar ratio, 10 �M).
255 Dual-Prodrug 14 Exhibited Intracellular Bifunctions
256 of Oxaliplatin and 5-FU by Cell Cycle Analysis. To
257 investigate the e�ect of the dual-prodrug 14 on cell cycle
258 arrest, �ow cytometry was used to analyze the cell cycle
259 distribution of HCT-116 cells after 36 h incubation with 14.
260 Oxaliplatin arrested the cell cycle mainly at the G2 phase
261 (39.49%) and 5-FU arrested the cell cycle at the S phase
262 (52.83%), which were consistent with the literature
263 reported.54�56 The combination of oxaliplatin and 5-FU
264 could arrest the cells at the S phase (26.26%) and G2 phase
265 (24.35%). When treated with 14, the population of S phase

266cells changed from 9.72% (control group) to 25.93%; on the
267other hand, the population of G2 phase cells changed from
268 f516.75% (control group) to 33.05% (Figure 5a). Namely, the
269cell cycle arrest by 14 occurred at both S phase and G2 phase,
270which was similar to the combination group, revealing that
271compound 14 might inhibit the proliferation of cancer cells by
272a joint mode of 5-FU and oxaliplatin.
273Dual-Prodrug 14 Treatment Up-regulated TS and
274p53 Expression. TS protein is a target of 5-FU.57 It was
275previously reported that 5-FU treatment could induce the
276overexpression of TS (36 kDa) and the formation of a clear
277ternary complex (38 kDa) including FdUMP, TS, and the
278methyl donor CH2THF.58 Our results indicated that both free
279TS and ternary complex were obviously increased after being
280treated with 14 in HCT-116 cells, which was similar to those
281of 5-FU and the combination groups, suggesting that 14 might
282release 5-FU in cells (Figure 5b). On the other hand, p53 plays
283an important role in cellular response to DNA damage.59,60 We
284found that the treatment of HCT-116 cells with compound 14
285brought about a remarkable increase of p53, which was
286consistent with that of single oxaliplatin treatment. Moreover, a
287similar trend was observed in LoVo cells (Figure S58). Taken
288together, the above observations indicated that compound 14

Figure 4. (a) Imaging of 5-FU, oxaliplatin, 14, and an equimolar mixture of oxaliplatin and 5-FU at 10 �M for 4 h in �xed HCT-116 cells using
Alexa Fluor 488-conjugated goat anti-rabbit IgG(H + L). Cells were co-stained with 4�,6-diamidino-2-phenylindole (DAPI). Single confocal image
planes of Alexa Fluor 488 (green), DAPI (blue), and green and blue channels merged were displayed. (b) Apoptosis analysis of HCT-116 cells by
Annexin V-FITC/PI staining after treatment with 5-FU, oxaliplatin, 14, and an equimolar mixture of oxaliplatin and 5-FU at 10 �M for 36 h.

Figure 5. (a) Cell cycle distribution upon treatment with oxaliplatin, 5-FU, an equimolar mixture of oxaliplatin and 5-FU, or 14 at the indicated
concentrations in HCT-116 cells for 36 h. (b) HCT-116 was incubated for 48 h with compound 14 (10 �M), oxaliplatin (10 �M), 5-FU (10 �M),
as well as the combination of oxaliplatin (10 �M) and 5-FU (10 �M). The expressions of TS and p53 were determined by western blotting assay. �-
Tubulin was used as internal loading control. (c) HPLC pro�les of HCT-116 cell extract after being treated with 5-FU and 14 for 4 h, using
untreated cell extract and the standard samples as controls.
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289 could enhance cytotoxicity in a collaborative mode of 5-FU
290 and oxaliplatin.
291 Dual-Prodrug 14 Intracellularly Releases 5-FU and
292 Oxaliplatin. The stability of 14 was examined by HPLC at
293 di�erent times. As shown in Figure S59, compound 14 was
294 stable in PBS/DMF (99:1, v/v) for 48 h. To check whether
295 dual-prodrug 14 could release oxaliplatin and 5-FU in cells, the
296 metabolic extract of HCT-116 cells was obtained by
297 mechanical grinding after being treated with 14 and analyzed
298 using HPLC. Because of weak chromophore of oxaliplatin, 5-
299 FU was used as a detecting signal to examine the metabolism
300 of compound 14 in cells. The retention times of standard 5-FU
301 and 14 are 4.9 and 17.2 min, respectively. The cellular
302 metabolites after being treated with 14 showed a peak of 4.9
303 min (Figure 5c), exactly consistent with the retention time of
304 the 5-FU standard and simple 5-FU-treated cell metabolic
305 extract. In addition, the metabolic extract of HCT-116 cells
306 after being treated with 14 was separated by HPLC and
307 identi�ed by HRMS analysis, presenting the molecular weights
308 of 5-FU and compound 14, respectively (Figure S60). The
309 above data indicated that 5-FU could be easily liberated from
310 compound 14 under the intracellular conditions.
311 Dual-Prodrug 14 Can Predominantly Inhibit the
312 Tumor Growth and Alleviate the Toxic Side-E�ects.
313 The antitumor e�cacy of 14 on the male NOD/SCID mice
314 bearing HCT-116 tumor xenografts was further studied. The
315 mice were randomly divided into �ve groups: (1) phosphate
316 bu�ered saline (PBS); (2) oxaliplatin (2.5 mg/kg); (3) 5-FU
317 (2.5 mg/kg); (4) the combination of oxaliplatin (2.5 mg/kg)
318 and 5-FU (2.5 mg/kg); and (5) compound 14 (2.5 mg/kg),
319 and they were administered intravenously with the above
320 formulations once every 3 days for 6 times. The tumor
321 volumes were measured every other day for 21 days. Our data
322 showed that 5-FU, oxaliplatin, the combination of oxaliplatin
323 and 5-FU, and 14 suppressed the growth of tumor xenograft by

f6 324 36.3, 57.8, 75.8 and 84.8%, respectively, compared with the

325 f6PBS group (Figure 6a,b). Especially, compound 14 displayed
326the highest tumor inhibition rate among the tested samples. In
327fact, since the ninth day, the inhibition of 14 on tumor size has
328been much higher than the other groups (Figure 6b).
329Consistently, the Pt accumulation of 14 in tumors was nearly
3306.5-fold higher than those of the other groups (Figure 6c).
331Simultaneously, we examined the Pt accumulation in normal
332tissues after being treated with Pt compounds. The
333accumulation of 14 in heart, lung, and kidney was signi�cantly
334lower than that of the other groups (Figure 6c). It should be
335noted that the di�erences of Pt accumulation in kidney were
336especially obvious (Figure 6c), and nephrotoxicity is well
337known as one of the most serious clinic toxic e�ects of Pt
338drugs.61 These results suggested that 14 could be less toxic to
339normal tissues and organs than oxaliplatin or the combination
340group. More importantly, there was no signi�cant di�erence in
341body weight change of tumor-bearing mice between the 14-
342treated group and PBS group. By contrary, oxaliplatin and the
343combination group caused continuous decreases in the mean
344body weights (Figure 6d). Moreover, three mice in the
345oxaliplatin group died on the seventh, thirteenth, and
346nineteenth day, and four mice in combination group died on
347the �fteenth, seventeenth, and nineteenth day (Figure 6d). All
348these data indicated that 14 could e�ectively alleviate the toxic
349side-e�ects caused by oxaliplatin.

350� CONCLUSIONS
351In summary, a series of dual-prodrugs 6�17, derived from
352CDDP/oxaliplatin and 5-FU, were reported for the �rst time.
353Hydrophobic chain C16 or C18 was used to overcome the
354obstacles in the transmembrane entrance of 6�9 into cells.
355Compared to mono- and co-therapy, Fuplatins 10�17 could
356signi�cantly improve cytotoxicity against all the tested cancer
357cell lines. Among them, 14, as a representative, signi�cantly
358caused DNA damage, leading to superior cytotoxicity with IC50
359values of 0.13 �M in HCT-116 cells, which was 64.1-, 58.1-,

Figure 6. In vivo antitumor activity of drugs in mice bearing HCT-116 xenograft after administration with 14 (2.5 mg/kg), 5-FU (2.5 mg/kg),
oxaliplatin (2.5 mg/kg), and the combination of oxaliplatin (2.5 mg/kg) and 5-FU (2.5 mg/kg) in a period of 21 days. (a) Images of tumors at the
end of the experiments. It was found that the tumor of one mouse in the control group was eaten by other partners on the second administration.
(b) Tumor volume of the mice in each group. (c) Biodistribution of 14, oxaliplatin, the combination of oxaliplatin, and 5-FU in HCT-116 bearing
mice assessed by ICP�MS. (d) The body weight of mice during the treatments, # stands for a mouse died on the day and ## stands for two mice
died on the day. ***P < 0.001, **P < 0.01, *P < 0.05.
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360 and 41.5-folds as that of oxaliplatin, 5-FU, and the
361 combination, respectively. Compound 14 was found to be
362 massively intracellularly accumulated for its optimized lip-
363 ophilicity. In addition, compound 14 could release 5-FU and
364 oxaliplatin in cells, which induced the expression of both TS
365 and p53, suggesting that 14 might act in a joint mode of 5-FU
366 and oxaliplatin to kill cancer cells. In vivo, dual-prodrug 14
367 could signi�cantly suppress tumor growth and keep the body
368 weight stable compared with oxaliplatin and the combination
369 group. Interestingly, the accumulation of 14 was much higher
370 in the tumor but lower in kidney than that of the oxaliplatin
371 and the combination group. Moreover, it is noteworthy that
372 the survival rates were 57.1, 50.0, and 100% for oxaliplatin, the
373 combination, and 14 groups, respectively. Taken together,
374 conjugation of two di�erent types of traditional clinic drugs to
375 form one dual-prodrug might provide a useful strategy for the
376 development of e�cient and low-toxic anticancer drugs.

377 � EXPERIMENTAL SECTION
378 Materials and Instrument. All chemicals were commercially
379 obtained and used without further puri�cation unless otherwise
380 speci�ed. CDDP and oxaliplatin were purchased from Shandong
381 Platinum Source Pharmaceutical Co., Ltd. 5-FU, 37% formaldehyde
382 solution, succinic anhydride, glutaric anhydride, stearic anhydride,
383 palmitic anhydride, hydrogen peroxide solution (30 wt % in H2O),
384 TBTU, and DMAP were from Aladdin. MTT, crystal violet, RNase A,
385 PI, and Annexin V-FITC/PI kit were from Solarbio. Dulbecco’s
386 modi�ed Eagle medium (DMEM), MEM, and RPMI 1640 medium
387 were from Gibco, and fetal bovine serum (FBS) was from Hyclone. F-
388 12K medium was from Sigma-Aldrich. TS monoclonal antibody, p53
389 monoclonal antibody, �-tubulin monoclonal antibody, peroxidase-
390 conjugated a�nipure goat anti-mouse IgG(H + L), peroxidase-
391 conjugated a�nipure goat anti-rabbit IgG(H + L), and Alexa Fluor
392 488-conjugated goat anti-rabbit IgG(H + L) were from Proteintech.
393 Matrigel was from Corning. Cells were counted with the countstar cell
394 automatic counter from Advanced Lab Instrument & Technology Co.,
395 Ltd. 1H NMR and 13C NMR spectra were measured with a Bruker
396 400 MHz spectrometer. The NMR spectra were processed and
397 analyzed using the MestReNova software package. HRMS were
398 determined by an Agilent 6224 ESI/TOF MS instrument. Elemental
399 analyses for C, H, and N were obtained on a PerkinElmer analyzer
400 model 240. Platinum contents were determined by ICP�MS (Optima
401 5300DV, PerkinElmer, USA). Confocal microscopic images were
402 scanned by Laser Confocal Scanning Biological Microscope Olympus
403 FV1000.
404 Purity of Target Compounds. The purities of all target
405 compounds were determined by HPLC. HPLC analysis was carried
406 out on a Shimadzu Prominence HPLC system equipped with a
407 Venusil XBP-C18 column (5 �m, 150 Å, 250 mm × 4.6 mm). HPLC
408 pro�les were recorded by an UV detector at 260 nm at room
409 temperature. A linear gradient of 5�95% solvent B (methanol) in
410 solvent A (1% acetic acid in water) in 10 min and then constant 95%
411 solvent B in 10�25 min were used to determine purity at a �ow rate
412 of 1 mL min�1. The purity of the compounds (4�5 and 8�17) was
413 con�rmed to be �95%, which were based on three parallel
414 experiments. In addition, the mobile phase of HPLC was as follows

t3 415 (Table 3).

416General Procedure for Synthesis of 1 and 2. 1 and 2 were
417prepared from CDDP or oxaliplatin by oxidation with 30% H2O2 as
418described previously.42,43 H2O2 (30% w/v, 10.0 mL) was added
419dropwise to a suspension of CDDP or oxaliplatin (3.3 mmol) in H2O
420(2 mL) at 70 °C. After 5 h, the bright yellow solution was cooled at 4
421°C overnight to a�ord yellow crystals. The crystals were collected and
422washed with cold water, ethanol, and ether and dried in vacuum.
423cis,cis,trans-Diamminedichlorodihydroxoplatinum(IV) (1). Yield:
42483.6%. HRMS (m/z): calcd for Cl2H9N2O2Pt [M + H]+, 333.9689;
425found, 334.2917.
426t r a n s - ( R , R ) - 1 , 2 - D i a m i n o c y c l o h e x a n e d i h y d r o x o -
427oxalatoplatinum(IV) (2). Yield: 80.6%. HRMS (m/z): calcd for
428C8H16N2O6Pt [M + H]+, 432.0734; found, 432.0736.
429General Procedure for Synthesis of 4 and 5. 5-FU (1.3 g, 10.0
430mmol) was dissolved in 37% formaldehyde solution (1.8 g, 22.2
431mmol) and the mixture was re�uxed at 60 °C for 4 h, giving product 3
432(yield 78%) after concentration under vacuum. To the solution of 3 in
433dry acetonitrile (10 mL) were successively added succinic anhydride
434or glutaric anhydride (12.8 mmol) and a catalytic amount of DMAP.
435The mixture was kept in an oil bath at 50 °C overnight and
436evaporated under vacuum. The residue was puri�ed by silica gel
437column chromatography to give a white solid.
4384-((5-Fluoro-2,4-dioxo-3,4-dihydropyrimidin-1(2H)-yl)methoxy)-
4394-oxobutanoic Acid (4). Yield: 62.0%. 1H NMR (400 MHz, MeOD-
440d4): � (ppm) 7.89 (d, J = 6.0 Hz, 1H), 5.66 (s, 2H), 2.64�2.61 (m,
4414H); 13C NMR (101 MHz, MeOD-d4): � (ppm) 175.8, 173.9, 159.7
442(d, J = 26.3 Hz), 151.1, 141.4 (d, J = 232.3 Hz), 130.6 (d, J = 34.2
443Hz), 71.6, 29.8, 29.5. HRMS (m/z): calcd for C9H9FN2O6 (M +
444Na)+, 283.0342; found, 283.0337. Elemental analysis (%): calcd for
445C9H9FN2O6: C, 41.55; H, 3.49; N, 10.77. Found: C, 41.18; H, 3.63;
446N, 10.83. Purity (HPLC): 96.7%.
4475-((5-Fluoro-2,4-dioxo-3,4-dihydropyrimidin-1(2H)-yl)methoxy)-
4485-oxopentanoic Acid (5). Yield: 60.9%. 1H NMR (400 MHz, DMSO-
449d6): � (ppm) 12.09 (s, 1H), 11.97 (d, J = 4.9 Hz, 1H), 8.12 (d, J = 6.6
450Hz, 1H), 5.57 (s, 2H), 2.39 (t, J = 7.2 Hz, 2H), 2.26 (t, J = 7.3 Hz,
4512H), 1.77�1.70 (m, 2H). 13C NMR (101 MHz, DMSO-d6): � (ppm)
452173.9, 172.2, 157.4 (d, J = 25.9 Hz), 149.2, 139.4 (d, J = 229.2 Hz),
453129.4 (d, J = 34.0 Hz), 70.5, 32.4, 32.3, 19.6. HRMS (m/z): calcd for
454C10H11FN2O6 (M + Na)+, 297.0499; found, 297.0487. Elemental
455analysis (%): calcd for C10H11FN2O6: C, 43.80; H, 4.04; N, 10.22.
456Found: C, 43.52; H, 4.23; N, 10.07. Purity (HPLC): 96.6%.
457General Procedure for Synthesis of 6�9. To a solution of 4 or
4585 (0.36 mmol), TBTU (0.36 mmol), and TEA (0.36 mmol) in dry
459DMSO (2 mL), after 15 min, compound 1 or 2 (0.3 mmol) was
460added in the portions. Then, the mixture was stirred at 60 °C
461overnight to form a clear solution. The solution was �ltered to remove
462the unreacted solid. The clari�ed solution was added into Et2O (20
463mL) to get a yellow precipitate, and the precipitate was washed with
464Et2O for several times.
465cis,cis-Diamminedichloro-{4-[(5-� uoro-2,4-dioxo-3,4-dihydro-
466pyrimidin-1(2H)-yl)methoxy]-4-oxobutanoato}-hydroxoplatinum-
467(IV) (6). Yield: 55.0%. 1H NMR (400 MHz, DMSO-d6): � (ppm)
46811.96 (s, 1H), 8.11 (d, J = 6.4 Hz, 1H), 6.04�5.78 (m, 6H), 5.56 (s,
4692H), 2.54 (s, 1H), 2.47 (s, 3H); 13C NMR (101 MHz, DMSO-d6): �
470(ppm) 179.1, 172.2, 157.4 (d, J = 25.8 Hz), 149.2, 139.4 (d, J = 229.5
471Hz), 129.5 (d, J = 33.9 Hz), 70.4, 30.9, 29.8. HRMS (m/z): calcd for
472C9H15Cl2FN4O7Pt (M + H)+, 576.0028; found, 576.0007.
473cis,cis-Diamminedichloro-{5-[(5-� uoro-2,4-dioxo-3,4-dihydro-
474pyrimidin-1(2H)-yl)methoxy]-5-oxopentanoato}-hydroxoplatinum-
475(IV) (7). Yield: 46.7%. 1H NMR (400 MHz, DMSO-d6): � (ppm)
47611.95 (s, 1H), 8.13 (d, J = 6.4 Hz, 1H), 6.09�5.85 (m, 6H), 5.57 (s,
4772H), 2.40 (d, J = 7.2 Hz, 2H), 2.21 (d, J = 7.2 Hz, 2H), 1.74�1.67
478(m, 2H). 13C NMR (101 MHz, DMSO-d6): � (ppm) 180.2, 172.6,
479158.5 (d, J = 24.8 Hz), 149.9, 139.5 (d, J = 230.3 Hz), 129.1 (d, J =
48034.4 Hz), 70.6, 35.2, 32.5, 20.7. HRMS (m/z): calcd for
481C10H17Cl2FN4O7Pt (M + H)+, 590.1084; found, 590.0156.
482R,R-1,2-Diaminocyclohexane-{4-[(5-� uoro-2,4-dioxo-3,4-dihy-
483dropyrimidin-1(2H)-yl)methoxy]-4-oxobutanoato}-hydroxo-
484oxalatoplatinum(IV) (8). Yield: 31.7%. 1H NMR (400 MHz, DMSO-
485d6): � (ppm) 8.42 (s, 1H), 8.10 (d, J = 6.4 Hz, 3H), 7.52 (s, 1H), 5.54
486(s, 2H), 2.60 (d, 2H), 2.47 (d, 2H), 2.10�2.03 (m, 2H), 1.89 (s, 1H),

Table 3. Mobile Phase of HPLC Analyses for the Purities of
All Target Compounds

time (min) A (water) B (methanol)

0.01 95 5
10.00 5 95
25.00 5 95
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487 1.51 (s, 3H), 1.35�1.24 (m, 1H), 1.17�1.06 (m, 3H); 13C NMR
488 (101 MHz, DMSO-d6): � (ppm) 180.2, 172.2, 164.1, 157.7 (d, J =
489 25.5 Hz), 149.5, 139.4 (d, J = 229.6 Hz), 129.3 (d, J = 34.0 Hz), 70.6,
490 60.7 (d, J = 141.2 Hz), 48.5, 31.1, 30.7 (d, J = 5.6 Hz), 29.5, 23.7, 23.6
491 (d, J = 8.1 Hz). HRMS (m/z): calcd for C17H23FN4O11Pt (M + H)+,
492 674.1073; found, 674.1055. Elemental analysis (%): calcd for
493 C17H23FN4O11Pt: C, 30.32; H, 3.44; N, 8.32. Found: C, 30.08; H,
494 3.49; N, 8.15. Purity (HPLC): 99.3%.
495 R,R-1,2-Diaminocyclohexane-{5-[(5-� uoro-2,4-dioxo-3,4-dihy-
496 dropyrimidin-1(2H)-yl)methoxy]-5-oxopentanoato}-hydroxo-
497 oxalatoplatinum(IV) (9). Yield: 37.7%. 1H NMR (400 MHz, DMSO-
498 d6): � (ppm) 8.49 (s, 1H), 8.12 (d, J = 6.4 Hz, 2H), 7.94 (s, 1H), 7.40
499 (s, 1H), 5.55 (s, 2H), 2.62�2.55 (m, 2H), 2.33 (t, J = 7.2 Hz, 2H),
500 2.23 (t, J = 7.2 Hz, 2H), 2.11�2.03 (m, 2H), 1.72�1.65 (m, 2H),
501 1.50 (s, 3H), 1.38�1.29 (m, 1H), 1.10 (s, 2H). 13C NMR (101 MHz,
502 DMSO-d6): � (ppm) 181.3, 172.3, 164.0, 157.8 (d, J = 25.5 Hz),
503 149.5, 139.5 (d, J = 229.9 Hz), 129.3 (d, J = 34.4 Hz), 70.5, 60.7(d, J
504 = 151.3 Hz), 59.9, 35.5, 32.3, 30.7, 23.6 (d, J = 4.0 Hz), 20.6. HRMS
505 (m/z): calcd for C18H25FN4O11Pt (M + H)+, 688.1230; found,
506 688.1213. Elemental analysis (%): calcd for C18H25FN4O11Pt: C,
507 31.45; H, 3.67; N, 8.15. Found: C, 31.87; H, 3.54; N, 8.04. Purity
508 (HPLC): 98.8%.
509 General Procedure for Synthesis of 10�17. The intermediate
510 6 or 7 or 8 or 9 (0.2 mmol) was placed into 2 mL anhydrous
511 dimethylformamide (DMF), and then palmitic anhydride or stearic
512 anhydride (0.3 mmol) was added. The suspension was stirred at 60
513 °C overnight. Unreacted anhydride (precipitated upon cooling) was
514 then �ltered, and the solvent was removed at 60 °C under reduced
515 pressure. The residue was puri�ed on column chromatography to give
516 the desired compound as a light yellow solid.
517 cis,cis-Diamminedichloro-{4-[(5-� uoro-2,4-dioxo-3,4-dihydro-
518 p y r i m i d i n - 1 ( 2 H ) - y l ) m e t h o x y ] - 4 - o x o b u t a n o a t o } -
519 hexadecanoatoplatinum(IV) (10). Yield: 29.6%. 1H NMR (400
520 MHz, DMSO-d6): � (ppm) 11.97 (d, J = 4.8 Hz, 1H), 8.10 (d, J = 6.4
521 Hz, 1H), 6.48 (s, 6H), 5.57 (s, 2H), 2.53 (s, 4H), 2.20 (t, J = 7.2 Hz,
522 2H), 1.44 (t, J = 6.8 Hz, 2H), 1.24 (s, 24H), 0.85 (t, J = 6.2 Hz, 3H).
523 13C NMR (101 MHz, DMSO-d6): � (ppm) 180.8, 178.9, 171.9, 157.5
524 (d, J = 25.9 Hz), 149.2, 139.4 (d, J = 229.4 Hz), 129.5 (d, J = 34.0
525 Hz), 70.5, 35.6, 31.3, 30.1, 29.5, 29.1, 29.0, 28.9, 28.7, 28.6, 25.4, 22.0,
526 13.9. HRMS (m/z): calcd for C25H45Cl2FN4O8Pt (M + H)+,
527 814.2324; found, 814.2320. Elemental analysis (%): calcd for
528 C25H45Cl2FN4O8Pt: C, 36.86; H, 5.57; N, 6.88. Found: C, 36.55;
529 H, 5.42; N, 7.02. Purity (HPLC): 98.9%.
530 cis,cis-Diamminedichloro-{4-[(5-� uoro-2,4-dioxo-3,4-dihydro-
531 p y r i m i d i n - 1 ( 2 H ) - y l ) m e t h o x y ] - 4 - o x o b u t a n o a t o } -
532 octadecanoatoplatinum(IV) (11). Yield: 29.7%. 1H NMR (400
533 MHz, DMSO-d6): � (ppm) 11.97 (d, J = 4.4 Hz, 1H), 8.10 (d, J = 6.4
534 Hz, 1H), 6.49 (s, 6H), 5.57 (s, 2H), 2.54 (s, 4H), 2.20 (t, J = 7.2 Hz,
535 2H), 1.44 (t, J = 6.8 Hz, 2H), 1.24 (s, 28H), 0.85 (t, J = 6.4 Hz, 3H);
536 13C NMR (101 MHz, DMSO-d6): � (ppm) 180.8, 178.9, 171.9, 157.4
537 (d, J = 26.0 Hz), 149.2, 139.4 (d, J = 229.4 Hz), 129.5 (d, J = 33.9
538 Hz), 70.5, 35.6, 31.3, 30.1, 29.5, 29.0, 28.9, 28.9, 28.7, 28.6, 25.4, 22.1,
539 13.9. HRMS (m/z): calcd for C27H49Cl2FN4O8Pt (M + H)+,
540 842.2637; found, 842.2629. Elemental analysis (%): calcd for
541 C27H49Cl2FN4O8Pt: C, 38.48; H, 5.86; N, 6.65. Found: C, 38.15;
542 H, 5.62; N, 6.49. Purity (HPLC): 99.1%.
543 cis,cis-Diamminedichloro-{5-[(5-� uoro-2,4-dioxo-3,4-dihydro-
544 p y r i m i d i n - 1 ( 2 H ) - y l ) m e t h o x y ] - 5 - o x o p e n t a n o a t o } -
545 hexadecanoatoplatinum(IV) (12). Yield: 40.6%. 1H NMR (400
546 MHz, DMSO-d6): � (ppm) 11.95 (s, 1H), 8.13 (d, J = 6.4 Hz, 1H),
547 6.50 (s, 6H), 5.57 (s, 2H), 2.40 (t, J = 7.2 Hz, 2H), 2.27 (t, J = 7.2 Hz,
548 2H), 2.20 (t, J = 7.2 Hz, 2H), 1.74�1.65 (m, 2H), 1.44 (m, J = 5.2
549 Hz, 2H), 1.24 (s, 24H), 0.85 (t, J = 6.4 Hz, 3H). 13C NMR (101
550 MHz, DMSO-d6): � (ppm) 180.9, 179.9, 172.5, 157.4 (d, J = 26.0
551 Hz), 149.2, 139.4 (d, J = 229.4 Hz), 129.4 (d, J = 34.0 Hz), 70.5, 35.7,
552 34.4, 32.4, 31.3, 29.0, 28.9, 28.9, 28.7, 28.6, 25.4, 22.0, 20.5, 13.9.
553 HRMS (m/z): calcd for C26H47Cl2FN4O8Pt (M + H)+, 828.2481;
554 found, 828 .2472 . E lementa l ana lys i s (%): ca lcd for
555 C26H47Cl2FN4O8Pt: C, 37.69; H, 5.72; N, 6.76. Found: C, 37.23;
556 H, 5.67; N, 6.52. Purity (HPLC): 95.2%.

557cis,cis-Diamminedichloro-{5-[(5-� uoro-2,4-dioxo-3,4-dihydro-
558p y r i m i d i n - 1 ( 2 H ) - y l ) m e t h o x y ] - 5 - o x o p e n t a n o a t o } -
559octadecanoatoplatinum(IV) (13). Yield: 40.0%. 1H NMR (400
560MHz, DMSO-d6): � (ppm) 11.95 (s, 1H), 8.13 (d, J = 6.4 Hz, 1H),
5616.50 (s, 6H), 5.57 (s, 2H), 2.40 (t, J = 7.2 Hz, 2H), 2.27 (t, J = 7.2 Hz,
5622H), 2.20 (t, J = 7.2 Hz, 2H), 1.74�1.67 (m, 2H), 1.44 (m, J = 5.2
563Hz, 2H), 1.24 (s, 28H), 0.86 (t, J = 6.4 Hz, 3H). 13C NMR (101
564MHz, DMSO-d6): � (ppm) 180.9, 179.9, 172.5, 157.4 (d, J = 25.9
565Hz), 149.2, 139.4 (d, J = 229.4 Hz), 129.4 (d, J = 34.0 Hz), 70.5, 35.7,
56634.4, 32.4, 31.3, 29.0, 29.0, 28.9, 28.7, 28.6, 25.4, 23.2, 22.1, 20.4,
56713.9. HRMS (m/z): calcd for C28H51Cl2FN4O8Pt (M + H)+,
568856.2794; found, 856.2869. Elemental analysis (%): calcd for
569C28H51Cl2FN4O8Pt: C, 39.26; H, 6.00; N, 6.54. Found: C, 39.05;
570H, 5.87; N, 6.37. Purity (HPLC): 95.3%.
571R,R-1,2-Diaminocyclohexane-{4-[(5-� uoro-2,4-dioxo-3,4-dihy-
572dropyrimidin-1(2H)-yl)methoxy]-4-oxobutanoato}-hexadecanoa-
573to-oxalatoplatinum(IV) (14). Yield: 30.0%. 1H NMR (400 MHz,
574DMSO-d6): � (ppm) 11.96 (s, 1H), 8.42�8.32 (m, 3H), 8.21�8.16
575(m, 1H), 8.10 (d, J = 6.4 Hz, 1H), 5.54 (s, 2H), 2.54 (s, 4H), 2.24 (t,
576J = 6.2 Hz, 2H), 2.13�2.10 (m, 2H), 1.53�1.50 (m, 2H), 1.43�1.36
577(m, 4H), 1.23 (s, 28H), 0.85 (t, J = 6.6 Hz, 3H); 13C NMR (101
578MHz, DMSO-d6): � (ppm) 181.2, 179.2, 171.9, 163.2, 157.3 (d, J =
57926.0 Hz), 149.2, 139.4 (d, J = 229.6 Hz), 129.4 (d, J = 33.5 Hz), 70.6,
58061.1 (d, J = 32.5 Hz), 35.8, 31.3, 30.9, 30.3, 29.2, 29.0, 28.9, 28.8,
58128.7, 28.5, 25.3, 23.5 (d, J = 7.9 Hz), 22.0, 13.9. HRMS (m/z): calcd
582for C33H53FN4O12Pt (M + H)+, 912.3370; found, 912.3365.
583Elemental analysis (%): calcd for C33H53FN4O12Pt: C, 43.47; H,
5845.86; N, 6.14. Found: C, 43.23; H, 5.76; N, 5.93. Purity (HPLC):
58597.3%.
586R,R-1,2-Diaminocyclohexane-{4-[(5-� uoro-2,4-dioxo-3,4-dihy-
587dropyrimidin-1(2H)-yl)methoxy]-4-oxobutanoato}-octadecanoato-
588oxalatoplatinum(IV) (15). Yield: 34.0%. 1H NMR (400 MHz,
589DMSO-d6): � (ppm) 11.97 (s, 1H), 8.42�8.32 (m, 3H), 8.23�8.14
590(m, 1H), 8.10 (d, J = 6.5 Hz, 1H), 5.54 (s, 2H), 2.54 (s, 4H), 2.25�
5912.22 (m, 2H), 2.13�2.10 (m, 2H), 1.53�1.50 (m, 2H), 1.45�1.38
592(m, 4H), 1.23 (s, 32H), 0.85 (t, J = 6.6 Hz, 3H); 13C NMR (101
593MHz, DMSO-d6): � (ppm) 181.2, 179.1, 171.9, 163.3, 157.3 (d, J =
59425.9 Hz), 149.2, 139.4 (d, J = 229.4 Hz), 129.4 (d, J = 33.7 Hz), 70.6,
59561.1 (d, J = 33.3 Hz), 35.7, 33.6, 31.3, 30.9, 30.2, 29.2, 29.0, 28.9,
59628.8, 28.7, 28.5, 28.4, 25.3, 24.5, 23.5 (d, J = 8.6 Hz), 22.1, 13.9.
597HRMS (m/z): calcd for C35H57FN4O12Pt (M + H)+, 940.3683;
598found, 940.3696. Elemental analysis (%): calcd for C35H57FN4O12Pt:
599C, 44.72; H, 6.11; N, 5.96. Found: C, 44.48; H, 6.03; N, 6.07. Purity
600(HPLC): 98.0%.
601R,R-1,2-Diaminocyclohexane-{5-[(5-� uoro-2,4-dioxo-3,4-dihy-
602dropyrimidin-1(2H)-yl)methoxy]-5-oxopentanoato}-hexadecanoa-
603to-oxalatoplatinum(IV) (16). Yield: 25.8%. 1H NMR (400 MHz,
604DMSO-d6): � (ppm) 11.96 (s, 1H), 8.37 (s, 3H), 8.19 (s, 1H), 8.13
605(d, J = 6.4 Hz, 1H), 5.56 (s, 2H), 2.37�2.30 (m, 5H), 2.26�2.22 (m,
6062H), 2.14�2.10 (m, 2H), 1.73�1.66 (m, 2H), 1.53�1.49 (m, 3H),
6071.43�1.37 (m, 6H), 1.24 (s, 24H), 0.85 (t, J = 6.4 Hz, 3H); 13C NMR
608(101 MHz, DMSO-d6): � (ppm) 181.2, 179.9, 172.3, 163.3, 157.4 (d,
609J = 25.8 Hz), 149.2, 139.4 (d, J = 229.4 Hz), 129.4 (d, J = 33.7 Hz),
61070.5, 61.1 (d, J = 37.6 Hz), 35.8, 34.6, 32.2, 31.3, 30.9 (d, J = 4.9 Hz),
61129.0, 28.9, 28.9, 28.8, 28.7, 28.5, 25.3, 23.5 (d, J = 4.8 Hz), 22.1, 20.3,
61213.9. HRMS (m/z): calcd for C34H55FN4O12Pt (M + H)+, 926.3527;
613found, 926.3520. Elemental analysis (%): calcd for C34H55FN4O12Pt:
614C, 44.11; H, 5.99; N, 6.05. Found: C, 44.42; H, 5.94; N, 5.97. Purity
615(HPLC): 98.7%.
616R,R-1,2-Diaminocyclohexane-{5-[(5-� uoro-2,4-dioxo-3,4-dihy-
617dropyrimidin-1(2H)-yl)methoxy]-5-oxopentanoato}-octadecanoa-
618to-oxalatoplatinum(IV) (17). Yield: 18.6%. 1H NMR (400 MHz,
619DMSO-d6): � (ppm) 11.95 (s, 1H), 8.37 (s, 3H), 8.19 (s, 1H), 8.13
620(d, J = 6.4 Hz, 1H), 5.56 (s, 2H), 2.37�2.29 (m, 4H), 2.24 (t, J = 6.2
621Hz, 2H), 2.14�2.10 (m, 2H), 1.73�1.66 (m, 2H), 1.52�1.38 (m,
6228H), 1.23 (s, 30H), 0.85 (t, J = 6.2 Hz, 3H); 13C NMR (101 MHz,
623DMSO-d6): � (ppm) 181.2, 179.9, 172.3, 163.3, 157.4 (d, J = 26.3
624Hz), 149.2, 139.4 (d, J = 229.0 Hz), 129.4 (d, J = 34.1 Hz), 70.5, 61.1
625(d, J = 38.5 Hz), 35.8, 34.6, 32.2, 31.3, 30.9 (d, J = 4.3 Hz), 29.0, 28.9,
62628.8, 28.7, 28.4, 25.3, 23.5 (d, J = 4.7 Hz), 22.1, 20.3, 13.9. HRMS
627(m/z): calcd for C36H59FN4O12Pt (M + H)+, 954.3840; found,
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628 954.3831. Elemental analysis (%): calcd for C36H59FN4O12Pt: C,
629 45.33; H, 6.23; N, 5.87. Found: C, 45.02; H, 6.39; N, 5.49. Purity
630 (HPLC): 95.5%.
631 Cell Lines and Cell Culture. All cell lines including human
632 cervical cancer cell line (HeLa), breast carcinoma cell line (MCF-7),
633 colon cancer cells line (CaCo-2, LoVo and HCT-116), non-small cell
634 lung cancer cell line (A549), and human embryonic �broblasts cell
635 line (MRC-5) were obtained from the American Type Culture
636 Collection (ATCC) and maintained at 37 °C in a humidi�ed
637 atmosphere of 5% CO2. Cells were cultured in DMEM (for HeLa,
638 MCF-7) or RPMI1640 (for CaCo-2, HCT-116 and A549) or MEM
639 (for MRC-5) or F-12K (for LoVo) medium containing 10% FBS.
640 Antiproliferative Activity. Cytotoxicity pro�les of 5-FU,
641 compound 8, 10�17, CDDP and oxaliplatin, and the combination
642 therapies against di�erent cell lines (HeLa, MCF-7, CaCo-2, LoVo,
643 HCT-116, MRC-5, and A549) were evaluated by the MTT assay.
644 Brie�y, the cultured cells with better vitality were seeded in 96-well
645 plates at 2000 cells per well and incubated at 37 °C in a 5% CO2
646 atmosphere. After 24 h incubation, the cells were treated with
647 di�erent concentrations of the tested drugs and incubated for another
648 72 h. Then, 10 �L of MTT (5 mg mL�1 in PBS) was added to each
649 well for another 4 h. Finally, the medium was removed, and DMSO
650 (100 �L) was added. The absorbance was measured at 570 nm using
651 a enzyme-linked immunosorbent assay (ELISA) reader. The IC50
652 values were calculated using GraphPad Prism 5 software, which were
653 based on three parallel experiments.
654 Intracellular Accumulation of Platinum. HCT-116 and LoVo
655 cells were transferred to 6-well plates at 106 cells/well incubated at 37
656 °C in 5% CO2. After the cells reached about 80% con�uence, the cells
657 were treated with oxaliplatin, 8, and 14 (10 �M) for 3, 6, and 9 h.
658 Then, the cells were washed three times with PBS (4 °C) and
659 collected by centrifugation at 2000 rpm for 5 min. After being
660 lyophilized, the remaining cells were digested by HNO3 (200 �L,
661 65%) at 65 °C for 10 min, and the Pt level in cells was measured by
662 ICP�MS. The cell numbers were counted before the lyophilization.
663 Calculation and Measurement of Water�Octanol Partition
664 Coe�cient. log Po/w values were calculated with the online program
665 Molinspiration (http://www.molinspiration.com/). In addition, the
666 traditional octanol�water shake-�ask method was employed to
667 measure the actual log P of Pt compounds with a UV spectrometer
668 as the monitor. First, n-octanol and PBS were shaken at a constant
669 temperature (37 ± 1) °C for 48 h to saturate each other. After
670 standing overnight for strati�cation, two phases were separated before
671 using. Then, the standard curves of concentration�absorbance of
672 compounds in two phases were established by UV. The compounds
673 (8, 14, or oxaliplatin) were dissolved in 1.0 mL PBS-saturated n-
674 octanol and then incubated with 1.0 mL n-octanol-saturated PBS in a
675 15 mL tube, stirred in the dark for 3 h at room temperature. The two
676 phases were separated by centrifugation for 20 min. The absorbance
677 of the compounds in each phase was determined by UV, and the
678 concentration in n-octanol (Co) and in PBS (Cw) was obtained
679 according to the standard curves. Then, the log P values were
680 calculated according to the formula: log P = log Co/Cw. All
681 experiments were repeated independently for three times.
682 Wound Healing Assay. We utilized the monolayer scratch assay
683 previously described62 to measure cell migration of HCT-116 cells in
684 vitro after standard scratch “wounding” using a pipette tip. Brie�y,
685 HCT-116 cells were seeded into 12-well plates at a density of 5 × 105

686 cells/well. After 24 h, a sterilized 200 �L pipette tip was used to
687 generate a wound across the cells. PBS was slowly added into the
688 wells to remove the detached cells. Then, the cells were treated with
689 varied compounds at the indicated concentrations for 24 h. Cells
690 migrating into the wounded area were observed at di�erent time
691 points (0 and 24 h) under the microscope (Motic AE2000), and the
692 images were captured and processed with Mtico Images Advanced 3.2
693 as reported previously.63 Each experiment was performed at least
694 three times.
695 Cell Invasion Assay. After being treated with di�erent
696 compounds for 24 h, the HCT-116 cells were seeded into two
697 Matrigel-coated 96-well-plate (4 × 103 cells/well). After incubating

698for 24 h, the medium was removed and then the cells were washed
699with cold PBS. One plate was �xed with 4% paraformaldehyde for 15
700min and stained with 1% crystal violet for another 15 min, the images
701were observed on an inverted microscope (Leica DMI3000B). In
702addition, 10 �L/well MTT (5 mg mL�1 in PBS) was added into
703another plate and the cells were incubated at 37 °C for 4 h. Finally,
704the medium was removed, and DMSO (100 �L) was added. The
705absorbance was measured at 570 nm using an ELISA reader. The cell
706invasion rate was obtained by the formula

cell invasion rate (OD /OD ) 100%drug control= ×

707Immunostaining of � H2AX. HCT-116 cells (4 × 105 per well)
708were seeded in 15 mm glass bottom cell culture dishes with 2 mL of
709medium and were allowed to stay at 37 °C for 24 h. Cells were
710incubated with 10 �M compound at 37 °C for 4 h. Afterward, cells
711were washed twice with PBS and �xed with 4% paraformaldehyde at
712room temperature for 15 min. The �xed cells were then washed with
713PBS twice and permeabilized for 15 min in 0.5% Triton X-100,
714washed twice with PBS, blocked for 1 h with 1% albumin bovine V
715solution, and incubated with �H2AX primary antibody (1:250) at 4
716°C overnight. Cells were washed with PBS (3 × 10 min) and then
717incubated for 2 h with 1:200 dilution of Alexa Fluor 488 labeled
718secondary antibody. After washing with PBS (3 × 10 min), the cells
719were mounted with DAPI for nuclei staining for 5 min and examined
720by �uorescence microscopy.
721Apoptosis Analysis. Cell death was analyzed by �uorescence-
722activated cell sorting (FACS) using Annexin V-FITC and PI staining
723assay. HCT-116 cells were transferred into 6-well plates at the density
724of 1× 106 cells mL�1 and incubated overnight. Then, the cells were
725treated with compounds at 10 �M and subsequently incubated at 37
726°C in a 5% CO2 atmosphere. After incubation for 36 h, the cells were
727rinsed twice with cold PBS, trypsinized (using trypsin without
728EDTA), and centrifuged (2000 rpm, 5 min). The supernatant was
729discarded and the cells were resuspended in 250 �L of 1× binding
730bu�er, stained with Annexin V-FITC, and incubated in the dark at 25
731°C for 15 min. Finally, the samples were incubated with 5 �L of 5 �M
732PI before examination with a NovoCyte �ow cytometer. Data analysis
733was carried out using NovoExpress 1.2.5 software and GraphPad
734Prism 5 software.
735Cell Cycle Arrest Assay. HCT-116 cells were seeded in 6-well
736plates at a density of 1 × 106 cells mL�1 and grown in RPMI1640
737medium with 10% FBS and incubated at 37 °C for 24 h. Then,
738medium was replaced with a fresh one containing the compounds at 5
739�M. After being treated for 36 h, the cells were collected, washed with
740PBS, and �xed with ethanol (70%) at �20 °C for 48 h. Then, the
741supernatant was eliminated by centrifugation (2000 rpm, 5 min). The
742cells were washed with PBS and resuspended with 250 �L of PBS and
743incubated with 100 �g/mL RNase A at 37 °C for 0.5 h. Finally, the
744samples were stained with 50 �g/mL PI before analyzing with a
745NovoCyte �ow cytometer. Data analysis was carried out using
746NovoExpress 1.2.5 software.
747Western Blot Analysis. The active preferred HCT-116 and LoVo
748cells were seeded until the cell density reached 80%. Then, the cells
749were treated with 10 �M compounds and cultured at 37 °C for 48 h.
750Proteins were extracted by lysis bu�er and stored at �20 °C. The
751protein concentrations were quanti�ed by BCA Protein Concen-
752tration Detection Kit (Solarbio). Then, the protein were separated by
75310% sodium dodecyl sulfate�polyacrylamide gel electrophoresis
754(SDS�PAGE) and transferred onto polyvinylidene di�uoride
755(PVDF). The membranes were blocked with 5% non-fat milk in
756Tris bu�ered saline with 0.1% Tween-20 (TBST) for 4 h and
757incubated with primary antibodies at 4 °C overnight under gentle
758shaking. Then, the membranes were washed with TBST and further
759incubated with the secondary antibodies at 37 °C for 1.5 h. All
760membranes were washed with TBST three times for 30 min and
761protein blots were detected with a chemiluminescence reagent
762(Thermo Fisher Scienti�c Ltd.) and Tanon automated chemilumi-
763nescence imaging analysis system.
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764 Stability of Compound 14 in PBS/DMF Bu�er. Compound 14
765 was incubated in a PBS/DMF (99:1, v/v) at 37 °C and then checked
766 by HPLC. The conditions of the stability analysis were the same as
767 that of the purity analysis.
768 Extraction and Analysis of Intracellular Release of Com-
769 pound 14. 1.5 × 107 HCT-116 cells were seeded in 10 cm cell
770 culture dishes and grown until the cell density reached 80%. The cells
771 were treated with 5-FU and compound 14 with the concentration of
772 100 �M for 4 h, using untreated cells as a control. Then, the cells were
773 harvested and washed with cold PBS for several times. HCT-116 cell
774 metabolic extract was obtained by mechanical grinding and
775 centrifugated at 12 000 rpm for 5 min to collect the supernatant. In
776 addition, methanol was added to the supernatant to precipitate the
777 protein. The resulting supernatant was dried by an N2 �ow. The
778 residue was dissolved in methanol, studied by HPLC, and identi�ed
779 by HRMS analysis.
780 Antitumor Activity in Vivo. Five-week-old male NOD/SCID
781 mice (16�18 g body weight) were purchased from Wei Tong Li Hua
782 Experimental Animal Co (Beijing, China). All animal experiments
783 were conducted in accordance with the protocol approved by the
784 Animal Nursing and Use Committee of Tianjin Medical University. A
785 HCT-116 single-cell suspension in PBS (1 × 107 cell/0.1 mL/mouse)
786 was injected subcutaneously into the right buttock of each mouse.
787 When the tumor grew to a size of 50�100 mm3 at 12 days after cell
788 implantation, all the animals were numbered with ear tags and
789 randomly divided into 5 groups: (1) PBS (n = 6) as the control group,
790 (2) oxaliplatin (2.5 mg/kg, n = 7), (3) 5-FU (2.5 mg/kg, n = 6), (4)
791 the combination groups of oxaliplatin (2.5 mg/kg) and 5-FU (2.5
792 mg/kg) (n = 8), and (5) compound 14 (2.5 mg/kg, n = 6). All
793 solutions injected for all groups contained DMF/Tween 80/PBS
794 (5:1:94, v/v/v), and all mice were administrated via injecting
795 intravenously into the tail vein every three days for consecutive six
796 times. Tumor size and body weight of each mouse were recorded
797 every two days after drug treatment. The tumor volumes (V) were
798 measured with calipers and calculated by measuring length and width
799 (V = length × width2 × 0.5). Five days after the last treatment, all the
800 animals were sacri�ced, the tumors and major organs (heart, liver,
801 lung, and kidney) were collected and assessed by ICP�MS. The
802 inhibition rate calculated by the formula

Inhibition rate 1 (treated treated )

/(control control ) 100%

last first

last first

= [ Š Š

Š ] ×

803 where treatedlast or controllast stands for the tumor volumes of the last
804 determination and treatedfirst or controlfirst stands for the tumor
805 volumes of the �rst determination.
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