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ABSTRACT: Platinum(Pt)(II) drugs and new Pt(IV) agents behave the dysregulation of apoptosis as the result of DNA damage 
repair and thus, are less effective in the treatment of resistant tumors. Herein, mononitro-naphthalimide Pt(IV) complex 10b with 
minimized side-effects was reported targeting DNA damage response via a dual-DNA-damage approach to overcome cisplatin 
resistance. 10b displayed remarkably evaluated antitumor (70.10%) activities in vivo compared to that of cisplatin (52.88%). The 
highest fold increase (FI) (5.08) for A549cisR cells and the lowest (0.72) for A549 indicated 10b preferentially accumulated in 
resistant cell lines. The possible molecular mechanism indicates that 10b targets resistant cells in a totally different way from the 
existing Pt drugs. The cell accumulation and the Pt levels in genomic DNA  from 10b is almost 5 folds higher than that of cisplatin 
and oxaliplatin, indicating the naphthalimide moiety in 10b exhibits preferentially DNA damage. Using 5’-dGMP as a DNA model, 
the DNA-binding properties of 10b (1 mM) with 5’-dGMP (3 mM) in the presence of ascorbic acid (5 mM) deduced that 10b was 
generated by the combination of cisplatin with 5’-dGMP after reduction by ascorbic acid. Moreover, 10b promoted the expression 
of p53 gene and protein more effectively than cisplatin, leading to the increased anticancer activity. The up-regulated γH2A.X and 
down-regulated RAD51 indicates that 10b not only induced severe DNA damage but also inhibited the DNA damage repair, thus 
resulting in its higher cytotoxicity in comparison to that of cisplatin. Their preferential accumulation in cancer cells (SMMC-7721) 
compared to the matched normal cells (HL-7702 cells) demonstrated that they were potentially safe for clinical therapeutic use. In 
addition, the higher therapeutic indices of 10b for 4T1 cells in vivo indicated that naphthalimide-Pt(IV) conjugates behaved a vital 
function in the treatment of breast cancer. For the first time, our study implies a significant strategy for Pt drugs to treat resistance 
cancer targeting DNA damage repair via dual DNA damage mechanism in a totally new field.    

1. INTRODUCTION

FDA-approved the classical DNA-targeted drugs, cisplatin 
(CDDP), carboplatin and oxaliplatin, play important roles in 
treating a variety of cancers in clinics. [1] However, the Pt(II) 
drugs are clinically restricted by low DNA binding ratios, 85% 
- 90% of which cannot bind to DNA due to many factors 
including DNA damage response (DDR). Only less than 10% 
of Pt can bind with DNA to treat patients, especially in 
cisplatin-resistant cancer cells. [1b] The accumulation of Pt in 
healthy tissue leads to undesired side effects, including 
nephrotoxicity, peripheral neuropathy and nausea. [1-2] DDR 
also plays crucial roles in regulating the efficacy and drug 
resistance of anticancer drugs, especially Pt drugs, that exerts 
cytotoxicity through DNA damage. [3] Defects in DDR are 
one of the most pervasive characteristics of human cancer, 
allowing cancer cells to survive and proliferate. Very recently, 
small molecules targeting different DDR pathways have been 

used alone or in combination with radiation therapy and 
genotoxic chemotherapy for cancer treatment. [4] 

In the past decade, Pt(IV) prodrugs, derived from the fusion 
of tumour targeting molecules and oxoplatin, have been 
developed to overcome the limitations existing in Pt(II)-based 
chemotherapies and attract substantial attention as the next 
generation of Pt-based candidates. [5] The special kinetically 
inertness of Pt(IV) compounds can avoid the reactions with 
off-target biological substances before attacking DNA. [6] 
Most importantly, our laboratories [7] or others [8] focused on 
the modification of two hydroxyl groups at axial positions of 
Pt(IV) drugs by introducing functional groups, such as 
prodrug activation, tumour targeting, or drug delivery to 
reduce the undesired side-effects and overcome cisplatin 
resistance. However, Pt(II) drugs and new Pt(IV) agents, 
which are widely used in the treatment of cancers in clinic, are 
less effective in the treatment of DDR. [8a] Novel strategies 
for chemother-
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Scheme 1. Chemical structures and synthetic route of naphthalimide conjugates 9a-9b, 10a-10b in yield of 25%-30%. Reagents 
and conditions: (a) HNO3, 50 °C, 3 h; (b) concH2SO4，conc HNO3, 0 ℃; (c) K2CO3, CH3CN, 85 °C , 5 h; (d) concHNO3，AcOH, 
0 ℃; (e) Na2Cr2O7, AcOH, 100 ℃; (f) TBTU, DIPEA,  rt, overnight. 

N

NH2

O O

N

Amonafide

N

NO2

O O

N

Mitonafide

Pt
H3N

H3N

Cl

Cl

O

10b

N

O

O
O2N

O

O

N

O

O

O2N
O

Pt
H3N

H3N

Cl

Cl
Pt

H2
N

N
H2

O

O

O

O

Cisplatin Oxaliplatin

N

O

O

NH
Pt

Cl

Cl

Amine

Cl

Cl

Amine=ipa;dma

3

11

N

O

O

Pt

Cl

Cl

Amine

Cl

Cl

12

NH

N

O
3

NO O

O OH

NO2

13

Figure 1. Chemical structures of amonafide, mitonafide, 
cisplatin, oxaliplatin, Pt(IV) complex 10b, 11 , 12 and the 
released naphthalimide ligand 13.

apeutic agents including Pt drug candidates are therefore of 
great interest to design novel therapeutic agents to target DDR 
with dual DNA damage mechanism to overcome cisplatin 
resistance. The relevant mechanism also need urgent attention. 
[8b]

Naphthalimides, a versatile functional compounds with 
large π -conjugated system, possess potential antitumor 
activities and photophysical characters via DNA damage by 
intercalation with DNA double helix. [9] Recently, 
naphthalimide was incorporated into platinum(IV) system to 
yield compounds 11 and 12 (Figure 1). [10] Our group  also 
found crucial evidences that some naphthalimides conjugates, 
such as amonafide in clinic and mitonafide in Phase II clinical 

trials (Figure 1), could potently inhibit tumour growth and 
metastasis [11] in vitro and in vivo. Moreover, as a “carrier” of 
drugs, naphthalimide can remarkably increase their DNA 
targeting and influence the activities. Accordingly, 
naphthalimide as a DNA targeting fragment is of great 
potential in improving antitumor properties of platinum(IV) 
complexes. Moreover, natural products with a naphthalimides 
moiety have been found to be an effective methods to target 
DDR. γH2A.X [12-13] and RAD51  [14] play essential roles 
in HR (homologous recombination), which is a major way to 
repair the DNA double-strand breaks (DSBs) triggered by 
cisplatin. And RAD51 proficient tumours are usually 
refractory to cisplatin due to effective HR. However, little 
efforts have been put forward to design and investigate 
relevant mechanism of Pt(IV) conjugates with functionalized 
naphthalimides in targeting DNA damage repair derived from 
the RAD51 pathway via dual DNA damage mechanism to 
overcome cisplatin resistance. 

In view of the facts mentioned above and in continuation of 
our ongoing interest in the development of new antitumor 
agents, [7, 11] for the first time, di-functionalized (9a-9b, 10a-
10b) Pt(IV) complexes were designed, which are multi-action 
Pt prodrugs with FDA-approved cisplatin and oxaliplatin cores, 
and the classical mitonafide analogues in Phase III clinical 
trials (Figure 1 and Scheme 1). [11] Feasible routes to 9a-9b, 
10a-10b were established in Scheme 1. 



Table 1. IC50 values  (concentrations of 50% inhibition of cell proliferation) (micromolar) of Pt(IV) prodrugs. The cell viability was 
determined by MTT assays[a].
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HT-29 HCT-116 MDA-MB-231 MCF-7 4T1 A549cisR A549   RF[b]

9a 14.72±1.47 14.72±1.47 19.35±0.73 11.73±0.29 ND 27.13 ± 1.95 41.20 ± 6.88 0.66
9b 12.72±1.67 12.72±1.67 15.35±1.93 6.45 ± 0.64 ND 17.13 ± 1.95 11.20± 6.88 1.53
10a 7.72±0.78 7.72±0.78 12.35±1.23 5.75 ± 0.45 ND 18.45 ± 4.07 15.17 ± 1.37 1.22
10b 4.72±0.47 4.72±0.47 10.35±1.13 2.85 ± 0.55 1.45± 0.45 8.45 ± 4.07 14.17 ± 1.37 0.59
13 11.23±1.17 12.23±1.47 ND ND 5.56± 0.55 10.98±1.07 ND ND
cisplatin 9.66±0.45 5.30±0.45 32.48±1.49 9.60±0.60 13.60±1.30 42.89±1.89 10.20±0.89 4.01
FI[c] 2.05 1.12 3.14 3.37 9.37 5.08 0.72 6.80
Oxaliplatin 11.27±0.85 8.89±0.85 17.72±0.89 11.62±0.78 14.62±0.78 27.61 ± 5.17 10.00±1.23 2.76
FI[d] 2.39 1.88 1.71 4.08 10.08 3.27 0.71 4.70
[a] An average of three measurements. ND = Not determined. 
[b] The RF (resistance factor) is defined as the IC50 value in A549cisR cells/IC50 value in A549 cells. 
[c] FI (fold increase) is defined as IC50(cisplatin)/IC50(10b).
[d] FI (fold increase) is defined as IC50(oxaliplatin)/IC50(10b).

2. RESULTS AND DISCUSSION

2.1 Synthesis and Characterization of Naphthalimides-
Pt(IV) Conjugates. 
 
We provided feasible routes to 9a-9b, 10a-10b  in Scheme 1 
and the details were given in detail in the supporting 
information. In this series, compounds 5 and 8 have been 
reported by our group. [11] The asymmetrically functionalized 
Pt(IV) compounds  9a-9b, 10a-10b can be obtained by the 
reaction of oxide-cisplatin and oxide-oxaliplatin with 5 or 8. [4] 
To a solution of oxide-cisplatin or oxide-oxaliplatin (0.38 
mmol) in DMF (10 mL) was added a DMF solution (0.5 mL) 
containing HATU (0.57 mmol). A DMF solution containing  5 
or 8 (1.5 mmol) and DIPEA (0.92 mmol) were added to the 
resulting solution. The mixture was stirred at room 
temperature for 24 h in the dark. The DMF was then removed 
under vacuum to afford a yellow oil. Compounds 9a-9b, 10a-
10b was purified by silica gel column chromatography as a 
yellow solid in a yield of 40%-50%. All new compounds were 
unambiguously characterized by NMR spectroscopy (1H and 

13C), elemental analysis and electrospray ionization (ESI) mass 
spectrometry. (Figures S1-S12) The purity of Pt complexes 
was confirmed to be ≥  95% by analytical HPLC (Table S1 
and S2). 

2.2 In Vitro Cytotoxicity Effects.

Firstly, the in vitro anticancer activity was assessed by the 
MTT assay in human cancer cell lines including colorectal 
cancer (HT-29 and HCT-116), lung carcinoma (cisplatin-
sensitive A549 and cisplatin-resistant A549cisR) and breast 
cancer (MDA-MB-231 and MCF-7). (Table 1) Cisplatin and 
oxaliplatin were chosen as references. The resistance factor 
(RF) were calculated by the ratio between IC50 values 
calculated for the resistant cells and those obtained with the 
sensitive cells to evaluate the cross-resistance profiles.

Among mononitro-naphthalimide conjugates (9a-9b, 10a-
10b), compound 10b with the cisplatin core exhibits crucial 
better cytotoxicity than 9a, 9b, 10a and the positive control 
cisplatin and oxaliplatin, indicating that naphthalimide plays 
an important role in the Pt(IV) conjugates. Different attached 



position in the naphthalimide and different platinum(IV) core 
significantly affect the bioactivities of target compounds. For 
compounds 9–10, 10 with cisplatin core exhibits more 
prominent activities than 9. And 4-nitro naphthalimide 
conjugates 9b and 10b increase the anticancer efficacy in 
comparison with 3-nitro 9a and 10a. Thus, 4-nitro 
naphthalimide platinum(IV) complex 10b was selected for 
further modification. In addition, the RF of 10b (RF = 0.59) 
was 4.70-6.80 folds lower than cisplatin (RF = 4.01) and 
oxaliplatin (RF = 2.76), indicating its prominent properties to 
overcome cisplatin resistance. Furthermore, comparing 
different types of cancer cells, the FI values for 10b in 
A549cisR cells were the highest (FI = 5.08), and the FI values 
in A549 cells were the lowest (FI = 0.72), indicating 
significant cell selectivity and therapeutic effects to the 
resistant cells. And also 10b (FI 1.71-3.14) exerts more 
prominent activities for triple negative breast cancer (TNBC) 
MDA-MB-231 than cisplatin and oxaliplatin. 

Among these naphthalimide conjugates, 10b displayed the 
highest cytotoxicity and significant cell selectivity to the 
resistant cells. Therefore, more efforts were done to explore 
the underlying molecular mechanism of 10b to overcome 
cisplatin resistance. 

2.3 The Stability of 10b in water and RPMI 1640. 

Subsequently, the stability of mononitro-naphthalimide 
conjugate 10b in water and RPMI 1640 were evaluated. 
Representative  chromatogram was shown in Figure S13. We 
can observe the enhanced stability that approximately 90% 
and 80% of 10b remained unchanged even after 72 h in water 
and RPMI-1640, respectively. (Figure 2)
a.                                    b.
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Figure 2. Stability of compound 10b in water and RPMI-1640 
tested by RP-HPLC at room temperature in dark. a) Stability 
of compound 10b in water. b) Stability of compound 10b in 
RPMI-1640.

2.4 In Vitro Cell Selectivity of 10b to Cancer Cells and the 
Matched Normal Cells. 

Table 2. IC50 values (μM) of Pt(IV) prodrugs. Cells were 
treated for 48 h, and the cell viability was determined by MTT 
assays[b]

　 SMMC7721 HL-7702 SI [a]

10b 10.92±0.69 28.48±1.45 2.61

Cisplatin 23.37±1.26 5.6±0.20 0.24

Oxaliplatin 11.77±1.88 6.77±0.78 0.58
[a] SI(selectivity index) is defined as IC50 in HL-7702/IC50 in 
SMMC7721.
[b] An average of three measurements.

As shown in Table 2, in vitro cell selectivity of 10b to cancer 
cells and the matched normal cells were further determined. 
We can see that the selectivity index (SI) values of 10b (SI = 
2.61) were 5-11 folds higher than that of cisplatin (SI = 0.24), 
oxaliplatin (SI = 0.58), indicating a lower toxicity to normal 
cells than the matched cancer cells. We also measured the 
cellular drug uptake in cancer cells and matched normal cells 
by ICP-MS. The cell drug uptake of 10b in SMMC-7721 was 
2.5 times higher than that of HL-7702 (Figure 3), which is in 
accordance with the results of MTT assay. 
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Figure 3. Cellular uptake and distribution of 10b in cancer 
cells and matched normal cells with 10 μM of tested 
complexes.

2.5 In Vivo Maximum Tolerated Dose (MTD) and the 
Lethal Dose (LD50) Values. 

Table 3. In vivo maximum tolerated dose and lethal dose 
values and calculated therapeutic indices (LD50/IC50) of 10b, 
cisplatin and oxaliplatin. The maximum tolerated dose (MTD) 
was evaluated by calculating body weight loss (mean weight 
loss < 15% and < 15% toxic deaths).

Complexes MTD
(mg/kg)

LD50

(mg/kg)
LD50

(µM/kg)
48 h 
Avg
IC50

(µM)

LD50/
IC50

10b 30.00 60.00 65.00 3.85 16.88

cisplatin 9.00 16.00 53.69 9.60 5.59



Oxaliplatin 15.00 30.00 75.56 11.62 6.50
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Figure 4. In vivo antitumour activities of compounds 10b and cisplatin in 4T1 breast carcinoma tumours. (A) The body weight of 
the mice during the treatment. (B) The tumour weight in each group at the end of the experiment. (C) Tumour growth as a function 
of time. (D) Images of the tumours at the end of the experiment. (E) Organ weight indexes (a. heart, b. liver, c. spleen, d. lung, and 
e. kidney) after treatment with  10b, cisplatin, and normal saline in vivo. The first line, the control group; the second line, cisplatin, 
2 mg Pt/kg; the third line, 10b, 2 mg Pt/kg. 

Our laboratories [11] and others [9, 12] previously emphasized 
the pivotal evidences that some naphthalimide conjugates 
could potently inhibit tumour growth and metastasis by 
multiple pathways including DNA dysfunction in vitro and in 
vivo. Next, we conducted an acute toxicity study using 
BALB/c mice to evaluate the potential safety of the 
naphthalimide conjugates. The maximum tolerated dose 
(MTD) and the lethal dose (LD50) values were determined as 
summarized in Table 3.
Both the MTD and LD50 values of 10b were 3-4 folds higher 
than those of cisplatin and oxaliplatin, indicating that 10b may 
have significantly enhanced the feasibility and potential safety 
of high-dose treatment. The ratios of the cytotoxicity (IC50) 
towards MCF-7 cells to LD50 of 10b were used as a measure 
of the therapeutic index (TI). The results showed that 10b (TI 
= 16.88) were the safest complex than that of cisplatin (TI 
=5.59) and oxaliplatin (TI = 6.50), indicating that it may 
potentially allow an adequate margin of safety in vivo and 
clinical therapeutic exposure.

2.6 In Vivo Antitumor Activities.

Next, we further investigated the in vivo antitumour activities 
of 10b in 4T1 breast carcinoma tumours and the results are 
shown in Figure 4. At the same dose, the di-functionalized 
Pt(IV) derivative 10b remarkably suppresses tumour growth 
with a 70.10% inhibition rate, which is comparable to cisplatin 
(52.88%). (Figure 4B) However, upon cisplatin treatment, the 
weight of the mice decreased significantly to 95% of the initial 
weight, whereas the weight loss in the 10b-treated groups was 
102%-100%, indicating significant inhibition effects and 
lower toxicity in vivo (Figure 4A). Moreover, on day 13, the 
average tumour volume was 550 mm3 upon 10b treatment, and 
this value was 1025 mm3 for the control group. (Figure 4C) 
Organ weight indexes of heart, liver, spleen, lung, and kidney 
after treatment with 10b, cisplatin, and normal saline were 
also tested as shown in Figure 4E. For the first time, we found 
the significant antitumor activities of the Pt(IV) derivative 10b 
in vitro and in vivo, which shows highly efficient tumour 
inhibition and lower toxicity in vitro and in vivo. Next, we 
made more efforts to explore the molecular mechanism.



2.7 ICP-MS Determination of Cellular Accumulation and 
Binding to Nuclear DNA.

A.                                           B. 
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Figure 5. Cellular uptake and distribution of 10 μM 10b and 
cisplatin and oxaliplatin following 8 h incubation in A549 and 
A549cisR cells. (A) Pt accumulation in A549 and A549cisR 
cells upon 10 μM treatment for 8 h. (B) Platination levels of 
nuclear DNA extracts of A549 and A549cisR cells after 8 h 
incubation with 10 μM tested compounds. ***, P< 0.001.

In order further to determine mononitro-naphthalimide Pt(IV) 
complex to the DNA damage, the ability of 10b binding with 
nucleotides in A549 and A549cisR cells were further 
determined. The results were summarized in Figure 5 as ng Pt 
per 2×105 cells. The Pt accumulation (200.91 ng/2×105 cells) 
and the genomic DNA Pt levels (25.74 ng/2×105 cells) after 
treated with 10 μM 10b are much higher than that of cisplatin 
with 30.14 ng/2×105 cells and 3.69 ng/2×105 cells, 
respectively. The results above indicates that 10b exhibited 
preferentially enhanced DNA damage. In addition, the cellular 
accumulation and genomic DNA Pt levels from 10b in 
A549cisR cells are 2 folds higher than those in A549 cells, 
which is in accordance with the results in Table 1. We can 
deduce that 10b elicited impressive cytotoxic activity and cell 
selectivity to A549cisR cells probably by enhanced DNA 
damage.

2.8 The Ability of 10b to Induce Apoptosis and Increase 
the Expression Level of Phospho-histone H2A.X, p53 and 
RAD51 in A549cisR Cells.
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Figure 6.  Effects of different concentrations of 10b and 
cisplatin on p53 transcript level by qRT-PCR analysis (A) and 
the p53 protein level (B) in A549cisR cells. *, P< 0.05; ***, 
P< 0.001.  

To further determine whether 10b are able to cause DNA 
damage within a certain time, the ability of 10b to induce 
apoptosis and increase the expression level of the p53 
transcript level by qRT-PCR analysis and the p53 protein level 
in A549cisR cells were determined by Western blotting, which 
also played an important role in cell apoptosis and cisplatin 
resistance. Compared with cisplatin and the control group, 10b 
remarkably upregulated the p53 gene and p53 protein in 
A549cisR cells (Figure 6). H2A.X plays a key role in DNA 
repair, and phosphorylation of Ser139 will occur to form 
γH2A.X rapidly after the formation of DNA doublestrand 
breaks (DSBs) to block the DNA damage repair.[13] 
Therefore, γH2A.X transcript and protein level were further 
determined in Figure 7. Compared to cisplatin, 10b evokes a 
remarkably higher level of γH2A.X than cisplatin and 
oxaliplatin in A549cisR cells after 24 h.  
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Figure 7.  Effects of different concentrations of 10b and 
cisplatin on γH2A.X transcript and protein level in A549cisR 
cells. (A) Effect of 10b and cisplatin on γH2A.X expression in 
A549cisR cells after 24 h of treatment. (B) qRT-PCR analysis 
of the γH2A.X transcript level was performed with total RNAs 
purified from A549cisR cells treated with 10b and cisplatin 
for the indicated times. *, P< 0.05; ***, P< 0.001.  

Next, we examined the expression of RAD51 in A549cisR 
cells to further ascertain whether DNA repair is involved in 
the process of DNA damage. [14] RAD51 is also a key factor 
for initiating the homologous recombination of DNA after 
double-strand breaks and essential for the repair of replication-
stalling lesions caused by DNA-damaging agents. [15] The 
up-regulation of RAD51 suggested that the DNA damage 
repair was inhibited. Instead, it was the repair that was 
inhibited. Remarkably, compared with the cisplatin-treated 
groups, the expression of RAD51 gene and protein was 
evidently decreased by 10b (Figure 8). These results imply 
that in comparison to that of cisplatin, 10b not only induced 
severe DNA damage, but also inhibited the repair of DNA 
damage, thus resulting in its higher cytotoxicity. Currently, it 
is still indistinct for the reason of the inhibition of RAD51 by 
10b .
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Figure 8. Effect of 10b (A) or cisplatin (C) on RAD51 
expression in A549cisR cells after 24 h of treatment. qRT-
PCR analysis of the RAD51 transcript level was performed 
with total RNAs purified from A549cisR cells treated with 
10b (B) and cisplatin (D) for the indicated times.

2.10 Reduction and DNA binding properties of 10b and 
cisplatin with and without ascorbic acid.

Subsequently, in order to further determine the binding 
properties of 10b with DNA, we measured the reduction and 
DNA-binding properties of 10b with ascorbic acid. (Figure 9) 
Using 5’-dGMP as a DNA model, the DNA-binding properties 
of 10b (1 mM) with 5’-dGMP (3 mM) in the presence of 
ascorbic acid (5 mM) were determined by RP-HPLC after 
incubation 37 ℃  for 24 h and 48 h. The unknown peak 
fractions as adducts (Figure 9a) were separated and identified 
as cis-Pt(II)-GMP by ESI-MS analysis. Meanwhile, the same 
product was observed after treatment of cisplatin. The possible 
mechanism of 10b reacted with 5’-dGMP in the presence of 
ascorbic acid was also shown in Figure 9b. We deduced that 
10b was generated by the combination of cisplatin with 5’-
dGMP after reduction by ascorbic acid. 
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Figure 9. Compound 10b binding with 5’-dGMP as DNA 
model. a) Reduction and DNA-binding properties of 10b with 
ascorbic acid after 24 h, and 48 h. b) The possible mechanism 
of compound 10b reaction with 5’-dGMP in the presence of 
ascorbic acid incubated at 37 °C after 24 h.

3. CONCLUSIONS.

Taken together, our findings provided the first example of 
mononitro-naphthalimide Pt(IV) drug 10b targeting DNA 
damage repair via dual DNA damage mechanism by 
promoting RAD51 pathway to overcome cisplatin resistance. 
Comparing different types of cancer cells, the FI values for 
10b in A549cisR cells were the highest (FI = 5.08), and the FI 
values in A549 cells were the lowest (FI = 0.72), indicating 
significant cell selectivity and therapeutic effects to the 
resistant cells. In vitro cell selectivity of 10b to cancer cells 
and the matched normal cells indicates a lower toxicity to 
normal cells than the matched cancer cells. Both the MTD and 
LD50 values indicate that 10b may have significantly enhanced 
the feasibility and potential safety of high-dose treatment. 10b 
remarkably suppresses tumour growth with a 70.01% 
inhibition rate, which is comparable to cisplatin (52.88%). The 
Pt accumulation (200.91 ng/2×105 cells) and the genomic 
DNA Pt levels (25.74 ng/2×105 cells) after treated with 10 μM 
10b are much higher than that of cisplatin by upregulating 
p53/γH2A.X/RAD51. The discovery of the potential role of 
naphthalimide-Pt(IV) prodrugs broadens our strategy for the 
design of more potential anticancer agents through multiple 
pathways involving DNA dysfunction, prolongs the life of 
cancer and overcomes cisplatin resistance in a totally new 
field.  

4. EXPERIMENTAL SECTION.

4.1 General Procedure for the Synthesis of Compound 9a. 

A DMF solution (0.5 mL) containing HATU (0.57 mmol) was 
added to a solution of 5 (0.38 mmol) in DMF (10 mL). The 
mixture was stirred at room temperature for 10 minutes. A 
DMF solution containing DIPEA (0.92 mmol) and oxide-
oxaliplatin (1.5 mmol) was added to the resulting solution. 
The mixture was stirred at room temperature for 24 hours in 
the dark. The DMF was then removed under vacuum to give a 
yellow oil. Compound 9a was purified as a yellow solid by 
silica gel column chromatography with a yield of 47%.  1H 
NMR (300 MHz, Methanol-d4) δ 7.89 – 7.82 (m, 2H), 7.80 – 
7.72 (m, 2H), 7.53 (qd, J = 7.2, 1.2 Hz, 4H), 3.19 (d, J = 7.3 
Hz, 4H), 1.35 (s, 8H). 13C NMR (75 MHz, DMSO-d6) δ 
178.48 , 172.33 , 171.13 , 170.51 , 164.27 , 163.16 , 163.08 , 
162.67 , 162.56 , 146.11 , 143.11 , 136.78 , 136.70 , 134.36 , 
131.17 , 130.10 , 129.84 , 129.66 , 128.20 , 127.77 , 126.63 , 
125.11 , 124.31 , 124.11 , 123.21 , 122.86 , 119.41 , 119.03 , 
111.41 , 110.10 , 61.26 , 51.87 , 46.26 , 42.50 , 37.02 , 35.58 , 
35.09 , 34.00 , 9.04 . ESI-MS (positive ion mode): m/z [M]+: 



calcd: 1023.1523; obsd: 1023.1552. Calcd for C38H32N6O16Pt: 
C 44.58%, H 3.15%, N 8.21%. Found: C 44.26%, H 3.02%, N 
8.03%.

4.2 General Procedure for the Synthesis of Compound 9b. 

A DMF solution (0.5 mL) containing HATU (0.57 mmol) was 
added to a solution of 8 (0.38 mmol) in DMF (10 mL). The 
mixture was stirred at room temperature for 10 minutes. A 
DMF solution containing DIPEA (0.92 mmol) and oxide-
oxaliplatin (1.5 mmol) was added to the resulting solution. 
The mixture was stirred at room temperature for 24 hours in 
the dark. The DMF was then removed under vacuum to give a 
yellow oil. Compound 9b was purified as a yellow solid by 
silica gel column chromatography with a yield of 37%.

1H NMR (300 MHz, Chloroform-d) δ 8.40 (dd, J = 8.0, 
2.5 Hz, 1H), 7.93 – 7.78 (m, 2H), 7.79 – 7.69 (m, 3H), 7.51 
(dddd, J = 18.5, 8.1, 6.9, 1.2 Hz, 4H), 3.22 (q, J = 7.3 Hz, 
8H), 1.31 (t, J = 7.3 Hz, 13H).13C NMR (75 MHz, 
Chloroform-d) δ 175.66 , 175.29,174.69 , 
168.46,168.22,168.17 , 150.75 , 137.65 , 135.85 , 135.78 , 
134.94 , 130.59 , 130.44 , 126.60 , 126.01 , 125.76 , 125.72 
, 117.77 , 117.72 , 69.33 , 46.14 , 44.04 , 40.68 , 40.25 , 
38.39 , 35.10 , 33.37 , 23.10 , 17.22 , 15.96 , 13.58 . ESI-
MS (positive ion mode): m/z [M]+: calcd: 1023.1523; 
obsd: 1023.1507. Calcd for C38H32N6O16Pt: C 44.58%, H 
3.15%, N 8.21%. Found: C 44.21%, H 3.05%, N 8.02%.

4.3 General Procedure for the Synthesis of Compound 10a. 

A DMF solution (0.5 mL) containing HATU (0.57 mmol) was 
added to a solution of 5 (0.38 mmol) in DMF (10 mL). The 
mixture was stirred at room temperature for 10 minutes. A 
DMF solution containing DIPEA (0.92 mmol) and oxide-
cisplatin (1.5 mmol) was added to the resulting solution. The 
mixture was stirred at room temperature for 24 hours in the 
dark. The DMF was then removed under vacuum to give a 
yellow oil. Compound 10a was purified as a yellow solid by 
silica gel column chromatography with a yield of 40%. 1H 
NMR (300 MHz, DMSO-d6) δ 9.32 (d, J = 9.6 Hz, 1H), 8.82 
(d, J = 2.4 Hz, 1H), 8.63 (dd, J = 22.8, 7.7 Hz, 2H), 8.03 – 
7.91 (m, 2H), 7.68 (d, J = 8.3 Hz, 1H), 7.53 (t, J = 7.6 Hz, 1H), 
7.40 (t, J = 7.7 Hz, 1H), 3.08 (q, J = 7.3 Hz, 5H), 2.53 (d, J = 
12.0 Hz, 6H), 1.17 (t, J = 7.2 Hz, 8H). 13C NMR (75 MHz, 
DMSO-d6) δ 179.25 , 178.47 , 173.46 , 170.50 , 163.01 , 
162.48 , 146.03 (d, J = 4.4 Hz), 143.10 , 136.68 , 135.17 – 
133.89 (m), 131.08 (d, J = 5.2 Hz), 130.17 – 129.48 (m), 
127.84 (d, J = 49.2 Hz), 124.99 , 124.22 , 122.97 (d, J = 24.5 
Hz), 119.34 , 110.17 , 46.25 , 37.28 , 35.16 , 33.87 , 9.04 . 
ESI-MS (positive ion mode): m/z [M]+: calcd: 925.0577; obsd: 
925.0546. Calcd for C30H24Cl2N6O12Pt: C 38.89%, H 2.61%, N 
9.07%. Found: C 38.72%, H 2.42%, N 8.92%.

4.4 General Procedure for the Synthesis of Compound 10b. 

A DMF solution (0.5 mL) containing HATU (0.57 mmol) was 
added to a solution of 8 (0.38 mmol) in DMF (10 mL). The 
mixture was stirred at room temperature for 10 minutes. A 
DMF solution containing DIPEA (0.92 mmol) and oxide-
cisplatin (1.5 mmol) was added to the resulting solution. The 
mixture was stirred at room temperature for 24 hours in the 
dark. The DMF was then removed under vacuum to give a 
yellow oil. Compound 10b was purified as a yellow solid by 
silica gel column chromatography with a yield of 40%. 1H 
NMR (300 MHz, Chloroform-d) δ 9.25 – 8.38 (m, 1H), 7.91 – 
7.64 (m, 1H), 7.46 – 7.28 (m, 1H), 3.21 (q, J = 7.2 Hz, 8H), 
1.35 (t, J = 7.2 Hz, 6H). 13C NMR (75 MHz, DMSO-d6) δ 
181.37 , 180.92 , 172.85 , 171.97 , 163.49 , 162.50 , 149.58 , 
143.25 (d, J = 1.9 Hz), 130.56 , 130.10 , 129.20 , 128.95 , 
128.80 , 128.27 , 127.82 , 127.20 , 126.42 , 124.98 , 124.71 , 
123.88 , 123.32 , 123.21 , 119.59 , 119.08 , 111.47 , 110.06 , 
46.17 , 31.76 , 29.54 , 22.57 , 14.42 , 9.08 . ESI-MS (positive 
ion mode): m/z [M+K]+: calcd: 965.3343; obsd: 965.3355. 
Calcd for C30H24Cl2N6O12Pt: C 38.89%, H 2.61%, N 9.07%. 
Found: C 38.72%, H 2.51%, N 8.98 %.

4.5 In Vitro Cellular Cytotoxicity Assays.

In a 5% CO2 atmosphere, cells (5000/well) were incubated in 
100 µL RPMI or DMEM medium in a 96-well plate at 37 ° C 
for 24 hours. Then, in freshly prepared medium (100 µL), we 
dissolved the drug in different concentrations, and incubated 
for 48 hours after adding the drug. Prepare MTT at 5 mg / mL, 
add 20 µL, and incubate for another 3 hours. Finally, remove 
the medium and add 150 µL of DMSO to dissolve the purple 
crystals. The absorbance was measured at 570 nm by a Bio-
Rad 680 microplate reader. IC50 values were counted based on 
three parallel experiments using GraphPad Prism software.

4.6 In vivo Antitumor Assays.

5-week-old female BALB / c mice (Cat. SCXK 2016-0006) 
(weight 18-22 g) were purchased from the Experimental 
Animal Center of Beijing Academy of Military Medical 
Sciences. According to the "Guidelines for Laboratory Animal 
Care" issued by Henan University, all animal experiments 
have been approved by the Ethics Committee (HUSOM-2016-
316).
In vivo antitumour activity, 4T1 cells (1 × 106 cells per mouse) 
were injected subcutaneously in mice and allowed to 
proliferate for 7 days. When the tumor grows to 80 – 120 mm3, 
the drug 10b (2.0 mg Pt/kg), cisplatin (2.0 mg Pt/kg, positive 
control) or saline (dissolved in glucose solution via tail vein 
injection every two days (negative control), do four treatments 
Group of eight mice. Body weight and tumour volume were 
measured once every two days. After the experiment, the mice 
were sacrificed and the tumour tissue was weighed at the same 
time. The inhibition rate was calculated as follows: inhibition 
rate (%) = [(average tumour weight of control group - the 
average tumour weight of the drug-treated or positive group) / 
the average tumour weight of the control group] × 100).



4.7 In vivo MTD and LD50 Antitumor Assays.

The MTD was calculated by mean weight loss <15% and 
poisoning death <15%. LD50 and TI values are calculated 
based on previous reports. [6b]

4.8 ICP-MS Determination of Cellular Accumulation and 
Binding to Nuclear DNA.

Using A549 and A549cisR cells, cells (2 × 105 cells / well) 
were seeded into 6-well plates and incubated for 24 hours. 
After adding 10 µM 10b, cisplatin or oxaliplatin for 8 hours, 
we washed the cells 3 times with PBS and then collected the 
cells by trypsin digestion. Count the number of cells before 
digestion, then concentrate the harvested cells, we digest with 
nitric acid and evaporate for ICP-MS. To isolate DNA, 
Genomic DNA mini preparation kit was used. After the DNA 
was collected, it was performed by ICP-MS according to the 
similar method described above in A549 and A549cisR.

4.9 Annexin V-FITC/Propidium Iodide Staining.

Through annexin V-FITC/PI staining and flow cytometry (BD 
Biosciences, San Jose, California, USA), we evaluated the 
apoptosis of A549cisR cells. After incubating cells (1 ×  105 
cells / well) in a six-well plate for 24 hours, add 10b (5 or 10 
μM) or cisplatin (15 μM) and incubate for another 24 h. The 
cells were then washed 3 times with PBS, collected and 
stained by flow cytometry according to standard protocols.

4.10 Western Blot Assay.

Phospho-histone H2A-X (Ser139), p53 and RAD51 detected 
by Western blot analysis. A549cisR cells were seeded in 6 
well plates, and incubated for 24 hours. 5, 10 and then added 
to 15 μM 10b and then incubated for 24 hours. Then cells 
were harvested, washed with PBS 3 times by centrifugation 
and lysed. Total protein was measured by BCA assay kit 
(Beyotime, China). Denature the total lysate in 5 × SDS 
loading buffer at 100 ° C for 10 minutes. The total protein was 
separated by 12% SDS-PAGE for another 2 hours and 
transferred to PVDF membrane.  Then placed in TBST at 
room temperature for 1 h, we blocked the PVDF membrane 
with 5% skim milk and incubated with the corresponding 
antibody and HRP-conjugated secondary antibody. The 
protein content was detected using ECL plus reagents 
(Beyotime, Jiangsu Province, China).

4.11 Methods for stability of 10b in water and RPMI 1640 
and purity determination of 9a-9b, 10a-10b. 

Table 3. Method for stability of 9a-9b, 10a-10b in water and 
RPMI 1640 and purity determination of 9a-9b, 10a-10b by 
analytical HPLC. Injection volume was 20 μL (0.5mL/min). 

The absorbance wavelength of HPLC was set to 254 nm and 
365 nm, and the percentages of Pt(IV) compounds remaining 
were calculated by the ratio of peak areas at 254 nm.

Time (min) A (water) B (methanol)

95% 5%

20 95% 5%

30 50% 50%

We determined the stability of 10b in water and RPMI 1640 
and the purity of 9a-9b, 10a-10b, and 10b in HPLC (Waters 
E2695-2998 equipped with a Venusil MP C18 column (150 × 
4.6 mm, 5 μm)) The stability of RPMI 1640 in water is shown 
in Figure 3. Under the same conditions, we confirmed that the 
purity of 9a-9b and 10a-10b was ≥95% by analytical HPLC, 
and had the same stability in water and RPMI 1640. Table 3 
shows the purity measurement results of 9a-9b and 10a-10b, 
and Table 4 shows the purity measurement results of 9a-9b 
and 10a-10b.

4.12 Method for reaction of oxaliplatin and 10b with 5’-
dGMP in the presence and absence of ascorbic acid.

HPLC analysis was also performed on Waters E2695-2998 
equipped with a Venusil MP C18 column (150 × 4.6 mm, 5 
μm). [7b-7e] Using RP-HPLC to determine the absence of 
ascorbic acid at 37 ° C, the DNA binding characteristics of 
cisplatin (1 mM) and 5'-dGMP (1 mM) were determined using 
5'-dGMP as the DNA model. We also determined the presence 
of 10b (1 mM) and 5'-dGMP (3 mM) in the presence of 
ascorbic acid (5 mM) at 0 hours, 24 hours, 48 hours, 72 hours 
and 96 hours (5 mM) reaction. The injection volume was 20 
μL (0.5 mL/min). The absorbance wavelength of HPLC was 
set to 254 nm and 365 nm, and the percentage of the 
remaining Pt (IV) compound was calculated by the ratio of the 
peak areas at 254 nm. The HPLC procedure is as follows: 95% 
(water) to 5% (methanol) for 20 minutes; m/z (M+H +). 50% 
(water) to 50% (methanol) (linear increase from 21 minutes to 
30 minutes). The results prove that ascorbic acid can reduce 
the platinum (IV) complex and release the Pt (II) complex. 
Then, the Pt (II) compound was combined with 5'-dGMP to 
form cis-Pt (II) -GMP, and confirmed by HRMS.
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Highlights

1．Mononitro-naphthalimide Pt(IV) complex 10b targeting DNA damage response via a dual-DNA-damage approach to overcome 
cisplatin resistance.

2. 10b targets resistant cells in a totally different way from the existing Pt drugs.

3．The highest fold increase (FI) for A549cisR cells and the lowest for A549 indicated 10b preferentially accumulated in resistant 
cell lines.
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